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ORAL MIJCOA»H1SI¥£ FILM

Technical Field

5 The present invention whites to a new oral 'mucoadhesive film, which
coRxisfe of two layers of an adhesive layer containing a drug, a pplyacrylic acid
polymer, a cellulose derivative, poloxamer and a plasticizer and a protective layer
containing a water-insoluble and wator-jmpsrmeabfe polymer and a plasticizer, and a
method of preparing the same.

Background Art10

Contrary to skin, most of mucous membranes- placed in gastrointestinal
tract and. oral cavity, etc. easily absorb active substances of large molecular weight
such as peptides- so that they are of great value for essential admin istration route of

15. such active substances. 'Especially, drugs absorbed .through oral mucous
membrane or gam are not influenced by gasfcointestinai effect and hepatic first-
pass metabolism, and therefor®, they are effectively used in oral diseases as well as
other diseases requiring systemic effect.

feels, one of drug administration' preparations using oral mucous
20 membrane, are .usually used in treating ulcerative stomatitis, herpes simplex, etc.

However, gels are easily mixed with saliva ami swell to lose the gel form quickly
so that the 'amount of drags absorbed in oral mucous membrane is less than, that
swallowed per. os. Tablets, even though having the advantage of elongated rime
■of maintaining the form, give a feeling of foreign substances to users due to their

25. bulkiness and- thickness, as well as have the possibility to be swallowed'with food
during a mealtime. On the other hand, films are suitable to be oral mucondhes-ive
preparations .since.-they are.easy to use with little feeling, of foreign substances.
maintain the. adhesiveness during foe attached- time for drug .administration, and
provide protection to the -treatment time.

30 fo order to administrate- drug through oral mucous membrane, the form of
preparation containing the drug. should be maintained within a certain period of
time, Most of -titucoadhesive polymers used in conventional oral mucoadhesive
films are quickly swelled or dissolved when contacted with waler so that they
remain on the oral mucous membrane .only for a short lime, which prevents
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sustained release of drugs. Further, with the swelling of polymers, the -diffusion nf
drugs varies and then its delivery rate cannot be- estimated.

Among the polymers, polyacrylic acid and cellulose derivatives have
excellent umcnadhexiveness (J, ?toa 5et.» 89(7)< 85066,200Q}< However, the

5 polymers cannot maintain their form in oral cavity for a long time due to the high
swelling or solubility in saliva (U.S. Patent Nos. 4,292,299 and 4,740,36-5, and
European Patent No. 654,261), In the- preparations having an adhesive layer
containing sodium carboxymethyl cellulose, pofyaciylic acid and hydroxyethyl
cellulose (ILS. Patent No. 6,159,498), the shape .maintenance time .of preparations

10 is only less than -1 hour and the preparations are changed to gel form after being
attached, so that drugs in lite preparations cannot be delivered effectively.
Further,, in case- of the -preparations containing hydroxyptopylmethyl cellulose (U.S,
Patent No. 5,948,430), the polymer has too high solubility in water to be used in the
preparatfons which need to be attached fora long-time.

is Considering the-above, the introduction .of new mueoadhesive polymers
which -maintain -their-forms and adhesiveness during the release of drugs is required
in the development of oral mucoadhesiv® preparations. .Oral, muccadhesive
preparations need-to.-be convenient for use, to give minimum feeling of foreign -
substances after being- attached .so as to. enhance the compliance of patients, to.

2 0 .maintain the adhesiveness without changing their forms for a certain period of time
in order to deliver drags effectively, and to have- ease and effectiveness of
preparing.

There is disclosed a method bf preparing a numoadhesive preparation
■cemairnng three or four layers of adhesive layer, impermeable layer, drag reservoir

25 layer and controlled release layer. The method comprises making each layer to be,
dried, to a fixed weight, binding each 'layer -with one another, and then completely
drying the combined layers (U.S, Patent Nos. 5,196,202 and 4,900,552).
However, the preparing precesses are complicated and. have low effectiveness due
to the difficulty in adjusting dry weight and binding these layers. The-hydration-

3 0- speed differs in each layer, -which results in twist -and curling -of the preparation and
also loss of drags. Farther, the film also has. the defect that it has the thickness of
about 800 pm, which is thicker than those of conventional oral mucoadhesive films,
and gi ves foe feeling of foreign substances when attached.

In ease of a single layer film, foe residence time of the preparation is
35 affected as the mucoadhesive layer is exposed to water in oral cavity, which limits

the uss of foe film only to delivery of rapid-acting, drugs (U.S. Patent No-
5,948,430).
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Also disclosed, fe a ffim consisting of two layers of a-protective layer and
an. adhesive tayer, which lengthens ths residence time of the preparation and
increases the efileieney of drug absorption in mucous membrane, thereby
somewhat solving the problem of single- or multiple-layered films. However, the

5 double-layered film consisting of an adhesive layer containing vinyl acetate,
polyacrylic acid, etc. and a protective layer containing jmlyefhyiene, aluminum, etc.
(ILS. Patent No, 5,137,729) has some defects that the two layers arc separated each
Other and that a feeling of foreign substances is given to users when attached.
Further, the film having a protective layer containing water-insoluble materials

10 such as. ethyl cellulose (EC), hydroxyptnpyl cellulose phthalate (H.PC.-P) and
cellulose acetate phthalate (CA-P) (U.S.. Patent No. 4,876,092) has decreased
affinity between protective layer and adhesive layer, and also has different rate of
hydration by saliva after being attached, which results in. the possibility of
separation of the two layer. Accordingly, the type of nmcoadhesive polymers

15 used, in -protective layer and adhesive layer and the affinity between the layers
should be considered preferentially for maintaining the form of preparations.

Disclosed is. a method to- add a plasticizer such as polyalechols in an
adhesive layer and a protective layer for increasing fee-affinity between the two
layers. However, this method has a defect that it is difficult to maintain the

20 preparations for -a long time due to the high, potability and swelling of fee
mucoadhesive polymers used in the adhesive layer (Korean Laid-open Publication
No. 20QQ"318.28}> Further disclosed is a method to add a water-lasohibie:
carbonated titanium and talc in aft adhesive layer for maintaining -fee form of
preparations. This method also has a defect that the affinity between layers

25 decreases due to the. low flexibility of the adhesive layer, thereby resulting in the
separation of layers (Korean Laid-open Publication No. 1997-9794).

Considering the above-mentioned problems of oral: mucoadhesive films,
the-present inventors have been, able to prepare a new oral mueoadhesi.ve film on the
base of the revelation, feat when polyacrylic acid polymers and cellulose derivatives,

3 0 which cannot -maintain the adhesiveness for a long time due to the swelling and
solubility in saliva despite of th® excellent mucoadhssiveness, are added with
poloxamet, fee swelling and solubility in saliva can be adjusted.

Disclosure of fee Invention

The present invention mlates.to.au oral mucoadhesive.film .for an effective
drug delivery through oral mucous membrane, which has a long lasting adhesiveness
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and a good flexibility; dees not give a feeling of foreign substances to users, and is
prepared with ease and efficiency, and a method of preparing the same.

■In accordance with erne aspect of the present invention, it is provided an
oral maeoadhesive film which contains ari adhesive layer consisting essentially of a
polyacrylie acid polymer, poloxamer, a cellulase derivative, a drug which can be
absorbed through mueous membrane and .a plasticizer, and a protective layer

5 consisting essentially of a water-insoluble arid' water-impenwabife polymer-and a
plasticizer,

wherein each of the polyapiylic acid polymer and the cellulose derivative
is in.an amount of 5 to .80 % by weight and ths potoxamer is in an'amount.of 5 to
70 % by weight, based on the weight of the polymers In the adhesive layer, and a

1S mixture: of the polymers is in an amount of 5 to 20 % by weight, the drag is in an
ambimt of 0.05 tb 20 % by weight, and the plasticizer in the adhesive layer is in-an
amount of 0.1 to 1.0 % by weight, based on the weight of the adhesive layer;

ths water-insoluble and waw-impermeable polymer is in an ampunt of 5
to 50 % by weight and the plasticizer in., the protective layer is in an amount of 0,1

1.5 to 10 % by weight, based on the weight of the protective layer; and
the film, .has a thickness ranging from 30 to 500 pm.
The oral mucoadhesive film of the present invention consists of .an

adhesive layer containing a drug arid a protective layer. The protective layer
consists -of a water-insoluble and water-impermeable polymer such as ethyl

■20 cellulose (EC), polyurethane (PU), polyethylene (PE), and polyester, and a
plasticizer. Further, the adhesive layer consists of a cellulose derivstive such as
hydroxypropyl, cellulose (HPC), hydroxymethyl cellulose (HMC), hydroxyethyl
cellulose (HEC), hydroxypropyletityl cellulose (H.PEC) and hydroxypropylmethyl
.cellulose (MPMC),, a polyacrylic acid polymer such as carbomer and |x>lycarbt>phifl

25 poloxamer ami a plasticizer, The adhesive layer Is a drugtonntemmg layer and
can-adhere to oral mucous membrane to deliver the drug, and the protective layer.
prevents the drug-containing adhesive layer from being lost- of detached from the
mucous membrane due to rapid swelling.

Examples of polyacrylic acid polymers, contained'in the adhesive layer-are
30 'earbomer, pulyearbophil, and mixtures- thereof, Polycarbophil is a cross-linked

acrylic- acid polymer with divinyl glycol and cafbbmer is polymerized by allyl
sucrose or allyl pentaexythritol. Examples of caxbonw are carbopol series 980,
934, 940, 941, 934p, 97IP, 974P, 981,1342, 1382, 2984 and 59S4EP sold on the
market by the trade name “Carbepci” raid Noveon series AA-1, CA-1 and CA-2

3 5- sold on the market by the trade name “NovemT, preferably carbopol 934F and
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cafbopol 97IP.
Cellulose derivatives have an excellent fdm~.fonn.ing ability and are used

as a binder and film-coating agent for tablets. Examples ef cellulose derivatives
ate hydroxypropyl cellulose, hydroxymethyl cellulose, hydroxyethyl cellulose,

5- hydroxypropylethyl cellulose and hydroxypropylmethyl cellutose, preferably
hydroxypropylethyl cellulose and hydroxypropyknethyl cellulose.

Poloxamer, a copolymer of polyethylene. glycol and polypropylene glyeol,
used as an.'emulsifier and a supplementary solubilizer,-is characterized by a variety
of gel formation according to the type, concentration and mixing ratio. Examples

10 are pofoxamer series 124, 188., 338 and 407, preferably -poloxamer 188 and
potoxamer4G7,

■Examples of the plasticizer used in the adhesive layer are caster oil and
'polyethylene glycol (EEG), preferably polyethylene glycol.

Drugs which are added in the adhesive- layer' inchide all. drugs that'can be
15 absorbed through mucous membranes. Examples of the drugs are those for oral

diseases such as triamcinolone acetonide and glycyrthetinic acid; anii-infiammatory
agems such as keteprofen and .piroxicam; anfi-histamines such as diphenhydramine
and chlorpheniramine; hormones such as estradiol and testosterone;
antihypertensive agents such as efonidme and propranolol; bronchodilators such as

20 theophylline and terbutaline; and anesthetics such as lidocaine and dibucaine.
Preferably used are such drags as have high bioavailability enough to .be
administered in a small amount, as are easily metabolised when administered
orally, and as have-a gastro-intestinal adverse effect

Examples of the water-insoluble and w®r~lmpernu.teble polymers are
25: polyester, polyurethane, polyethylene and ethyl cellulose, preferably polyurethane

and ethyl cellulose, Ethyl cellulose is used as a water-insoluble coating agent for
tablets or granules for the purpose of controlled release, masking of taste, and
improvement of stability, etc.

Examples of the plasticizer used in the protective- layer are triethyl citrate
30 (TEC), castor oil and polyethylene glycol (PEG), preferably polyethylene glycol

■mid triethyI citrate.
The film according to the present invention consists: of two layers of an

■adhesive layer and a protective layer, as illustrated in Fig. L
In the preparing process of an adhesive layer with excellent film-forming

35 ability and mucoadhesivehess, films are manufactured by preparing a solution.
mixed with cross-linked polyacrylic acid polymer .and cellulose derivative, which
have an excellent mueoadhesiveness. Even though .the film prepared from the
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solution is homogeneous, it. has high swelling and solubility in saliva to decrease
the delivery of' drugs through mucous membranes, and also it has too high viscosity
for large-scale production of the high concentrated solnfion, Further, It has low
flexibility to give a feeling of foreign substances when attached to mucous

S membranes.
Considering the above problems, the present inventors have prepared a

film by adding poloxumer into the polymer solution to prepare an adhesive layer, in
which the. solution can be prepared at a low temperature, the viscosity of the mixed
solution is so law as to make it easy to prepare fee film, and the film has low

10 swelling and solubility in sali va, thereby enabling the film to be attached to mucous
membranes for a long lime.

The result of .measuring. the change of wafer contents in films prepared by
adding poloxamer shows that the water .contents decrease in films with an increase
of poloxam.er in the composition, thereby increasing the shape maintenance time in

15 an aqueous solution (see Experiment 2), It. is suggested that poloxamer and
earbopol or hydfoxypropyimethyl cellulose form a.hydrogen bond, thereby forming
a dense fhirdfeim.eas.tomd network structure.

The formation of hydrogen bond due to the addition of potoxanter can be
confirmed by infrared spectrophotoraeter (IK), and the change of .film .flexibility

20 can be identified by dynamic mechanical thermal analyzer (OMTA). It is
confirmed that the characteristic peaks of poloxamer due to hydrogen bonds in IR
change to short wave-number with an increase of paloxamer-in the composition.
It is considered that the decrease of glass transition temperature, which, shows the
movement of molecules, compared to that of the mixture of hydrexypropyl methyl

2 5 cellulose and earbopol, indicates the increase of film flexibility (see Experiment 3),
An. adhesive layer is required to have a inuceadhesivensss as well as an

ability to control fee release of drug into mucous membranes. A proper
combination of the. above-mentioned polymers is important .for the requirements.
Each of the polyacryhc acid polymer ami cellulose deri vative is added' in an amount

30 of 5 to 80 % by weight, preferably 20 to 50 % by weight, based on fee weight of
ths polymers irt the adhesive layer. If the amount of each polymer is less than S %
by weight, it is impossible to prepare the film with constant thickness because of
low viscosity of polymer solution,, thereby also decreasing the adhesiveness of film.
Wale if the amount of each polymer is more than 80 % by weight, it is difficult to

3 S prepare the polymer solution.
Fsl.oxamer is added in -an amount of 5 to 70 % by weight, preferably 20 to

50 % by weight, based on the weight of tte polymers in the adhesive layer. If the
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amount is less than 5 % by weight, the solubility and swelling of. film increase so
that it is difficult to maintain the form of film. Further, in ease the poloxamer is
added in an amount of more than 70 % by weight, it is difficult, to prepare the
polymer solution of high concentration.

B Ths mixed solution of the above three polymers is prepared so that the
concentration. of the polymers is 5 to 20 % based on the weight of toe adhesive
layer, in which the preferred weight ratios of■ poloxamer/eross-lihked polyacrylie
acid and poloxamer/hydmxyprcpylmethyl cellulose range from l:.l to It 1.5,
respectively. Within, the abo ve range of concentration, it -is easy to adjust the film

1Q thickness and drying time at the time of preparing the -film.
Drugs arc added in an amount of 0,05 to 20 % by weight based on the

weight of the adhesive layer. If the drug is added -in an amount of more than 20 %
by weight, it has an. adverse effect on ths viscosity of the solution of adhesive-.layer
and makes the preparing of film difficult,

15 In the protective layer which protects the adhesive layer from saliva,, the.
water-insoluble and water-impermeable polymer is added in an. amount of 5 to
50 % by weight, preferably 10 to 30 % by weight, based On the weight of the
protective layer. If ths amount is less than 5 % by weight, the fluidity of solution
containing the polymer is too high to make film, further, in case the polymer is

20 added, in an amount of more-.than 50 % by weight, it is difficult to prepare film
having a constant thickness.

In order to mafritairs the form of oral mucoadhesive film consisting of a
mucoadhesive layer and a water-insoluble and water-impermeable protective layer
until an-active substance is. released, coherence between the two layers is 'required

25 for a long time.
According to the present invention, a proper plasticizer for each layer is

- selected in consideration .of the mucoadhesWeness of adhesive layer mid toe -affinity
between the: two layers. Examples of the plasticizer-used -in the adhesive, layer of
the present film arc castor oil and polyethylene glycol (PEG). Examples of the

30 plasticizer used, in-toe protective layer of the present film are triethyl citrate (TEC),
castor oil and polyethylene glycol (PEG).

When triethyl citrate is used in the adhesive layer, it is impossible to farm
a .film. Castor oil and polyethylene glycol added in the adhesive layer have a good
effect on the film formation and flexibility. Ip the adhesive layer, polyethylene

3 S glycol is better to be added than castor oil for a good adhesiveness.
Most preferred is the film having polyethylene glycol added in the

adhesive layer and-Methyl citrate added- in the protective layer, which has the .most
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superior mucoadhesiveness, flexibility sad high affinity between layers to provide a
long residence time of the preparation in oral cavity.

The amount of plasticizer added in the adhesive layer or protective layer is
0.1 to 10 % by weight, preferably 2 to 8 % by weight, Based on the respective

5 weight of ths adhesive layer or protective layer. If the amount is more than 10 %
by weight, it affects adversely die-.film formation and drying process of adhesive.
layer and protective layer and makes it difficult to prepare the film.,

The method of preparing die mucoadhesive film of the present invention are
described as follows:

S to 80 % by weight of a polyacrylic acid polymer, 5 to 70 % by weight of
poltriamer arid 5 to 80'% by weight, of a cellulose derivative, based cn the total

10 weight of the polymers in the adhesive layer, are dissolved in a mixed solvent of
writer .atid ethanol to make a sototton in which the concentration of the polymers is 5
to 20 % by weight based bn the total -wright. of the adhesive layer, 0.05 to 20 % by
weight of a drug-and 0.1 to 10 % by weight of a plasticizer for adhesive layer, based
on -foe total weight of the adhesive layer, are added to the solution la tian to make a

1 s homegeneous coating -solution for adhesive layer.
Separately, 5 to SO % by weight of a water4asolabie and water-permeable

polymer and 04 to 10 % by weight of a plasticizer for protective layer, based .on the
total weight of the protecti ve layer, are dissolved in ethanol to make a homogeneous
coating solution.

20 After being defoamed, the- coating solution for adhesive layer is coated on a
release liner with a coater (Labomtory Drawdown. Coater LC-I00, Chem
Instruments) -and then dried to make an adhesive layer.

After befog defoamed, the coating solution for protective layer is also
cotoed on the adhesive layer with a coater and then dried to make .an oral

2 S muepadhesive film consisting of an adhesive layer and a protective layer.
The oral mucoadhesivs film of the present invention has a thickness ranging

from 30 to 500 gm, preferably from 30 to .300 pm, when being dried, iri which each
thickness of an adhesive layer and a-protective layer is 20 to 300 pm and 10 to 200
pm, respectively. The film with the thickness of less than 30 pm has difficulty in

30 maintaining the form of film and adversely affects favorable release of drug.
Further, foe-film with the thickness of more than 500 pm-gives a feeling of foreign
substances to users.

'The oral mucoadhesi ve film of the present invention may be prepared with
the addition of foe conventional lubricants, disintegrating agerrts, coloring agents, etc.

3 5 according to the type of preparations.
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Brief Deseriptton of the Drawings

Ths above and other objects, features and other advantages of the present
invention will be more clearly understood foom the following detailed description

5 taken in conjunction with the .accompanying drawings, in which:
Fig. 1 is a schematic cross-sectional view of the oral mucoadhesive film

consisting of an. adhesive layer containing a drug and a protective layer.
Fig. 2 is a graph showfog the dissolution rate of drag in Examples I aad 2,

Comparative Example I and Attach tablet.
10 Fig. 3 is a graph showing the.change of concentration of drug in ths

surface of 'tongue when the films of Example I and Control group 2 are attached to
the tongue of rat

Fig. 4 is a graph showing the change cf concentration of drug absorbed
into the tissue of tongue when the films of Example 1 and Coptrel group 2 are

15 attached to t he tongue of ra t

Best Mode for Carrying Gut the Inventton

'Hereinafter, the- present invention, will be described in detail, in conjunction
with various examples. These examples are provided only for illustrative purposes,

2.0 and the present invention. is not to be conslracd as befog limited to these examples.

Examples I to 19
Each erf the solutions for adhesive layer and protective foyer was prepared

according to the eompositfons shown in the following Tables. 1 and 2.
25 A polyacrylic acid polymer, poiexamer and a cellulose derivative were

dissolved in s mixed solvent of water and ethanol to make a. homogeneous solution,
to which a dreg and a plastidw for adhesive layer were added ami dissolved to
obtain a homogeneous coating soltstiori for adhesive layer.

Separately, a water-insoluble and water-impermeable polymer and a
3S plasticizer for protective- layer were dissolved in sthauol to make a homogeneous

coating solution.
After being defoamed, the -solution- for adhesive layer was coated on a

release, liner with a coater (Laboratory Drawdown Coater LC-lfo), Chem
Instruments) and dried to obtain an. adbeaivelayex

3 5 After removing, bubbles, the Striation for protective layer was also coated on
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the--adhesive lays: with a coater and then dried te prepare an oral imreoadhesive film
ewsisdng 'of an -adhesive layer and a protective layer mid containing 25 pg of
triamcindwe acetonide per one sheet of film. The film has the thickness of 60 to
100 gm.

S:;

The procedures of Examples were repeated using the following composition
as shown in Table 3 to. obtain a film consisting of an adhesive layer and a protective
layer.

TO

The procedures of Examples 1 to 10 were repeated except the type of
plasticizer -as shown in the following composition, of Table 4 to obtain, a film
.consisting, of an adhesive layer.arid a protective layer.

Table 1

COSBp,

I 3 3 4 5 6 7 8 9 10

AL TAA 0.1 0,1 0.1 0.1 0,1 0.1 0.1 0.1 0.1 0.1
P407 3.0 4,0 4.0 3.0 3.0
P18S 4.5 4.0 2,2 2.5 2.4

CP9‘LF 3.5 4.5 4.5 5,0 4.5
4.2 3.5 2.8 3,5 3.0

HPMC
...........

3.5 4.5 5.0 3,7 4,5 5,5 4.5 3.1 3,1 2.6
PE(] 3.9 3.y 4.9 6.6 1.9 2.3 3.5 4.0 7.2 3.9

Water 43 6 41.5 41.2 41.2 43.5 41.3 41.7 43.9 41,8 44.0
EjOH 43 0 41.5 41,2 41.2 43.5 41,3 41.7 43.9 41.8 44.0

100 100 100 100 100 100 100 100 100 100

FL EC 15 12 17 22 13 20 12 17 21 16
TEC 4.0 3.5 4,2 4.0 3.2 2.9 3.3 4.2 4.3 3.5
Eton: 81 M < 78.8 74,0 83.8 77.1 84.7 78,8 74.7 80.5

................... Tosal® 100 WO 100 100 100 100 100 100 100 100

Table 2
gsas^ies

Ctsffip.

11 12 13 14 15 16 17 18 19

SIONYX1403000023.0061
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IX

AL TAA 0,1 ill 0.1 0.1 0.1 0.1 0.1 0.1 0.1
P407 1.5 l.S 1.5 1.5 15 15 15 15 15
Fl 88

CP97H> 1,75 1.75 1.75 175 1.75 1.75
CP934P 1.75
crw 1.75
CW4P 1.75

HPMC 1.75 1,75 1.75 1.75 175 175 175 175 175

PBO 1.9 0.9 0.9 2,9 1.9 19 19 19 1.9
Water 46,5 47.0 47.0 46.0 46.5 46.5 46.5 46.5 46.5
EtOH 46.5 47.0 47.0 46.0 46.5 46.5 46.5 46,5 46.5

100 100 100 100 100 100 100 100 100
PL PV 15 12 17 22 13 20 12 17 21

TEC 40 3.5 4,2 4,0 3.2 2.9 13: 4.2 4.3
E1OH 81 84.5 78.8 74.0 83.8 77,1 84.7 78,8 74,7

Toisifg) 100 .100 100 100 100 100 100 100 100

Table 3
''■ y E. 1 2 3 4 5 6 7 8 9 W n 12

A
1

TAA 0.1 04 0.1 0.1 01 0.1 6.1 11.1 0.1 Oil 0.1 0.1
■F407 84 12.5 10 ■7vv 2

Fl 88 9.0 7.4 " 7.9

w 3.5 2,5 1.5 1
mW 2.0 3.5 2.5
HFMC 3.3 9.9 7.4 3.0 5.0 1.0 1
FEO 4.0 4.0 4.0 6.6 1.9 2.3 3,5: 4.0 7,3 4.0 4.0 •:3.9
CO

TEC

Water 46.2 42.5 48.2 39.4 42.3 40.6 43.2 45.2 40.1 44,0 45.7 46.0

EtOH 46.2 42.5 46.2 39.4 42,3 40.6 43 2 45.2 40.1. 44,0 43.7 46.0
WO 100 100 W0 WQ WO WO 100 100 100 WO 100

P
L

EC 18 18 13 21 17 23 14 32: 18: 23 18 18:
CO

PEG

TEC 4.9 3.5, 4.2 4,0 3.2 2.9 3.3 4.2 4.3 3,5 4.0 4.0

SIONYX1403000023.0062
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| EtOH | 78.0 | 78.5: 82.8 75.0 ?<..s 74.1 82 7 s $3.8 j 77 7 i 73.5 78-
i 7WJ0 | 100 190 1.00 100.. JOO 100 100 1 ;00 | 100 1 190 ISO 100

5

Table 4
' C,£.

Cnmp.

13, 14 15 16 17 18 19 20 21 22

AL TAA 0.1 0.1 0,1 0.1 0.1 0.1 0.1 0 1 o.i 0.1
F4Q7 3.0 4.0 4.5 3.0 3.0
pm •A? 4,0 ■2,2 2.5 2.4

CW71F 3.5 4.4 5.9 3.2 4.5

CP934F 4.1 3.5 2.8 3.5 3.0
HPMC 3,5 4.5 5.7 3.7 4.5 4.9 4.5 3.1 3.1 . 2,6
PEG 4.0 4.0 7.2

CO 3.9 4,0 6.7 2.3 3.5 3.9

TEC 1.9
Water 43.0 41.5 39.9 41.2 43.5 41.4 41.7 43.9 41,8 44.0
EiOH 43.0 41.5 39.9 41.2 43.5 41.4 4L7 43.9 41.8 44,0

Tvtsiig} 100 100 100 100 iW 100 100 100 100 100
PL EC 15 12 n 22 1'3 20 12 1.7 21 16

CO 3.5 4.0 3.2, 2 J 4.3 3.5
PEG 4.2, 3.5 4.2
TE.C <0

81.0 84.5 78.8 7W 83.8 77 1 84.7 78,8 74.7 80.5

WW • 100 100 iw 100 100 100 100 100 100 100

In. Tables I to 4„ the abbreviations have the following meanings:
AL; Adhesive layer
PL:' Protective layer
C.E.: Comparative Examples
Comp.: Component
TAA: Triamcinolone acetonide
P407: Pofoxamer 407
PISS: PoJpxamer IBS
CP971P: Carbopd 971?
CP934P: Carbppol 934?
CP940: Carhops! 940

SIONYX1403000023.0063
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CP974P: Carbopol 974?
HPMC: Hydroxyprepylmethyl cellulose
PEG: Polyethylene glycol
EtOH; Ethanol
EC: Ethyl cellulose
TEC: Triethyl citrate
PU: Polyurethane
CO : Castor oil

io Cps?tr<ji.goffid
Among the products 'on the market, Attach tablet (Dung Wha Phanu. lad.

Co., Ltd.), an oral muceadhssive film which contains- triamuinotone acetonide,
hydtexypropyi ■cellulose- and sarboxyviuyl polymer in an adhesive layer and
hydroxypropyl cellulose and calcium carboxymethyl cellulose in a protective layer,

15- was selected as. control group I,

.CWrolgOEl
Among the products on the market, lanert piaster (Sudo Pharm. Ind, Co,,

Ltd.), an oral macoadhssive film which contains triamcinolone acetonide as a main
2 0 component* was selected as control group 2.

Control group J.
Among the products on the iwket, Stomatitis patch Taisho A (Japan Taisho

Phanu. Ind. Co., Ltd,), an oral wmadhsslve film. Which contains extract of
35 Othospsrmi Radix and enoxelone as main components, was selected as control

groap 3

Each of the film samples prepared in Examples and Comparative
3 0 Examples was attached to a. polypropylene plate, and then the strength required to

detach each film from the polypropylene plate was measured using 1astron (AGS-
500GD, Shimadzv). Table 5 shows the adhesiveness and mechanical strength of
each film.

3S Table 5
Films ........ 1... ......... .Adhesiveness Mechanical CoKceatratisn of

I (W...... Strength (N) Eolytiicr (%)
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SAMSUNG EX. 1002 - 2222/4148



WO WOW K?T/KR83/»84

14

Example IQ
Comparative Example 10
Comparative Example 22

6.5
2.8
3.3

1.92 8 1

7.9
8 |

Example I 7.8 2.01 19
Comparative Example 2 4 0 10,9

Comparative .Example 13 4.7 -V _____ 10 1
Example 5 8.0 2.07

............... . ............ J
II

Compared ve Example 4 4.3 - 14,5 1
Comparative Example 17 - - •H i

Example 6 8.3 2,13 15 1

Comparative Example 5 6.3 13.4:
Comparative Example 18 5.6 --- 14,8 s

As the concenfration pt mueoadhesive. polymers in adhesive layer
'increases from 8 to 10 %> the adhesiveness of film also increases. When the
concentration increases over 10 %, however, the adhesiveness shows a little

5 increase. Even in ease of similar concentration of polymers, the films prepared
from the compositions consisting of three polymers of p&ioxam'er, .carbopol and
hydroxy propylmethyl cellulose (Examples 10, I, 5 and 6) show more increased
adhesiveness than those prepared from the composition consisting of one or two
polymers (Comparative Examples 10, 2, 4 and 5). Further, the films prepared

10 from the composition containing polyethylene glycol in adhesive layer and triethyl
citrate in protective layer as a plasticizer (Examples 1.9, I, 5 and 6) show superior
adhesiveness to those prepared from the composition containing castor oil and
triethyl citrate in adhesive layer .and protective layer (Comparative Examples 13,18
and 22). Meanwhile, the composition containing trieihy! citrate in adhesive layer

15 may not be used, to prepare a film {Comparative Example 17),
As a result, the .films .containing polyethylene glycol in adhesive layer and

triethyl citrate- in protective layer as a. -plasticiser show the most superior affinity
between layers. Such result is considered to be 'caused by the fact that
polyethylene glycol is similar to potoxamer contained in adhesive layer in -structure,

20 and triethyl citrate to ethyl cellulose contained in-protective layer.
Mechanical strength shows no great change in proportion to. the

concentration of polymers in adhesive layer. Further, it is impossible to measure
mechanical strength of other films except these containing polyethylene- glycol and
triethyl citrate in adhesive layer and protective layer, respectively, as a plasticizer

25 (Examples 10,1,5- and 6),

SIONYX1403000023.0065
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Water content and shape maintenance time of each film, were measured in

phosphate buffer (pH 6.8)< Table 6 shows the results.
Water, content of film is calculated by the following formula:
Wafer content (% by weight)K:[(the weight of swollen filrnnhe. weight of

dried film)/fhe weight of swollen filmjx100
As the proportion of poloxamer increases in composition, wafer content

10 decreases but shape maintenance time of film increases.

15:

20

25

Centiol group I: Attach tablet
Contiol-greup 2: Innertpteef

Table 6
Films Water content

(% by weight)
shape'maintenance:

time (hr)
Pol&xamer

(%)
Comparative Example 8 89 6.2
Comparative Example LI 78 8.2 2

Example I 45 >24 3
Comparative Example 12 75 9.1 2

Centred group I 84 7.8
Control group 2 % 4.5 **

ExxrednK.«L,^
OHiSI

FT-® (M. Series, Midac Corporation, USA) was used far IR of films and
DMTA was used to measure glass transition temperature fig) in the temperature
ranging from reom temperature to 300 °C at the rate of 5 *C/mm> Table 7 shews
the results.

As the proportion of potoxamer increases in composition, the IR. peak
derived fibre the hydrogen tad of poloxatner mid eartroxyi group of carbepal
shifts from 1.1.10 to 1107 cm5 and the Tg shewn in the mixture of carbopal and
hydroxypropylmethyl cellulose decreases .from ®0 to 170 aG

Table 7
Films Wave number (cm“) TgCC) Poloxamer(%)

Comparative Example 8 IH0 190 *

SIONYX1403000023.0066
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Comparative-Example 11 * 180 Y
Comparative Example 12 - .189 2

Example 1. 1107 1.70 3

Rectal mucous membrane of: rabbit was attached to both vials of the
apparatus for measurement of bioadhesiveness, and then films were attached

5 therebetween, Putting counterweights in turn on the opposite site, the
counterweight was weighed as hioadbesiveness when, foe-vial was dropped (H, G.
.Choi, J. Il Jung, J. M, Ryu, S, J. Yoon, Y< K.. Oh and C. K. Kim, Development of
in situ-gelling and nmcoadhesive acetaminophen liquid suppository, Zut J. P^rm9
M5, 33-44,1998).. Table 8 shows the bioadhesiveuess measured as above.

10

IS

20

PEG: polyethylene- glycol
TEC: triethyl citrate

TabteS__________
Films Bioedhesiveness

(dynfems)xMr Polymer
(Why

weight)

Plasticizer
(adhesive layer,
protective layer)

Example 16 6.2? 5 PEG, TEC

Example 10 8,57 8 PEG, TEC
Example 1 10.33 10 PEG, TEC
"Example 3 11,02 13,5 PEG, TEC

Comparative Example 14 8,0 12.9 PEG, CO
Comparative Example 13 6.67 10 V-w^ I

Comparative Example 15 0.93 164 CO, PEG
Comparative Example 19 n. 14 13 CO, PEG
Comparative Example-16 4.83 10.8 CO, CO

CO: castor oil

As shown in Examples of Table 8, when polyethylene glycol and triethyI
curate are added in adhesive layer and protective layer, respectively, as a
phsucizer, the bieadhesiveness increases fem 6.27 to 11,92 according to the
increase of -the concentration of polymer contained in adhesive layer. Meanwhile,
the film containing polyethylene glycol and castor oil as a plsstieizsr (Comparative
Example 14), that containing castor oil and triethyl citrate (Comparative Example

SIONYX1403000023.0067
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13), those containing castor oil anti polyethylene glycol. (Comparative Examples 15
and 19), and that containing castor oil and castor nil (Comparative Example 16)
show lower adhesiveness than those containing polyethylene glycol and triethyl
citrate in adhesive layer and protective layer, respectively. Further, these films

5 show no great change in adhesiveness to living body aceording to the increase of
polymers.

Experiment 5: measurement of attached time
The films prepared in Examples and Comparative 'Examples were cut .and

10 attached to glass wall of dissolution test vessel at a height of 5, 7.5 and 10 cm each.
Detachmeni ofeach Sample was observed in 900 ml of phosphate buffer (pH O) at
37+ 0.5 °C with the rotation of paddle at 1.00 tpm by applying method 2 of
dissolution test. The attached time of control group was measured in the same
manner. Tabic 9 shows the film thickness mui attached time: measured as above.

15
Table 9

Films Film thickness (pid) Attached time (hr)
Example 1 753 >24
Example 9 77.2 >24

Comparative Example 20 72.6 13.7
Comparative Example 16 69,7 6,0
Comparative Example 14 71.4 1,5.2
Comparative Example 19 743 14.7
Comparative Example 1 653 6.07
Comparative Example 2 70.7 13.4
Comparative Example 5 693 12,0

Control group I uoo 73
Control group 2 100 4.5

The films containing polyethylene glycol and triethyl citrate as a-plasticiser
show long attached time above 24 hours when they contain all three type of polymers

20 in adhesive layer (Examples .1 and 9), which is longer than that of the films
containing single or two polymers in adhesive layer (Comparative Examples 1,2 and
5). The attached time varies from 6.0 to 24 hours fe accordance with the type of
plasticizer, which corresponds to the results from the adhesive feres and
bloadbesiwiess.

2S

SIONYX1403000023.0068

SAMSUNG EX. 1002 - 2226/4148



s

10

15

20

WO

18

E-XperintoMfitdjW dissutotion test
Each ora! mucoadhesive film was attached to cellulose membrane and then

dissolution test was carried oat using diffusion cell Dissolution solvent was
mixture cf phosphate buffer (pH 6.8) and ethanol (3:2, v/v), Sample solution was
colfected at regular intervals and- the amount of released drug was -analysed by
HPLC.

Comparing the drug dissolution of the film of the present invention with
that of control group i shows that the films of the present invention has more
favorable drug dissolution tai those-on the madte't Fig.. 2 is a .graph showing the
dissolution rate of drag in Examples 1 and. 2., Comparative Example. I and Afiach
tablet.

Experiment 7: eyatoation of adhesiveness to oral mucous, membrane
In order to evaluate the adhesiveness to .actual oral .mucous membrane,

each film was attached to the inside of tower lip of applicant and time required to
be detached, was measured. Furflier, feeling of use was evaluated when applied to
oral mucous membrane and Indicated by the following four stages:

I; little feeling;
2: a little feeling of foreign substances;
3: discomfort resulting from feeling of foreign substances; and
4: others (feeling of irritation, pain, etc.)
Table 10 shows the attached time and. feeling of use as .measured above.

Table 10
Feeling of useFilms Adhesion time (hr)

Example I 3.8 1.4
Example 3 4.2 i 1.7
.Example 8 3.0 1.8

Comparative Example 1 1.2 L5
Comparative Example 13 .1,7 1.6
Comparative Example 22 1-4 1.9

Control group 1 32. 2,8
Control group 2 .1.5 2.7
Control group 3 3.5 2.1.............

The film of Example 3 shows flic longest adhesion time, of 4,2 hoars^ and
these of Examples I and § show the adhesion time of 3.8 and 3,0 hcrars,

SIONYX1403000023.0069
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respectively, aft of them shew over 3 hours. The film containing carbopol only as
a mneoadhesive polymer (Comparative Example I) and that cohtaimng castor oil
and -Methyl eilrate as a plasticizer for adhesive layer and protective layer,
respectively (Comparative .Example 13), have the adhesion time ranging -from. 1.2

5 to I <7 hours, which are shorter than those of the above Examples. Further, control
group 1 (Attach "tablet) shows 3.2: hours of attached time, control group 2 flanert
plaster) stews 1.5 .hours-'and control .group 3 (Stomatitis patch Taisho A) shows 3.5
hours.

While Ite control groups give a feeling of foreign substances when
10 attached to oral mucous membrane, the films prepared in Examples and

Comparative Examples give no feeling of foreign substances.
The films according to the present invention have superior'initial adhesion

to oral mucous membrane, show no swelling or detachment of polymers, and leave
np. remnants on oral 'mucous membran© during their adhesion and after being

15 detached. Meanwhile, the films of control groups I and 2 show increase of
swelling in polymers within several minutes after their adhesion to oral mucous
membrane which gives a notable feeling of .foreign substances to users.
Especially, th© film of control group 2- has a good initial adhesion, but the. polymer
layer in the film swells to be detached from the protective film, which augments the

2 s feeling of foreign substances and displeasure -and also gives a bitter taste. Further,
a portion of the detached polymer layer remains in oral cavity to make some
problems.

Experiment ,8 yapinigi,experiment (in vivo).
■25 Each oral mucoadhesiv© film, of Example 1. and control -group 2 was

attached to the tongue of rats, .and then. each amount of drug remained in the surface
of tongue and that absorbed' into the tissue of tongue was assayed. SP.F male
wistor rats (Charles Elver, Japan, weigh 260 to 350 g). were used and five rats were
placed in a group-

30 After being anesthetized, each rat was provided with the films, and then
was left freely. After a certain period of 'time, each tissue of tongue was removed
and -then analyzed. Each of the amount of'drag remained in the surface of tongue
and that absorbed into the tissue of tongue was determined 'by HPLC and L-C/MS.
As shown in Fig. 3, the film of Example 1 is superior to that of control group 2 in the

3 5 maintenance of drug in the surface of tongue. Further, according to Fig. 4, the film
of Example-1 shews a slowly increase of drug absorbed into the tissue of tongue with
the lapse of time, and produces a superior result to that of Control group 2 in 2 hours.
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2Q:

Industrial Applicability

'The oral mucoadhfisive film of the present invention is -superior in
physicochemieal aspects such as adhesiveness, mechanical strength and attached time
as well as bioadhesiveness, Further, the film shews sustained-release of drugs and
gives tong. attached time and little feeling of foreign substances when attached to users.
Moreover, the preparing process of the present invention is convenient for adjusting the
film thickness and drying lime.
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What is Claimed Is:

L An Oral mucoadhesive-film which contains an'adhesive layer consisting
5- gsseutially of a polyacryiic acid.polymer, poloxamer, a cellulose derivative,, a drug

which can be absorbed through mucous membrane .and a plasticizer, and a
protective layer consisting essentially of a wcterriosuhibls and■ waw-imperineabie
polymer and a plasticizer,

wherein each of the polyacryiic acid polymer, and the cellulose .derivative
IQ is in an amount of 5 to 80 % by weight and the poldxtaer is in ah amount of S to

70 % by weight, based-op the weight of the polymers in' the adhesive layer, and a
mixture of the polymers is in w -amount of 5 to 20 % by weight, the drug is in as
amount- of 0.05 to 20 % by weight, and the plasticizer in the adhesive layer is in an
amount of 0,1 to 10% by weight, based on lhe-weight of the-adhesive'layer;

15. tbs water-insoluble and water-impermeable polymer is in an amount of 5
to 50 % by weight and the plasticizer in the protective layer is in an amount sf 0.1
to 10 % by weight, based on-the weight of the protective layer; and

the Him has a thickness ranging from 30 to 500 pm.

2 o 2. The oral mupoadhesive .film according to claim 1,
wherein the polyaprylic acid, polymer is one or more selected from the

group consisting of cafbopol series 980, 934, 940, 941, 934P, 97IP, 974P, 981,
1342,1382,2984 and5984B.P, .and Noveon series AA-1, CA-l and CA-2;

the potaimer is -one 'or more selected from the group consisting of
25 poloxamer series 124,188,338 and 407;

the cellulose derivative is one or more selected from the group Consisting
of hydroxypropyl cellulose, hydroxymethyl cellulose, hydroxyethyl cellulose,
hydroxypropylethyl cellulose- and hydroxyprppylmethyl. cellulose;

the drug is one or more selected from the group consisting -of medicines for
30 oral diseases, auti-intlammatory agents, auti-hlstamincs, hormones,

■antihypertensive agents, bronchodilators and. anesthetics;
the plasticizer in the adhesive layer is polyethylene glycol;
the- water-insoluble and water-impermpable polymer is one or more

selected .from the group consisting of polyester, polyurethane, polyethylene- and
.3 5 ethyl cellulose; and

the plasticizer in the protective .layer is. trietbyl citrate.
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3, The ora! mueoadhesivc -film according to claim 2,
wherein the pfeystraylic acid polymer is one or more selected from the

group consisting of carbopol series 934? and 971P;
5 fee poloxamer is one or more selected from the group consisting of

poloxamer series 1S8 and 407;
the celiulose derivative is one or more selected .from fee group consisting

of hydro* ypropy lethyl cellulose and hydro*yprcspylmet'hyl cel felose;
the drug is -medicines for oral diseases; and

10 the water-insoluble and w^tertimpermeable: polymer is one or more
selected from the group -consisting of polyurethane and. ethyl celiaksse.

4. The oral mucoadhesive film according to one of claims-1 io 3.,
whsroin fee weight ratios of poloxamer/polyacryiic acid polymer and

15 poloxamertoellulose derivative range from 1:1 to 1:1.5, respectively;
the wateT-iasoIuble and water-impermeable polymer is in an amount of 10

to 30 M by -weight.based cm the weight of the protective layer; and
the film has a thickness ranging from 50 to 300 pm.

20 .5, A method of preparing an oral triueriadhesive- film containing an adhesive
layer and a protective layer, which comprises:

(.1) dissolving 5 to 80- % by weight of a polyaerylic- acid polymer, 5 to 70 %
by weight of potoxamer and 5 to 80 % by weight of a cellulose derivative, based on
the total weight of the polymers in the adhesive layer, is a mixed solvent of water

25 and ethanal to make a solution in which the concentration of fee polymers is 5 to
20 % by weight based ca the total weight of the-adhesive layer, and then adding 0.05
to 20 % by weight of a drag and 0.1 to 10 % by weight of a plasticizer for the
adhesive layer, based oat the total weight of fee adhesi ve layer,, to the solution to
make a homogeneous coating solution for fee adhesi ve layer;

3.0 (2) dissolving 5 to 50 % by weight of a water-inxfeuble -and water-
.-impermeable polymer and (U to 10 % by weight of "a plasticizer for the protective
layer, based-w fee total weight of the protective layer, in ethanol to make a
homogeneous coating solution for the protective layer;

(3) defoaming fee coating solution for the adhesive layer prepared by (1),
3 5 coating, the solution on a release liner wife a coster, .and then drying the coated layer

to make the adhesive layer; and

SIONYX1403000023.0073
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(4) defoaming the coating solution for the protective layer prepared by (2),
coating the solution cm the adhesive layer prepared by (3) with a coater, and then
drying the coated layer to .make-the oral mucoadhesive film.

§ The method according to claim 5,
wherein ths weight ratios of poloxainer/polyacrylic acid polymer and

polaxamer/Cellulose derivative range of from 1:1 told .5, respectively;
the water-insoluble and water-impermeable polymer is added in an -amount

of 10 to 30 % by-weight based on the weight c<f the protective layer; and
the film has a thickness ranging from 50 io 300 pm.
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MANUFACTURE OF SILICON-BASED DEVICES HAVING DISORDERED
SULFUR-DOPED SURFACE LAYERS

Federally Sponsored Research
The invention was made with Government support under contract DE-FC36-

016011051 awarded by Department of Energy (DOE). The Government has certain
rights in the invention.

Related Applications
The present application is a continuation-in-part (CIP) of co-pending patent

application entitled “Systems and Methods for Light Absorption and Field Emission
Using Microstructured Silicon,” filed on May 24, 2002, and having a Serial No.
10/155,429, which is herein incorporated by reference in its entirety.

Background of the Invention
The present invention relates generally to methods for fabricating radiation­

absorbing semiconductor wafers, and more particularly, to methods for fabricating
silicon wafers that can absorb radiation and exhibit diodic current-voltage
characteristics.

Modem semiconductor circuits are predominantly based on silicon, which can be
readily procured at a lower cost than any other semiconductor and can be easily
oxidized. Further, a band gap of 1.05 eV renders silicon suitable for detection of visible
light and conversion of sunlight into electricity. Silicon, however, has several
shortcomings. For example, it is an indirect band-gap material, and hence it is a
relatively poor light emitter. In addition, silicon is not particularly suitable for use in
detecting radiation having long wavelengths, such as, infrared radiation employed for
telecommunications. Although other semiconductor materials are available that can
detect long wavelength radiation better than silicon, they are generally more costly and
cannot be readily integrated in optoelectronic circuits that are primarily silicon-based.

Hence, there is a need for silicon-based semiconductor structures and wafers
with enhanced radiation-absorbing properties, particularly in wavelengths beyond the
band-gap of crystalline silicon. There is also a need for such wafers that can be utilized

SIONYX1403000023.0082
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in fabricating photodetectors that exhibit enhanced responsivity in detecting radiation
over a wide wavelength range. Further, there is a need for methods of manufacturing
such silicon-based wafers.

Summary of the Invention
In one aspect, the present invention provides a method of fabricating a radiation­

absorbing semiconductor wafer by irradiating at least one surface location of a silicon
substrate, e.g., a crystalline silicon, with a plurality of temporally short laser pulses
while exposing that location to a substance having an electron-donating constituent so as
to generate a substantially disordered surface layer that incorporates a desired
concentration of the electron-donating constituent, e.g., a concentration in a range of
about 0.5 atom percent to about 5 atom percent, or from about 0.5 atom percent to about
1 atom percent. The substrate is preferably annealed at an elevated temperature and for
a duration selected to enhance charge carrier density, e.g., electron carrier density, in the
disordered surface layer.

In a related aspect, an annealing temperature and duration can be selected to
cause re-arrangement of atomic bonds in the surface layer so as to increase the
concentration of free electrons in the surface layer. Further, the annealing temperature
and duration can be selected to cause the surface layer to form a diode junction, e.g., a p-
n junction, with the underlying silicon substrate. The term “diode junction” is known in
the art and generally refers to a junction that can exhibit current rectification (e.g., a
junction that exhibits drastically different conductivities in one bias direction relative to
the other). Moreover, the annealing temperature and duration can be selected such that
the annealed substrate would exhibit a responsivity in a range of about 1 Ampere/Watt
(A/W) to about 200 A/W, or preferably in a range of about 10 A/W to about 200 A/W,
upon exposure of the surface layer to visible radiation having wavelengths in a range of
about 250 nm to about 1050 nm and application of a reverse bias in a range of about 0.1
V to about 15 V, or about 0.5 to about 15 V, to the substrate. Further, the annealing
temperature and duration can be selected such that the annealed substrate will exhibit a
responsivity in a range of about 0.1 Ampere/Watt (A/W) to about 100 A/W upon
exposure of the surface layer to visible radiation having at least a wavelength in a range
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of about 1050 nm to about 3500 nm and application of a reverse bias in a range of about
0.1 V to about 15 V to the substrate.

In a related aspect, the laser pulses irradiating the substrate’s surface have pulse
widths in a range of about a few nanoseconds to about 10 femtoseconds, and more
preferably in a range of about 50 to about 500 femtoseconds. The laser pulse fluences
can range from about 1 kJ/m2 to about 30 kJ/m2, or from about 3 kJ/m2 to about 15
kJ/m2, or from about 3 to about 8 kJ/m2. The annealing temperature can be in a range of
about 500 K to about 1100 K, preferably in a range of about 500 K to about 900 K, and
more preferably in a range of about 700 K to about 900 K, and the annealing duration
can be from about a few seconds to about a few hours.

In another aspect, the substance containing an electron-donating constituent can
be a gas, a fluid or a solid. Some examples of such substances include, without
limitation, SFe, H2S, CI2, and N2. For example, when SFg is utilized, the exposure of the
silicon surface to the laser pulses generates sulfur inclusions in a surface layer of the
substrate. The silicon substrate is preferably n-doped, but it can also be p-doped. The
substrate’s bulk doping level can be in a range of about 1011 to about 1018 cm'3.

In another aspect, the present invention provides a method of fabricating a
radiation-absorbing semiconductor structure that calls for irradiating each of a plurality
of locations on a surface of a silicon substrate with one or more femtosecond laser pulses
while exposing the surface to a sulfur-containing substance so as to generate a plurality
of sulfur inclusions in a surface layer of the substrate. The substrate is annealed at a
temperature in a range of about 500 K to about 1100 K for a time duration in a range of
about a few seconds to about a few hours. The annealing step can be performed
subsequent to, or simultaneously, with irradiation of the substrate’s surface with laser
pulses. Further, the annealing step can be performed in an inert atmosphere or in
vacuum (i.e., a low-pressure atmosphere).

In a related aspect, the light emitted in each laser pulse can have a narrow
spectrum and a central wavelength in a range of about 200 nm to about 1200 nm (e.g.,
800 nm or 1064 nm), fluences in a range of about 1 kJ/m2 to about 30 kJ/m2, and more
preferably in a range of about 1 kJ/m2to about 10 kJ/m2 ,and a repetition rate in a range
of about 1 kHz to about 50 MHz, or in a range of about 1 kHz to about 1 MHz.
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In another aspect, the invention provides a method of fabricating a
semiconductor wafer by irradiating a plurality of locations on a surface of a silicon
substrate with one or more laser pulses having pulse widths in a range of about 50 to
about 500 femtoseconds while exposing the surface to a substance having an electron­
donating constituent so as to generate a microstructured surface comprising inclusions
that incorporate the electron-donating constituent. The laser pulses can be directed at
the substrate in a direction forming a selected angle relative to the substrate’s surface,
e.g., normal to the surface. The substrate is annealed at an elevated temperature in range
of about 500 K to about 1100 K for a selected time duration, e.g., in a range of about a
few seconds to about a few hours. In certain applications, the annealing temperature can
be between about 500 K and 1000 K, and more preferably between 575 K and 875 K.

In another aspect, the invention provides a method of fabricating a
semiconductor wafer by irradiating at least one location on a surface of a silicon
substrate with temporally short laser pulses, e.g., femtosecond pulses, while exposing
the surface to a substance having an electron-donating constituent so as to generate a
microstructured surface layer having inclusions containing the electron-donating
constituent. The substrate can be annealed, either following the laser irradiation or
simultaneous therewith, at a temperature and for a duration selected to enhance the
responsivity of the microstructured substrate to electromagnetic radiation having at least
one wavelength in a range of about 250 nm to about 1100 nm by a factor of about 10, or
preferably about 20, or more preferably about 100, relative to a similarly microstructed
substrate but without annealing. The responsivity can be measured upon application of a
reverse bias voltage in a range of about 0.5 V to about 15 V to the substrate. A suitable
annealing temperature for effecting such enhancement of the wafer’s responsivity lies in
a range of about 600 K to about 900 K, and more preferably in a range of about 700 K to
about 900 K, and a suitable annealing duration lies in a range of about a few seconds to
about a few hours.

In another aspect, the present invention provides a photodetector that includes a
silicon substrate having a surface layer, configured for exposure to external radiation,
that is doped with sulfur inclusions with an average concentration in a range of about 0.5
atom percent to about 5 atom percent so as to exhibit a diodic current-voltage
characteristic. The photodetector further includes a plurality of electric contacts, e.g., in
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the form of metallic coatings, that are disposed on selected portions of the substrate for
applying a selected reverse bias voltage, e.g., in a range of about 0.1 to about 15 volts, to
the surface layer for facilitating generation of an electrical signal, e.g., a photocurrent, in
response to exposure of the surface layer to electromagnetic radiation. The surface layer
is configured such that an electrical signal in response to an incident radiation having at
least a wavelength in a range of about 250 nm to about 1050 nm can be generated at a
responisivity greater than about 1 A/W. Preferably, the responsivity over the entire
range of about 250 nm to about 1050 nm is greater than about 1 A/W. For example, the
responsivity to at least one wavelength in this wavelength span, and preferably to all
wavelengths in this span, can be in a range of about 1 A/W to about 100 A/W, or in a
range of about 10 A/W to about 100 A/W, or in a range of about 10 A/W to about 200
A/W.

In another aspect, the photodetector can exhibit an average responsivity (i.e.,
responsivity averaged over a wavelength range) to wavelengths in a range of about 250
nm to about 1050 nm that is greater than about 1 A/W, e.g., an average responsivity in a
range of about 1 A/W to about 100 A/W, or an average responsivity in a range of about
10 A/W to about 200 A/W.

In another aspect, the photodetector can exhibit a responsivity greater than about
1 A/W (e.g., in a range of about 1 A/W to about 100 A/W) for wavelengths in a range of
about 250 nm to about 600 nm, as well as in a range of about 600 nm to about 1050 nm.
In a related aspect, the photodetector can exhibit a responsivity greater than about 0.1
AJW for incident radiation having at least one wavelength in a range of about 1050 nm
to about 2000 nm, and preferably in a range of about 1050 nm to about 3500 nm.
Preferably, the photodetector’s responsivity to all wavelengths in this range (about 1050
nm to about 3500 nm) is greater than about 0.1 A/W. For example, the detector’s
responsivity in this wavelength span can be in a range of about 0.1 A/W to about 100
A/W.

In another aspect, the photodetector can exhibit an average responsivity greater
than about 0.1 A/W (e.g., a responsivity in a range of about 0.1 A/W to about 100 A/W)
for radiation having wavelengths in a range of about 1050 nm to about 2000 nm, and
preferably in a range of about 1050 nm to about 3500 nm.
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Photodetectors according to the teachings of the invention, such as those
described above, provide a marked improvement over conventional silicon photodiodes
where responsivities greater than 1 AJW for wavelengths in a range of about 250 nm to
about 1050 nm are unknown. Further, responsivities of conventional silicon
photodiodes degrade drastically for wavelengths beyond 1050 nm, and are significantly
less than those that can be achieved by photodetectors of the present invention.
In another aspect, the surface layer can have a thickness in a range of about 10
nanometers to about 1 micron, and a microstructured morphology. For example, the
microstructured layer can be formed by a plurality of conical microstructures, each of
which can be composed of a core silicon portion forming a junction with a surface
portion that is doped with sulfur. A term “conical structure or microstructure” as used
herein refers to a generally cone-like or columnar protrusion above the silicon surface
that can have vertical walls, or slanted walls that taper in the vertical direction. The
microstructures can have a height in a range of about 0.5 micron to about 30 microns
protruding from a base portion on the surface of the silicon substrate to a tip portion
having a radius of curvature of about a few hundred nanometers. The gradient of sulfur
concentration across the junction is substantially abrupt, although in some cases it can be
gradual with the core portion having some sulfur dopants. The sulfur-doped surface
layer can comprise silicon nanocrystals having diameters in a range of about 10 about 50
nanometers.

In another aspect, the invention provides a photodetector that includes a silicon
substrate having a microstructured layer incorporating inclusions containing an electron­
donating constituent. The microstructured layer is adjacent an underlying bulk silicon
portion and forms a diode junction therewith. The term “diode junction” is known in the
art and generally refers to a junction that can exhibit current rectification (e.g., a junction
that exhibits drastically different conductivities in one bias direction relative to the
other). A well-known example of a diode junction is a p-n junction. An electrical
contact is disposed on a surface portion of the micro structured layer such that at least
another surface portion of that layer remains available for receiving incident
electromagnetic radiation. The photodetector can further include another electrical
contact disposed on a surface of the bulk silicon portion opposed to the microstructured
layer. The electrical contact layers allow application of a reverse bias voltage to the
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substrate to facilitate generation of an electrical signal, e.g., a photocurrent, in response
to exposure of the microstructured layer to incident radiation having wavelengths in
range of about 250 nm to about 1050 nm at a responsivity in a range of about 1 A/W to
about 200 A/W.

In a related aspect, the substrate can generate a photocurrent in response to
irradiation of the microstructured layer with radiation having wavelengths in a range of
about 1050 nm to about 3500 nm at a responsivity in a range of about 0.1 A/W to about
100 A/W.

In another aspect, the electron-donating constituent can be, for example, sulfur,
chlorine or nitrogen, and can be present in the microstructured layer at a concentration in
a range of about 0.5 to about 5 atom percent, or in a range of about 0.5 to about 1.5 atom
percent, or in a range of about 0.5 to about 1 atom percent.

In another aspect, the present invention provides a photodetector for use in the
visible and the infrared regions of the electromagnetic spectrum that includes a
crystalline silicon substrate having a microstructured surface layer characterized by a
plurality of substantially conical microstructures. The microstructured layer includes a
doped layer having a plurality of silicon nanocrystals that contain an electron-donating
dopant, such as sulfur, chlorine or nitrogen, with an average concentration in a range of
about 0.5 to about 1.5 atom percent. The microstructured layer exhibits a diodic current­
voltage curve and is configured to receive an external radiation. A plurality of electrical
contacts are disposed on selected portions of the substrate for applying a reverse bias
voltage to the microstructured layer in order to facilitate generation of an electrical
signal in response to irradiation of at least a portion of that layer. The photodetector
exhibits a responsivity greater that about 1 amperes/watt (A/W) for radiation
wavelengths in a range of about 250 nm to about 1050 nm and a responsivity greater
than about 0.1 amperes/watt for radiation wavelengths in a range of about 1050 nm to
about 3500 nm.

Further understanding of the invention can be obtained by reference to the
following detailed description in conjunction with the associated drawings, which are
briefly described below.
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Brief Description of the Drawings
FIGURE 1 is a flow chart depicting various steps in an exemplary embodiment

for generating a microstructured silicon wafer suitable for absorbing radiation,

FIGURE 2 is a schematic diagram of an exemplary apparatus for
microstructuring silicon wafers in accordance with one aspect of the invention,

FIGURE 3 is a scanning electron micrograph of a silicon surface, obtained at a
45-degree angle relative to the surface, after irradiation of the surface with 100 fsec
pulses having a central wavelength of 800 nm and a fluence of about 5 kJ/m2,

FIGURE 4 schematically illustrates an experimental set-up for performing
resistivity and Hall effect measurements on a silicon sample microstructured in
accordance with the teachings of the invention,

FIGURE 5 presents a plurality of graphs depicting wavelength absorptance of
prototype microstructured silicon wafers as a function of an average number of 100 laser
shots (8 kJ/m2) per location employed for microstructuring the wafers in the presence of
SFs,

FIGURE 6 presents a plurality of graphs depicting wavelength dependence of
absorptance of a plurality of prototype silicon wafers annealed at different temperatures
subsequent to their microstructuring by a plurality of femtosecond laser pulses (the room
temperature (300 K) data corresponds to a wafer that was not annealed),

FIGURE 7 presents graphs depicting wavelength dependence of absorptance for
exemplary femtosecond-laser-formed and nanosecond-laser-formed microstuctured
silicon wafers, before and after thermal annealing at 875 K for about 30 minutes (the
absorptance of an unstructured silicon substrate as a function of wavelength is also
shown for comparative purposes),
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FIGURE 8A presents graphs depicting absorptance as a function of wavelength
for a plurality of prototype silicon wafers microstructured by exposure to 500 laser shots
of femtosecond pulses (fluence of 8 kJ/m2) in the presence of different gases in the
absence of annealing (the graph designated vacuum relates to wafer microstructured in a
vacuum chamber at a base pressure less than about 10"6 bar),

FIGURE 8B presents absorptance data as a function of wavelength for a plurality
of prototype silicon wafers microstructured by exposure to 500 shots of 100
femtosecond laser pulses (fluence of 8 kJ/m2 in the presence of sulfur-bearing and non­
sulfur-bearing gases) indicating the positive effects of sulfur incorporation in enhancing
below band-gap absorptance,

FIGURE 9 presents graphs depicting wavelength dependence of absorptance for
a plurality of prototype silicon wafers microstructured by femtosecond laser pulses in
the presence of SFg at different partial pressures,

FIGURE 10 schematically illustrates a p-n junction in thermal equilibrium,

FIGURE 11A is a perspective view of a photodetector formed in accordance
with one embodiment of the invention,

FIGURE 1 IB is a side view of the photodetector depicted in FIGURE 11 A,

FIGURE 12 presents graphs depicting current-voltage characteristics of a
plurality of exemplary silicon wafer microstructured by exposure to femtosecond laser
pulses in the absence of annealing as well as in the presence of annealing at different
annealing temperatures,
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FIGURE 13 presents graphs depicting responsivity of a plurality of silicon
wafers microstructured by exposure to femtosecond laser pulses in the presence of SFg
(with no annealing and with annealing at different temperatures) as a function of
wavelength in comparison with that of a commercial photodiode illustrating that a
significantly enhanced responsivity can be obtained by judicious annealing of wafers
subjected to laser microstructuring,

FIGURE 14 present graphs depicting current-voltage characteristics of a plurality
of exemplary prototype silicon wafers microstructured by femtosecond laser pulses at
different laser fluences and each annealed at 825 K,

FIGURE 15A presents comparative responsivity measurements for prototype
silicon wafers microstructured by femtosecond laser pulses at different fluences and
each annealed at 825 K for about 30 minutes,

FIGURE 15B presents comparative responsivity measurements for prototype
silicon wafers microstructured by femtosecond laser pulses at different fluences and
each annealed at 1075 K for about 30 minutes,

FIGURE 16A presents current-voltage characteristics for n-doped and p-doped
silicon substrates microstructured by exposure to femtosecond laser pulses at a fluence
of 6 kJ/m2 followed by annealing at 825 K for about 30 minutes,

FIGURE 16B presents current-voltage characteristics for n-doped and p-doped
silicon substrates microstructured by exposure to femtosecond laser pluses at a fluence
of 4 kJ/m2 followed by annealing at 1075 K for about 30 minutes,

FIGURE 17A presents responsivity measurements for prototype exemplary n-
doped and p-doped silicon substrates microstructured at two different laser fluences (4
kJ/m2 and 6 kJ/tn2) and annealed at 825 K for about 30 minutes,
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FIGURE 17B presents responsivity measurements for prototype exemplary fl-
doped and p-doped silicon substrates microstructured by femtosecond laser pulses at a
fluence of 4 kJ/m2 and annealed at 1075 K for about 30 minutes,

FIGURE 18 presents a graph depicting responsivity as a function of back bias for
an n-doped silicon substrate microstructured via irradiation by femtosecond laser pulses
at a fluence of 4 kJ/m2 and annealed at 825 K for about 30 minutes (the measurement
was performed by employing a white light source with an approximate power of 50
microwatts),

FIGURE 19 A presents graphs depicting current-voltage characteristics of an fl-
doped silicon sample microstructuured by femtosecond laser pulses at a fluence of 4
kJ/m2 and annealed at 825 K as a function of operating temperature,

FIGURE 19B presents a graph depicting the responsivity of a microstructured
silicon wafer to incident radiation having a wavelength of 1064 nm as a function of
operating temperature,

FIGURE 20 illustrates current-voltage characteristics for a high resistivity
(resistivity greater than 1 Ohm-m) microstructured silicon wafer that can be utilized as a
solar cell, with and without one sun illumination,

FIGURE 21 illustrates current-voltage characteristics for a low resistivity (e.g., a
resistivity in a range of about 0.01 to about 0.1 Ohm-m) microstructured silicon wafer
that can be utilized as solar, with and without one sun illumination,

FIGURE 22 schematically depicts an exemplary experimental set-up for
measuring field emission of a silicon substrate microstructured in accordance with the
teachings of the invention, and
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FIGURE 23 shows a graph depicting field emission current generated by a
silicon wafer microstructured by exposure to femtosecond laser pulses in the presence of
SFg as a function of a potential difference applied thereto.

Detailed Description
With reference to a flow chart 10 of FIGURE 1, in one aspect, the present

invention provides a method of fabricating a radiation-absorbing semiconductor
structure in which, in an initial step 10a, each of a plurality of locations on a surface of a
silicon substrate is irradiated with one or more laser pulses while exposing the surface to
a substance having an electron-donating constituent so as to generate surface inclusions
containing a concentration of the electron-donating constituent. The laser pulses can
have a central wavelength in a range of about 200 nm to about 1200 nm, and a pulse
width in a range of about tens of femtoseconds to about hundreds of nanometers.
Preferably, the laser pulse widths are in a range of about 50 femtoseconds to about 50
picoseconds. More preferably, the laser pulse widths are in the range of about 50 to 500
femtoseconds. The number of laser pulses irradiating the silicon surface can be in a
range of about 2 to about 2000, and more preferably, in a range of about 20 to about 500.
Further, the repetition rate of the pulses can be selected to be in a range of about 1 kHz
to about 50 MHz, or in a range of about 1 kHz to about 1 MHz. Moreover, the fluence
of each laser pulse can be in a range of about 1 kJ/m2 to about 12 kJ/m2, and more
preferably in a range of about 3 kJ/m2 to about 8 kJ/m2.

While in some embodiments, the electron donating constituent is a fluid (gas or
liquid), in other embodiments it can be a solid deposited over the silicon surface exposed
to laser pulses. By way of example, in some embodiments, the silicon surface can be
exposed to a sulfur-containing gas (e.g., SF6 or H2S) while irradiated with the laser
pulses. In some other embodiments, Cl2 or N2 is employed as the electron-donating
substance with which the silicon surface is in contact during laser irradiation. In yet
other embodiments, selenium or tellurium can be employed. Without any loss of
generality, in the following discussion, it is assumed that SFg is employed as the
substance containing an electron-donating constituent, and that the irradiating pulses
have femtosecond pulse widths, unless otherwise indicated. However, it should be clear
to those having ordinary skill in the art that various embodiments of the invention
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described below can also be practiced with other fluids or solids and laser pulses having
other pulse widths, such as those listed above.

In some embodiments, the silicon substrate is p-doped (e.g., doped with Boron)
with a doping level in a range of about 1011 to about 1018. In other embodiments, the
silicon substrate is slightly n-doped (e.g., doped with Phosphorus) with a doping level in
a range of about 101! to about 1018, and preferably in a range of about 1012 to about 1015.
The substrate thickness is not typically a critical parameter, and can be in a range of
about 2 microns to about 1000 microns. The substrate can have an electrical resistivity
in a range of about 0.001 ohm-m to about 10 ohm-m.

FIGURE 2 schematically depicts an exemplary apparatus 12 that can be utilized
for irradiating a silicon sample with a plurality of femtosecond pulses. The apparatus 12
includes a sample processing chamber 14 that comprises a stainless steel cube 16 with
Conflat flange connections on each of its six sides. A three-axis, precision motion
controller 18 is attached to the back side of the cube. This controller contains two
orthogonal micrometer precision axes driven by computer controlled motors. The third
axis is hand-controlled with about 1 mil precision. The controller can translate a one-
inch diameter stainless steel rod 20 that supports a 2-inch diameter mounting magnet 22
in the center of the cube to which a magnetizable sample holder can be mounted. A
two-stage roughing pump 24 is coupled to the cube to evacuate the chamber to a base
pressure of approximately 10"3 torr. Two pressure gauges 26 and 28 are employed to
monitor the chamber’s pressure. A leak valve 30 and a gas-handling manifold (not
shown) allow introduction of gases of interest into the chamber. An optical grade, 4.5
inch quartz window 32 is attached to the front of the chamber for providing laser access.
Further, a quick-access viewport door 34 allows rapid loading and removal of samples
as well as safe viewing of the sample during microstructuring.

In this exemplary apparatus, a regeneratively amplified, femtosecond
Ti:Sapphire laser system (not shown) provides approximately 100 fs laser pulses having
a central wavelength of 800 nm at a repetition rate of 1 kHz. The laser pulses are
focused by a anti-reflection coated, plano-convex lens 36 (e.g., having a focal length of
about 250-nm) through the quartz window onto the sample surface. In this exemplary
embodiment, the lens is mounted on a single axis linear translation stage and positioned
such that its focal point is behind the sample. By moving the lens, and hence its focal
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point, the laser spot size can be varied at the sample surface (e.g., from a diameter of
about 30 microns to 250 microns). In order to measure the laser spot size, a CCD
(charge coupled device) camera 38 can be placed at the same distance as the sample
surface from the lens. A flipper mounted mirror 40 can redirect the laser beam onto the
camera to determine its spot size on the sample surface. A second CCD camera 42 can
measure reflections of light generated by a white light fiber lamp 44 from the sample
surface to monitor progress during microstructuring.

In one exemplary mode of operation, samples attached to a magnetizable sample
holder can be loaded through the access door and attached to the mounting magnet.
Samples can be then positioned in the center of the magnet to allow for maximum
translation. The chamber can be evacuated to a base pressure of 10~3 torr and then filled
to the desired pressure with an ambient gas ( e.g., 0.67 bar of sulfur hexafluoride). The
sample can then be irradiated with a 1-kHz train of 100-femtosecond 800-nm laser
pulses. The fluence of each pulse can be set by selecting a spot size (e.g., 150 microns)
and employing a waveplate/polarizing cube combination to vary the pulse energy.
Either a single spot can be irradiated, or more typically the sample can be translated by
utilizing the motion controller relative to the laser beam. For example, the sample can
be translated in a raster scan pattern. An average number of pulses irradiating a given
spot on the sample can be controlled by utilizing a shutter and varying the horizontal
translation speed.

The irradiation of the silicon surface with the laser pulses in the presence of SFg
at a selected partial pressure, for example, a partial pressure in a range of about 0.005
bar to about 1 bar, can cause formation of a sulfur-rich layer having a sulfur
concentration in a range of about 0.1 atom percent to about 5 atom percent, and more
preferably, in a range of about 0.5 atom percent to about 1 atom percent. This sulfur-
rich layer exhibits an undulating surface morphology (topography) with micron-sized
surface height variations. Such a textured surface obtained by irradiating a silicon
surface with a plurality of temporally short laser pulses in the presence SFg (or other
substances having an electron-donating constituent) is herein referred to as a micro­
structured surface. By way of example, FIGURE 3 shows a scanning electron
micrograph (SEM) of a such a micro-structured silicon surface (obtained in a direction
forming a 45 degree angle relative to the surface) after irradiation of the silicon surface
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with an average of 5 shots of femtosecond laser pluses (100 femtoseconds) at a
wavelength of 800 nm and having a fluence of 8 kJ/m2 in 0.67 bar of SFg.

The sulfur-rich layer can be a substantially disordered layer that is several
hundred nanometers thick and made up of nanocrystallites (e.g., about 10-50 nm in
diameter) and nanopores. Selected area diffraction (SAD) measurements indicate that
the surface layer retains a substantial crystalline order with a strong possibility that
amorphous-like material is present between the nanocrystalline grains. Further, SAD
measurements performed on silicon substrates exposed to either 10 or 500 pulses per
location indicate that the substrate below the disordered layer comprises substantially
undisturbed crystalline silicon (when a crystalline silicon substrate is utilized). Further,
Rutherford backscattering spectroscopy (RBS) and energy dispersive X-ray (EDX)
emission spectroscopy performed on such exemplary substrates show a large
concentration of sulfur is present in the disordered layer (about 1 atom percent).
Further, RBS spectra obtained from silicon samples exposed to different femtosecond
(100 femtoseconds) laser shots per irradiation location show that the concentration of
sulfur increases with increasing laser pulse numbers up to about 50 pulses. In particular,
the measured sulfur concentration increases from about 0.2 atom percent for a sample
exposed to 2 pulses per location to about 0.7 atom percent for a sample exposed to 50
laser pulses per location with the sulfur concentration exhibiting a plateau for laser
pulses higher than about 50. It should be, however, understood that the above
experimental results are provided simply for further elucidation of salient features of the
invention, and not as limiting the scope of the invention. For example, higher sulfur
concentrations in the disordered layer than those described above can also be obtained,
and higher laser shots per location can be utilized.

A number of factors can affect the morphology of the microstructured surface.
For example, samples microstructured by irradiating a portion thereof with laser pulses,
without moving them relative to the laser beam (i.e., single spot irradiation), exhibit a
subtle difference in their morphology relative to samples microstructured by irradiating a
plurality of their surface locations via translation relative to the laser beam. With the
rest of the experimental parameters left the same, there are two visible differences
between translated and stationary samples. The microstructures in the stationary
samples have a micrometer-sized sphere at the tip while the translated samples are
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sharper and lack the spheres. Further, the translated samples have a larger amount of
nanoscale particles spread across the microstructured surface.

In addition, the wavelength of the irradiating laser pulses, their fluence, and
pulsewidths can also affect the morphology of the microstructured surface. For
example, in a number of prototype samples microstructured by femtosecond pulses, with
increasing the fluence (at constant shot number) the morphology showed a transition
from laser-induced periodic surface structures, to a coarsened surface, to sharp
micro structures, such as those depicted in the above FIGURE 3. As the laser pulse
fluence increases, there is typically an increase in both the microstructure height and
distance between the microstructures. In general, the fluence is preferably selected to be
above a threshold fluence that would cause melting (e.g., 1.5 kJ/m2). At very high
fluences (e.g., greater than 12 kJ/m2), material removal can become extreme and
gaussian-shaped holes, rather than conical structures, can be formed in the surface.

Although in many embodiments described herein, femtosecond laser pulses are
employed, in other embodiments, the microstructuring of the surface can also be
achieved by employing picosecond or nanosecond pulses. For example, a number of
silicon samples were microstructured by utilizing a train of248-nm, 30-ns laser pulses
with a flat-top spatial profile and a fluence of 30 kJ/m2 generated by a KrF+ excimer
laser in the presence of 1 bar of SFg (an average of 1500 pulses per spot were
employed). The nanosecond-laser-formed microstructures showed some similarities and
some differences relative to the femtosecond-laser-formed microstructures. In both
cases, the microstructures were roughly conical, but the structures formed with the
femtosecond laser pulses were smaller and more densely packed. For example, the
femtosecond structures were roughly 8 microns tall and separated by about 4 microns
while the nanosecond-formed structures were roughly 40 microns tall and separated by
about 20 microns. Further, the femtosecond-formed structures were covered with
nanoparticles 10-50 run in diameter while the surface of the nanosecond-formed
structures were much smoother.

Sample silicon wafers exposed to picosecond pulses (e.g., 10 picosecond) in the
presence of SFg also showed a micro structured surface. The average separation between
the microstructures exhibited a decrease from about 100 femtosecond pulse widths to
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about 5 picosecond pulse widths but then showed an increase for pulse widths longer
than about 5 picoseconds.

The laser wavelength can also affect the final morphology of the microstructures.
By way of example, a prototype silicon sample micro structured with a train of 400 nm
pulses exhibited a higher density of microstructures (but smaller) than those generated
by 800 nm pulses at a similar fluence.

Other factors that can affect the microstructures’ morphology include laser
polarization and laser propagation direction relative to the irradiated silicon surface. For
example, the direction of microstructure growth is parallel to the direction of incident
light, and appears to be independent of the substrate’s crystallographic planes. The base
of microstructure can have an elliptical shape with the long axis perpendicular to the
polarization of the irradiating laser light. Without being limited to any theory, this
elliptical shape can be understood as being due to a higher absorption of p-polarized
light relative to s-polarized light. For circularly polarized light, there is no preferential
ablation, and the base of the microstructures can be substantially circular.

The fluid or solid in contact with the silicon surface during its microstructuring
can also affect the resultant surface morphology. For example, utilizing SFg or CI2 as
the ambient gas can lead to sharp-tipped conical structures with a radius of curvature of
about 500 nm. In contrast, structures made in air, N2 or vacuum are much more rounded
(the radius of curvature of their tips is approximately 2 — 3 microns) than those made in
these halogen-containing gases. In a number of exemplary samples microstructured in
the presence of different gases, those made in SFg exhibited the greatest density of
microstructures followed by those made in Ch- The microstruture densities produced in
the presence of N2 were approximately equal to those made in air, but approximately a
factor of two less than the densities obtained by employing SFg.

In some embodiments, the laser microstructuring of a silicon wafer is performed
in the presence of a mixture of two or more substances. For example, samples
microstructured in the presence of a mixture of SFg and CI2 exhibited an increase in the
microstructure density at higher partial pressure of SFg.

The sulfur-rich mircrostructured layer has unique optical and electrical
properties. For example, it can exhibit a sheet charge carrier density in a range of about
10!2 cm'2 to about 1014 cm'2. By way of example and only for illustrative purposes, the
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results of some resistivity and Hall effect measurements performed on a number of
exemplary microstructured samples, each formed in an n-doped silicon substrate in
accordance with the teachings of the invention, such as those described above, are
presented below. For resistivity and Hall effect measurements, the van der Pauw
technique, well-known to those having ordinary skill in the art, was employed. Briefly,
four ohmic electrical contacts were formed on the disordered microstructured layer. The
electrical contacts were formed by initially dipping a microstructured sample in a 5% HF
solution for 5 minutes to remove any native oxide layer. Subsequently, with a mask
covering all but the very corners of a selected microstructured surface area (e.g., a 10 x
10 mm2 surface area), chromium/gold (Cr/gold) was evaporated onto the surface to form
metal contacts at the exposed comers. A dicing saw was then used to cut slivers (e.g.,
0.25 mm slivers) from each side. Cutting the sample edges ensures that the contacts are
only connected to the surface layer and not the substrate layer. Finally, a wire bonder is
utilized to connect the contacts on the comers of the sample to four Cr/Au contact pads
evaporated onto a glass slide. It should be understood that this experimental
arrangement, shown schematically in FIGURE 4, is sensitive primarily to the electronic
properties of the microstructured layer, and not that of the substrate.

With continued reference to FIGURE 4, the resistivity measurements can be
performed by applying a small DC current (e.g., 10 microamperers) from comer 2 to
comer 1 while measuring a voltage from comer 3 to comer 4. Hall effect measurements
can be performed by placing the sample in a strong magnetic field (e.g., a field of
several thousand gauss) with the magnetic field perpendicular to the silicon surface. In
one experiment, a small AC current (about 1-2 microamperes) was then applied from
contact 1 to contact 3 while measuring an induced voltage across contacts 2 and 4.
Control measurements were also performed on an n-doped (resistivity = 8-12 ohm-m)
unstructured silicon wafer. Table 1 below lists the results of these measurements for
microstructured layers formed in an n-doped silicon wafer having a resistivity in a range
of about 8-12 ohm-m at a number of different laser pulse fluences.
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Original
doping

Average
fluence
(kJ/m2)

Doping after
structuring

Sheet
resistance Rs

(Ohm)

Sheet carrier
density n,

(cm-2)

Hall mobility

(emW)

n unstructured - 31931 1.78x1c11 1101
n 4.0 n 4865 7.37x1012 174
n 6.0 n 4992 7.15xl012 175
n 8.0 n 6253 4.52xl012 221
n 10.0 n 4554 8.83x1c12 155

This data shows that microstructured layer exhibits a higher sheet carrier density
than the original substrate, but a lower carrier mobility - presumably as a result of the
disorder in the microstructured layer.

Referring again to the flow chart 10 of FIGURE 1, subsequent to irradiation of
the silicon surface with a plurality of laser pulses (step 10a), the substrate can annealed
(step 10b) at a sufficiently elevated temperature for a selected time duration so as to
cause an increase in the charge carrier density in the microstructured layer, e.g., by a
factor in a range of about 10 percent to about 200 percent. For example, the substrate
can be annealed at a temperature in a range of about 500 K to about 1100 K, and more
preferably, in a range of about 500 K to about 900 K, for a selected time duration, e.g., a
time duration in a range of about a few minutes to about a few hours (e.g., one-half
hour).

The annealing step can be performed by employing a variety of different
techniques. For example, the substrate can be placed in a thermal oven to be exposed to
an elevated temperature for a selected duration. Alternatively, the substrate can be
exposed to laser radiation, e.g., radiation having a wavelength in a range of about 200 to
about 1200 nm, to cause its heating to a desired temperature. Further, the annealing step
can be performed, for example, in an inert atmosphere (e.g., an argon atmosphere) or in
a vacuum (a low-pressure environment). Alternatively, the annealing step can be
applied simultaneously with the irradiation step. That is, the irradiation of the silicon
substrate with the laser pulses can be performed while the substrate is maintained at an
elevated temperature.
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Without being limited to any theory, the annealing step is designed to cause a
rearrangement of the atomic bonds within the metastable microstructured layer to
enhance the density of charge carriers — electrons — within that layer. The term “charge
carrier density” is known to those having ordinary skill in the art. To the extent that any
further explanation may be required, it refers to density of those charged particles, e.g.,
electrons, that are primarily responsible for current conduction, e.g., electrons in the
conduction band states or in shallow impurity states below the conduction band. Such
charged carriers are also herein referred to as free electrons or holes.

In other words, the annealing temperature and duration are selected to cause
structural changes in the microstructured layer that result in increasing the carrier
density in that layer while substantially maintaining responsivity of the layer for
generating an electrical current when exposed to radiation within a selected wavelength
range at a given applied back bias voltage, as discussed in more detail below. The
structural changes caused in the microstructured sulfur-rich layer by an annealing step
according to the teachings of the invention can be appreciated by considering that in
many embodiments in which a p-doped silicon substrate is exposed to a plurality of laser
pulses to generate a microstructured surface layer therein, holes, rather than electrons,
constitute the dominant charge carriers even after incorporation of about 1 atom percent
sulfur having two possible donor electrons per atom. However, after annealing,
electrons can constitute the dominant charge carriers in the microstructured layer.
Without being limited to any particular theory, such observations suggest that sulfur in
the microstructured layer, before annealing, is incorporated in silicon such that its donor
electrons do not substantially contribute to conduction (the donor electrons are likely
locked up in a trap, or perhaps the coordination number of the implanted sulfur is larger
than four). An annealing step according to the teachings of the invention causes atomic
bond rearrangements in the microstructured layer so as to free up donor electrons for
contributing to electrical conduction. In fact, in case of p-doped silicon substrates, the
number of donor electrons released during annealing can be sufficiently large to
eliminate the holes as the dominant charge carriers and turn the microstructured layer
into an n-doped layer having a sheet carrier concentration on the order of about 1014 cm"
2
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A microstructured silicon wafer formed in accordance with the teachings of the
invention exhibits absorption of incident electromagnetic radiation, particularly radiation
having wavelengths in a range of about 250 nm to about 2500 nm. By way of example,
FIGURE 5 presents absorption data for a microstructured silicon wafer (an n-Si (111)
wafer having a thickness of about 260 microns and a resistivity in a range of about 8 -
12 ohm-m), each of which was generated by exposing its surface to 100 femtosecond
laser pulses (2 to 500 shots per location) having a central wavelength of 800 nm and a
fluence of about 8 kJ/m2. This exemplary absorption data was recorded in a manner
known in the art, prior to annealing the wafer, by employing an spectrophotometer
equipped with an integrating sphere. The absorption data for an unstructured silicon
wafer is also provided for comparative purposes.

This exemplary data indicates that the microstructured wafers exhibit an
enhanced absorption of incident electromagnetic radiation, relative to unstructured
silicon, across the entire recorded wavelength range, and particularly for wavelengths
above about 1050 nm, which corresponds to the band-gap energy of crystalline silicon
(1.05 eV). In the unstructured silicon, light photons having wavelengths longer than a
wavelength corresponding to the band-gap energy do not contain sufficient energy to
promote an electron from the valence band to the conduction band, leading to a drastic
drop in absorption.

In contrast, the silicon wafers microstructured in accordance with the teachings
of the invention exhibit significant absorption not only for wavelengths below the band­
gap but also for those above it. In fact, the exemplary data of FIGURE 5 shows that
silicon wafers structured by exposure to 20 pulses per location or higher (e.g., 500 pulses
in this exemplary data set) exhibit near-unity, featureless absorption of wavelengths
from about 0.4 micron to about 1 micron, a small decrease in absorption for wavelengths
around about 1.05 micron (a wavelength corresponding to the band edge of unstructured
silicon), and strong featureless absorption from about 1.05 microns to about 2.5 microns.
It should be understood that this data is presented only for illustrative purposes, and is
not necessarily intended to present the optimal absorption of a silicon wafer structured in
accordance with the teachings of the invention.
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As noted above, in many embodiments of the invention, a microstructured wafer
is annealed at a temperature and for a duration designed to enhance the charge carrier
concentration in its microstructured layer. Such annealing can be performed at a variety
of different temperatures. By way of example, FIGURE 6 schematically illustrates
electromagnetic radiation absorptance data for a plurality of microstructured silicon
wafers generated by utilizing 500 laser pulses per surface location (100 fs pulses at a
central wavelength of 800 nm and a fluence of 8 kJ/m2) in the presence of 0.67 bar of
SFg relative to that of unstructured silicon. Each structured wafer was annealed at a
selected temperature in a range of about 575 K to about 875 K for about 30 minutes.
This exemplary data shows that annealing at temperatures below about 575 K has little
effect on the observed absorptance. On the other hand, such annealing performed at a
temperature between about 575 K and 875 K does not substantially affect absorptance
above the bandgap, but lowers the below band-gap absoptance - the higher the
annealing temperature, the greater is the reduction in absorptance. It should, however,
be understood that this data is only exemplary, and different results may be obtained for
microstructured wafers generated by employing different parameters (e.g., difference
fluence or laser shot numbers).

A microstructured silicon wafer according to the teachings of the invention can
be generated not only by utilizing femtosecond pulses, but also other pulse widths (e.g.,
nanosecond and picosecond pulse widths). By way of example and only for illustrative
purposes, FIGURE 7 illustrates exemplary absorptance graphs as a function of incident
radiation wavelength for femtosecond-laser-formed and nanosecond-laser-formed
microstructured silicon surfaces, before and after annealing at about 875 K for about 30
minutes, as well as that of an unstructured silicon wafer. The femtosecond-formed
mircrostructures were generated by employing 100 fs laser pulses (500 shots per
location) having a central wavelength of about 800 nm and a fluence of about 8 kJ/m2.
The nanosecond-formed microstructures were generated by employing 30 ns laser pulses
(about 1500 shots per location) having a central wavelength of 248 nm and a fluence of
about 30 kJ/m2. It should be understood that this data is presented only for illustrative
purposes and is not intended to necessarily indicate absorptance exhibited by a
microstructured silicon formed in accordance with the teachings of the invention under
all circumstances.
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In some embodiments of the invention, microstructuring of a silicon wafer can be
accomplished in the presence of a background fluid rather than SFg. For example, H2S,
O2, N2 or air can be utilized. By way of example, FIGURE 8A and 8B compare
absorptance of some exemplary prototype microstructured silicon wafers generated by
employing femtosecond laser pulses (100 fs, 800 nm, 8 kJ/m2 and 500 shots per
location) in the presence of various fluids - without an annealing step - with that of
unstructured silicon. The vacuum data corresponds to microstructuring the wafer in a
chamber evacuated to a base pressure that is less than about 10'6 bar. While all
microstructured samples exhibit an enhanced absorption relative to unstructured silicon,
this exemplary data shows the microstructuring in SFg and H2S brings about the most
dramatic change in absorptance relative to unstructured silicon. In particular, samples
structured with SFe exhibit near-unity, substantially featureless absorptance across the
entire measured spectrum.

A variety of background fluid pressures can be employed in many embodiments
of the invention for generating microstructured silicon wafers. By way of example,
FIGURE 9 shows absorptance data for a number of exemplary prototype
microstructured silicon wafers generated in SFg (100 fs pulses, 800 nm, 500 shots per
location) at different ambient pressures, as well as a wafer microstructured in vacuum
(e.g., a pressure of less than IO-6). The greatest rate of increase is observed at low
pressures. In this exemplary data set, at pressures above about 27 mbar, the below band­
gap absorptance does not show much variation with wavelength, while at lower
pressures, it decreases with increasing wavelength.

The microstructured silicon wafers generated in accordance with the teachings of
the invention, particularly those subjected to an annealing step at an elevated
temperature in a range of about 500 K to about 900 K, not only exhibit enhanced
absorption of electromagnetic radiation over a wide range (e.g., from ultraviolet
wavelengths to near infrared), but they also exhibit voltage-versus-current profiles that
are characteristic of diodes. As discussed in more detail below, these properties allow
the use of such microstructured silicon wafers in fabricating photodetectors that exhibit
enhanced responsivity relative to conventional silicon photodetectors.
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More specifically, a microstructured silicon layer formed in accordance with the
teachings of the invention, particularly one formed by exposure of a wafer surface to
laser pulses followed by, or simultaneous with, an annealing step designed to release
electrons in the layer structured by the pulses, forms a diode junction, e.g., a p-n
junction, with the underlying silicon substrate. It should be understood that a diode
junction as used herein can also refer a junction formed between two n-doped portions
having different free electron densities. As shown schematically in FIGURE 10, a p-n
junction can be formed by bringing a semiconductor material having acceptor impurity
atoms (p-doped) into contact with a semiconductor material having donor impurity
atoms (n-doped). The difference in charge carrier concentration between the p-doped
and the n-doped portions generates a diffusion potential across the junction — electrons
and holes begin to diffuse across the junction to portions having a respective lower
concentration. As they cross to the other side of the junction, they recombine with their
oppositely charged electrical counterparts in a region very close to the junction. This
migration of charge carries across the junction causes formation of space charges
(immobile ions) with opposite polarities on the two sides of junction. As the number of
space charges increases (positively charged for the n-type side and negatively changed
for the p-type side), a potential difference builds up across the junction, which results in
an electric field in a direction opposite that of the diffusion potential.

Upon reaching thermal equilibrium, a thin insulating layer is present near the
junction in which charge carriers have been depleted by recombination (depletion
region). A strong electric field is present in the depletion region and a large electric
potential exists across this region. The junction can be reverse-biased by applying an
electric field across it that reinforces this internal electric field. Such a reverse-bias
voltage expands the insulating depletion region and enhances both the internal electric
field and the potential difference across the junction. The junction can also be forward-
biased by applying an electric field that is opposite to the internal field across it. Such a
forward-bias voltage shrinks the depletion region, thereby diminishing the internal
electric field and the potential difference across the junction. When forward-biased, a
current flows across the junction with electrons injected into the n-doped portion and
leaving from the p-doped portion. In other words, the p-n junction can act as a rectifier
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by allowing current flow in only one direction. This behavior gives rise to a current­
voltage (TV) curve characteristic of a diode.

As discussed above, a silicon wafer in which a micro structured layer is formed
according to the teachings of the invention can exhibit an TV curve characteristic of that
obtained by a diode junction. Without being limited to any theory, such a current­
voltage behavior can be understood by considering that the wafer includes two adjacent,
yet distinct, layers: a surface layer in which a concentration of an electron-donating
constituent is incorporated and an underlying substantially undisturbed silicon substrate
layer. These two layers exhibit different crystalline structures, chemical compositions,
and charge carrier doping concentrations. In addition, the microstructured layer has
unique optical properties including high absorptance of incident electromagnetic
radiation from the near ultraviolet into the near-infrared wavelengths. In one aspect, the
invention employs such micro structured silicon wafers for fabricating photodiodes, as
discussed in more detail below.

By way of example, FIGURE 11A schematically illustrates a photodetector 46
according to one embodiment of the invention that includes a microstructured silicon
wafer 48 having a microstructured surface layer 50 that is formed in a silicon substrate
51 by irradiating a plurality of locations on a substrate’s surface with short laser pulses
(e.g., pulse widths in a range of about tens of femtoseconds to tens of nanoseconds)
while exposing the surface to a substance having an electron-donating consitutent (e.g.,
SFg). The laser-irradiated wafer is then annealed under conditions (e.g., at an elevated
temperature and for a selected duration) designed to enhance concentration of electrons
in the microstructured surface layer (e.g., annealing at a temperature in a range of about
500 K to about 900 K for a duration of a few minutes to a few hours).

The exemplary photodetector 46, functioning as a photodiode, also includes a
plurality of metallic electrical contacts 52, which have a finger grid geometry, that are
disposed on the microstructured surface layer. In addition, an electrical contact 54, in
the form of a metallic coating layer, is disposed on the back surface of the silicon
substrate (i.e., the undisturbed silicon surface opposite the microstructured surface) that
substantially covers the entire surface. In this exemplary embodiment, a chromium/gold
alloy (Cr/Au) is employed for fabricating the electrical contact. However, those having
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ordinary skill in the art will appreciate that the contacts can be formed of other metals, as
well.

The metallic contacts 52 and 54 allow applying a bias voltage, e.g., a reverse bias
voltage, across the wafer by employing, for example, a voltage source 56. The reverse
bias voltage can reinforce the internal electrical field in the depletion layer of a diode
junction formed between the microstructured layer 50 and the underlying silicon
substrate 51. As discussed in detail below, the photodetector 46 can operate with small
bias voltages, e.g., voltages in a range of about 0.1 V to about 15 V, with a responsivity
(i.e., photocurrent generated per unit of power of incident light (amperes/watts)) that is
considerably better than that typically exhibited by a conventional silicon photodetector.
These attributes allow incorporating silicon photodetectors formed according to the
teachings of the invention, such as the exemplary photodetector 46, into integrated
silicon photo-electronic circuits as high sensitivity detectors.

In operation, radiation (i.e., photons) incident on the microstructured surface
layer of the photodiode’s silicon wafer is absorbed (when the radiation wavelength is in
the operating range of the photodetector), e.g., by valence electrons, in the
microstructured layer. The absorption of the incident radiation causes generation of
electron-hole pairs. The electric field within the depletion region causes separation of
the generated electron-hole pairs, especially those created at or in proximity of the diode
junction, which is formed between the microstructured silicon layer and the underlying
silicon substrate. The separated electron-hole pairs provide a photocurrent that is
proportional to the number of incident photons (those skilled in the art appreciate that
such a photocurrent is added to a generation current and a recombination current that can
be inherently present in a diode junction). Hence, incident radiation can be detected, and
quantified, by measuring the induced photocurrent.

A photodetector formed according to the teachings of the invention not only
exhibits absorptance across a wide range of wavelengths (the absoptance is generally
commensurate with that exhibited by the photodetector’s microstructured silicon wafer),
but it also exhibits a diodic I-V behavior. By way of example and further elucidation of
the salient features of a photodetector of the invention, FIGURE 12 illustrates a plurality
of graphs, each representing current as a function of bias voltage for a plurality of
microstructured silicon samples prepared under different conditions in an n-doped
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silicon substrate for use as the active component of photodetectors. All samples were
irradiated with a plurality of femtosecond laser pulses (800 nm, 100 fs, fluence of 4
kJ/m2) in the presence of SF6, but were subjected to different annealing conditions. The
graph A represents the current-voltage curve associated with a microstructured sample
that was not annealed. This curve is substantially linear, indicating that the junction
between the microstructured layer and the underlying silicon substrate in this sample is
not diodic, but is merely resistive. In other words, such a wafer is not optimal for
fabricating a photodetector.

In contrast, graphs B, C, and D illustrate current-versus-voltage behavior of those
microstructured silicon samples that were subjected to annealing at different
temperatures (the annealing duration was about 30 minutes in all cases). This exemplary
data indicates that with an increase in the annealing temperature, the measured I-V curve
approaches one expected from a diode. For example, at an annealing temperature of
about 825 K, the I-V curve is diodic, characterized by an exponentially increasing
current for a forward bias and a smaller, less rapidly increasing current for a reverse
bias. The I-V curve corresponding to an annealing temperature of about 1075 K is also
diodic. However, annealing a microstructured silicon wafer for a significant duration at
a very elevated temperature can lead to a degradation of the below-band gap
absorptance, and hence a degradation in the performance of a photodetector utilizing
such a microstructured wafer in the near-infrared. In this exemplary data set, the
substrate annealed at 825 K exhibit an optimal I-V characteristic. It should, however, be
understood that such very elevated annealing temperatures may be employed so long as
the annealing duration is sufficiently short. In general, the annealing of a
microstructured silicon wafer to be employed in a photodetector of the invention should
be carefully designed (i.e., annealing temperature and duration) to cause release of
electrons in the microstructured surface layer without significantly degrading the wafer’s
absorptance of and responsivity to incident radiation.

A photodetector of the invention, such as the above exemplary photodetector 46,
exhibits a responsivity that can be superior across a wavelength range of about 250 nm
to about 10 microns to that of a conventional silicon photodiode. By way of example
and only for illustration and corroboration purposes, FIGURE 13 presents experimental
graphs representing responsivity of exemplary photodetectors formed in accordance with
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the teachings of the invention, over a selected wavelength range, in comparison with a
conventional photodiode and those fabricated by employing microstructured silicon, but
with no annealing or annealing at too high a temperature. In particular, graphs A and B
show that photodetecotors of the invention that employ silicon wafers microstructured
by femtosecond laser pulses in the presence of SFg (100 fs, 800 nm central wavelength
and a fluence of 4 kJ/m2) followed by annealing at 825 K or 725 K, exhibit a
significantly enhanced responsivity relative to that of a conventional commercially
available silicon photodiode. In particular, these photodetectors exhibit a responsivity
that is more than an order of magnitude greater that that of the conventional photodiode
in a wavelength range of about 250 nm to about 1050 nm. Although the responsivity
shows a decrease for wavelengths longer than the band-gap edge (i.e., wavelengths
longer than about 1050 nm), nonetheless, it remains significantly higher than that
exhibited by a conventional silicon detector. In fact, conventional silicon detectors
typically do not operate at useful levels of responsivity at wavelengths that are longer
than the band-gap edge. For example, in this exemplary illustration, the responsivity of
the commercial photodiode drops steeply to about 1 O'6 A/W for wavelengths longer than
about 1050 nm

Further, the responsitivy data for wafers formed according to the teachings of the
invention (e.g., graphs A and B) were obtained by applying small bias voltages (e.g., a
bias voltage of about —0.5 volts in this exemplary embodiment). In contrast,
conventional silicon photodetectors exhibit much lower responsivities, or require much
higher bias voltages (e.g., 100 to 1000 volts) and/or have more complex structures. This
indicates that while photodetectors formed in accordance with the teachings of the
invention can be readily incorporated in integrated silicon circuitry, the incorporation of
conventional silicon detectors, which require large bias voltages, into integrated silicon
circuits can be impractical.

The data depicted in FIGURE 13 also shows that proper annealing of a silicon
wafer irradiated by a plurality of short laser pulses, as described above, can considerably
enhance the responsivity of a photodetector that employs that wafer. In particular, a
photodetector fabricated by utilizing a wafer that, though exposed to laser pulses, was
not annealed, exhibits a much degraded responsivity relative to those that were subjected
to an annealing step at appropriate temperatures, e.g., at 725 K or 825 K. This
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exemplary data also shows that a photodetector that incorporates a microstructured
wafer annealed, subsequent to irradiation by laser pulses, at a temperature of 1075 for
thirty minutes exhibits a much degraded responsitivy relative to those annealed at 725 K
or §25 K.

Hence, one aspect of the invention relates to annealing a silicon wafer,
subsequent to — or simultaneous with — its irradiation by a plurality of short pulses in the
presence of a substance having an electron-donating constituent, under conditions that
would release electrons in the microstructured layer while preserving the responsivity of
the wafer for detecting electromagnetic radiation. For example, in some embodiments
of the invention, the annealing temperature is selected to be in range of about 500 K to
about 1100 K, and more preferably in a range of about 700 K to about 900 K, and the
annealing duration is selected to be in a range of about 1 minute to about several hours,
and more preferably in a range of about 5 minutes to about 30 minutes. Alternatively,
higher annealing temperatures can be employed so long as the annealing duration is
properly selected to avoid degrading the responsivity of the resultant annealed wafer.
For example, although the above data indicates that annealing the wafer at temperature
of about 1075 K for about 30 minutes may not be desirable, this annealing temperature
with a lower annealing duration can be suitable for practicing the invention in certain
applications. To certain extent, annealing temperature and duration are inter-related.
For example, shorter annealing time at a higher temperature can be employed in certain
applications.

In other words, it is not simply annealing at an elevated temperature that is
required. Rather, the annealing temperature and its duration need to be properly selected
to ensure that a photodetector exhibiting enhanced responsivity over a wide wavelength
range can be fabricated by utilizing the annealed wafer. It has been discovered that
annealing a silicon wafer subsequent to, or simultaneous with, its exposure to short laser
pulses in presence of a substance having an electron-donating constituent at a
temperature that is too low can lead to noisy photodiode and annealing at too high a
temperature and duration can lower the wafer’s response to both visible and infrared
wavelengths. More specifically, the annealing temperature and duration are preferably
selected to enhance the concentration of carrier electrons in the microstructured layer -
formed by laser irradiation in presence of a substance having an electron-donating
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constituent — by a factor in a range of about 10% to about 200% while ensuring that the
resultant annealed wafer exhibits a responsivity greater than about 20 A/W at least at
one wavelength, and preferably over the entire span, of a wavelength range of about 250
nm to about 1050 nm, and a responsivity greater than about 0.1 A/W at least at one
wavelength, and preferably over the entire span, of a wavelength range of about 1050
nm to about 3500 nm. By way of example, in some embodiments of the invention, the
annealing temperature is preferably selected to be in a range of about 700 to about 900
K.

The choice of the fluence of laser pulses irradiating a silicon wafer to generate a
microstructured layer therein can also affect the performance characteristics of a
photodetector that incorporates the microstructured wafer for detecting radiation. By
way of example, FIGURE 14 presents exemplary data corresponding to current-voltage
characteristics of a plurality of silicon wafers irradiated with a plurality of femtosecond
laser pulses (100 fs, 800 nm central wavelength, 200 pulses per location) in the presence
of SFg followed by annealing at 825 K for about 30 minutes. The laser pulse fluences,
however, differed from one wafer to another. More particularly, the following laser
fluences were employed: 4 kJ/m2, 6 kJ/m2, 8 kJ/m2, and 10 kJ/m2. This exemplary data
indicates that increasing the fluence decreases the dark current for a given reverse bias
voltage.

FIGURE 15A illustrates the responsivity of a plurality of photodetectors
incorporating the above silicon wafers that were microstructured with different laser
pulse flunces (the wafers were annealed at 825 K for 30 minutes). This exemplary
responsivity data indicates that, in this sample set, the photodetector’s responsivity
decreases, and the wavelength of peak response shifts to longer wavelengths, with
increasing fluence (the sample made with a fluence of 4 kJ/m2 exhibits the highest
response). By way of further illustration, FIGURE 15B presents responsivity data for
photodetectors made with microstructured silicon wafers that were generated through
irradiation with femtosecond pulses (100 fs, 800 nm central wavelength, 200 pulses per
location) in the presence of SFg followed by annealing at 1075 K for about 30 minutes.
The laser pulse fluences, however, varied from one sample to the next (4 kJ/m2, 6 kJ/m2,
8 kJ/m2, and 10 kJ/m2). A comparison of this data with the data presented in FIGURE
15A shows that the responsivity exhibited by the samples subjected to the higher
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annealing temperature of 1075 is much lower that that of the samples annealed at 825 K.
However, the samples annealed at the higher temperature exhibit much less variation in
responsivity as a function of fluence. Further, the samples annealed at 1075 K - though
exhibiting a lower responsivity — are less noisy and have a higher quantum efficiency.

It should be understood that the above data is presented only for illustration
purposes, and is not intended to necessarily indicate an optimal fluence under all
conditions. For example, the above exemplary samples were made with an average laser
shot number of about 200 pulses, and may exhibit improved characteristics with a
greater shot number. In general, in various embodiments of the invention, the laser
pulse fluence is selected to be greater than about 3 kJ/m2. More preferably, the fluence
is chosen to be in a range of about 3 kJ/m2to about 10 kJ/m2, or a range of about 3 kJ/m2
to about 8 kJ/m2.

In many embodiments of the invention an n-doped silicon substrate is employed
for forming a microstructured wafer, as described above. Alternatively, a p-doped
silicon wafer can be utilized. By way of example, FIGURE 16A presents graphs
comparing the diodic characteristics of a microstructured wafer generated according to
the teachings of the invention, such as those described above, employing a p-doped
silicon substrate (p-Si(100), 350 micron thick, resistivity (p ) greater than 1 ohm-cm)
with one fabricated utilizing an n-doped silicon substrate. In both cases, a laser pulse
fluence of about 6 kJ/m2, an annealing temperature of about 825 K, and an annealing
duration of about 30 minutes were utilized. Similar data is presented in FIGURE 16B
for p-dopend and n-doped samples annealed at 1075 K for about 30 minutes.

This exemplary data shows that the p-doped samples annealed at 825 K exhibit a
higher forward bias current than equivalently generated n-doped samples. The dark
current for back biases also increases more rapidly for p-doped samples. Upon
annealing at 1075 K, the p-doped samples exhibit very good diodic properties with the
back bias decreasing to substantially the same level as that in equivalently generated n-
doped samples. Further, the forward bias current increases more rapidly, resulting in
good rectification ratios. As noted above, annealing at higher temperatures can increase
donor concentration from sulfur doping. Such increase in the donor concentration can
lead p-doped samples annealed at higher temperature to exhibit better rectification.
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A silicon substrate’s doping can also affect the responsivity of a silicon wafer
formed by micro structuring that substrate in accordance with the teachings of the
invention. By way of example, FIGURE 17A shows measured responsivity data for two
n-doped microstructured wafers and two p-doped microstructured wafers, both of which
were annealed at 825 K for about 30 minutes. This exemplary data indicates that the
responsivity of n-doped substrates is higher over the measured spectral range. However,
FIGURE 17B shows that the responsivities of microsturctured wafers formed in p-doped
and n-doped substrates, via laser irradiation and annealing at a higher temperature of
about 1075 K, are nearly identical.

In general, the above illustrative data indicates that microstructured p-doped
samples have a lower response but exhibit a better quantum efficiency. It should be
understood that the above data is presented only for illustrative purposes and is not
intended to limit the scope of the invention. In general, both p-doped and n-doped
substrates can be employed in the practice of the invention, and the resultant diodic
characteristics and responsivity of microstuctured wafers generated by utilizing such
substrates can be different than those depicted above based on selection of other
parameters, such as laser fluence, number of pulses, etc.

In addition to responsivity, another parameter of interest associated with
performance of a photodetector can be its quantum efficiency. The term ‘quantum
efficiency’ is known in the art, and is generally defined as the number of electron-hole
pairs generated per incident photon at a zero applied voltage. In some cases, a
microstructured sample that exhibits a high level of responsivity may not show a
correspondingly high level of quantum efficiency. For example, in the above exemplary
prototype microstructured silicon wafers, samples fabricated by employing n-doped
substrates, laser pulses having a fluence of 4 kJ/m2, and an annealing temperature of
about 825 K exhibit the highest responsivity, but not the highest quantum efficiency. In
fact, samples fabricated by employing similar conditions but a higher annealing
temperature of 1075 K show higher quantum efficiencies, though lower responsivities.
Similarly, the measured responsivities of samples made on p-doped substrates and
annealed at 825 K or 1075 K are lower, but their quantum efficiencies are higher. Such
variations of responsivity and quantum efficiency are preferably considered when
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selecting various parameters in practicing the teachings of the invention for fabricating a
silicon photodetector.

The responsivity of a photodetector fabricated in accordance with the teachings
of the invention can also vary as a function of a back bias applied thereto. Typically, the
responsivity increases as the applied back bias increases. By of example, FIGURE 18
exhibits the responsivity of a silicon wafer microstructured in accordance with the
teachings of the invention through irradiation by a plurality of femtosecond pulses at a
fluence of 4kJ/m2 followed by annealing at 825 K for about 30 minutes, as a function of
an applied back bias voltage. The sample was illuminated with a white light source with
an approximate power of 50 microwatts. The responsivity, and hence gain, increases
quickly up to a bias voltage of—5 volts and more slowly up to —15 volts. At voltages
beyond -15 volts, the responsivity begins to fall. In some cases, the responsivity of a
photodetector that exhibits a large gain may not be sufficiently linear for certain
applications. Hence, in selecting a proper back voltage, in addition to responsivity, other
factors, such as the linearity of the response should be considered. In addition, in
applications in which the photodetectors are incorporated in an integrated silicon circuit,
the bias voltage should be compatible with the requirements of that circuit.

A photodetector formed according to the teachings of the invention can operate
within a wide range of temperatures. In some cases, it may be advantageous to cool the
photodetector to decrease its average noise level. By way of example, FIGURE 19A
presents current-voltage curves corresponding to an n-doped microstructured silicon
sample made with femtosecond pulses at a fluence of about 4 kJ/m2 and annealed at 825
K at different operating temperatures. The measured current in both the back bias and
forward bias conditions decreases with decreasing the temperature. At very low
temperatures (below 100 K), conduction becomes very low for both forward and back
biases. FIGURE 19B shows the responsivity of such a microstructured wafer to incident
radiation having a wavelength of 1064 nm (a wavelength close to the band gap of silicon
at room temperature) at a back bias of -0.5 V as a function of operating temperature.
The measured responsivity drops with temperature. This behavior may be, however,
different if the wavelength of the illuminating light is far from the silicon band gap. A
graph of the dark current at a bias voltage of-0.5 V as a function of temperature,
however, shows that the noise decreases much more rapidly that the responsivity.
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In sum, photodiodes formed according to the teachings of the invention can
exhibit responsivities in a wide region of the electromagnetic spectrum (e.g.,
wavelengths in a range of about 250 nm to about 1100 nm) that are nearly two orders of
magnitude higher than those exhibited by conventional commercial silicon photodiodes.
Further, responsivities at longer wavelengths, e.g., as long as 1600 nm, can be nearly
five orders of magnitude greater than those exhibited by conventional silicon
photodiodes in this range. In some of the above prototype samples fabricated according
to the teachings of the invention for illustration purposes, the carrier mobility in the
surface layer was measured to be about 101 emV’s'1; the response times included a rise
time of about 10 ns and a fall time of about 30 ns; and a diode capacitance of about 63.9
nF at a back bias of -0.5 V was measured. A photodiode of the invention can exhibit a
large gain at very small applied bias voltages, e.g., a gain greater than 1000 for an
applied bias voltage of — 0.5 V.

A silicon photodetector according to the teachings of the invention, such as the
above exemplary photodetector 46 (FIGURE 11A), can be fabricated by employing a
variety of techniques. By way of example, in one exemplary method of fabricating such
a photodetector, a selected portion of a silicon wafer, e.g., a 5 x 5 mm2 area, is
microstructured via exposure to short laser pulses in the presence of a suitable material,
e.g., SFg, in a manner described above. The wafer is then dipped in a solution of HF
(e.g., a 5% solution) in order to remove any native oxide layer before forming electric
contacts with the microstructured layer. Subsequently, a mask is deposited over the
surface of the microstructued layer having exposed portions which correspond to a
desired pattern of a conductive electrode to be formed on that surface. A selected metal,
e.g., a Cr/Au alloy, is then evaporated over the masked surface, and the mask is removed
to leave behind a patterned conductive layer, such as the conductive layer 52 shown in
FIGURE 11A, and uncoated portions suitable for receiving radiation. Further, a
conductive layer can be formed on a back surface of the wafer, an unstructured surface
opposed to the microstructured layer, such as the layer 54 shown in FIGURE 11 A. In
many embodiments, the entire back surface is coated with the metal. The wafer can be
then be coupled to a voltage source, such as the source 56 shown in FIGURE 11 A, that
can apply a bias voltage thereto and optionally other electronic elements, e.g.,
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capacitors, in a manner known in the art. Further, a the wafer and its associated circuitry
can be placed in an appropriate housing by employing techniques known in the art.

The applications of microstructured silicon wafers formed according to the
teachings of the invention, such as those discussed above, are not limited to
photodetectors. For example, such silicon wafers can be employed in fabricating solar
cells. In some cases, the optimal values of various parameters, such as substrate doping,
associated with the microstructured wafer utilized in generating solar cells can be
different than those in fabricating silicon photodetectors. A solar cell can be considered
a p-n junction photodiode with high quantum efficiency. The conversion of photons into
photocarriers is the physical mechanism by which light is converted in a solar cell into
electricity. However, there is a fundamental difference between a photodetector and a
solar cell. A photodetector is generally operated in a “photoconductive” mode: a back
bias is applied thereto and a current is measured. In contrast, a solar cell is operated in a
“photovoltaic” mode: it is operated in an open circuit mode or attached to a load without
application of a bias voltage.

In one embodiment, a microstructured layer is formed in a p-doped crystalline
silicon substrate by initially irradiating a plurality of locations on a surface thereof with
femtosecond (e.g., 100 fs, and a central wavelength of 800 nm) laser pulses having a
fluence of about 4 kJ/m2 followed by annealing at 1075 K for about one hour. The
wafer can then be utilized in fabricating a solar cell. More specifically, metal contacts,
e.g., Cr/Au contacts, can be evaporated on the microstructure layer’s surface so as to
coat selected portions thereof while leaving at least a portion of the surface uncovered
for receiving radiation, e.g., a finger grid metallic pattern can be disposed on the surface.
In addition, the back surface of the substrate, the unstructured surface opposing the
structured surface, can be coated, e.g., via evaporation, with a metallic coating. A load
can be attached the wafer via electrical coupling to the metallic layers on the both sides
of the wafer.

FIGURE 20 presents data comparing current-voltage (I-V) behavior of such a
wafer, formed in a high resistivity (resistivity greater than about 1 ohm-m) silicon
substrate, that can be utilized as a solar cell in the presence and in the absence of
illumination. And FIGURE 21 presents a similar comparative data for a wafer formed in
low resistivity silicon substrate (resistivity in a range of about 0.01 — 0.1 ohm-m). The
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solar cell fabricated by employing the high resistivity substrate has an open circuit
voltage of 0.4 volts and a short circuit current of 13.4 mA while the solar cell fabricated
by utilizing the low resistivity substrate has an open circuit voltage of 0.31 volts and a
short circuit current of 13.45 mA. It should be understood that this data is presented
only for illustration purposes, and to show the possibility of utilizing a wafer
microstructured in accordance with the teachings of the invention in forming a solar cell.
However, this data is not intended to indicate optimal performance of a solar cell
generated in accordance with the teachings of the invention. For example, the
deposition of electrical contacts on the substrate can be optimized to obtain better
performance than that described above.

In another application, a silicon wafer microstructured in accordance with the
teachings of the invention can be utilized as a field emitter. In other words, an electric
field can be applied to the microstructured surface to cause emission of electrons
therefrom. To show the possibility of utilizing a microstructured wafer for generating
field emission current, a number of prototype exemplary microstructured wafers were
fabricated and field emission currents generated by them were measured. The
experimental step-up for performing these measurements is shown schematically in
FIGURE 22. A microstructured silicon sample 58 with a gold coating 60 evaporated on
a back surface is mounted to a silicon wafer 62 having a gold coating 64, which
functions as an anode, and is separated therefrom by a pair of mica spacers 66 and 68.
The mounted sample is placed in a vacuum chamber, which is evacuated to a pressure of
about 10'6 torr. A potential difference can be applied between the microstructured
sample 58 and the gold-coated anode. And emission current can be measured at each
applied voltage, e.g., via a picoammeter 70, a resistive elements 72 placed in series with
the ammeter to protect it from unexpected surges in current.

FIGURE 23 shows exemplary results of field emission currents measured for
silicon samples microstructured in SFg. The typical figures of merit for a field emitting
surface are turn-on-field, defined as the electric field (bias voltage divided by the tip-to-
anode spacing) for which a current density of 0.01 microampere/mm2 is observed, and
threshold field, defined as the field at which a current density of 0.1 microamperes/mm2
is produced. The tum-on field for a plurality of exemplary prototype substrates
microstructured in SFg was measured as 1.3 V/micrometer, and the threshold field was
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measured as 2.15 V/micrometer — excellent values that are on par with those exhibited
by nanotubes.

Those having ordinary skill in the art will appreciate that various modifications
5 can be made to the above embodiments without departing from the scope of the

invention. It should also be understood that various exemplary data presented above are
intended only for illustrating salient features of various aspects of the invention, and is
not intended to limit the scope of the invention.
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What is claimed is:

1. A method of fabricating a radiation-absorbing semiconductor structure,
comprising:

irradiating each of a plurality of locations on a surface of a silicon substrate with
one or more femtosecond laser pulses while exposing said surface to a sulfur-containing
substance so as to generate a plurality of sulfur inclusions in a surface layer of said
substrate, and

annealing said substrate at a temperature in a range of about 500 K to about 1100
K for a time duration in a range of about a few seconds to about a few hours.

2. The method of claim 1, further comprising selecting a duration of each laser
pulse to be in a range of about 50 femtoseconds to about 500 femtoseconds.

3. The method of claim 1, further comprising selecting a fluence of each pulse to be
in a range of about 1 kJ/m2 to about 15 kJ/m2.

4. The method of claim 1, further comprising selecting a central wavelength of said
laser pulses to be in a range of about 200 nm to about 800 nm.

5. The method of claim 1, wherein said irradiating step comprises exposing each
location to a number of laser pulses ranging from 2 to about 500.

6. The method of claim 1, further comprising subjecting each of said surface
locations to successive laser pulses separated from one another by a time interval in a
range of about 1 microsecond to about 1 millisecond.

7. The method of claim 1, further comprising performing said annealing step in any
of an inert atmosphere or a low-pressure atmosphere.

8. The method of claim 1, further comprising selecting said sulfur-containing
substance to be any of SFs and H2S.
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9. The method of claim 1, wherein said semiconductor structure absorbs radiation
having wavelength components in a range of about 0.25 to about 10 microns.

10. The method of claim 1, wherein said semiconductor structure absorbs radiation
having wavelength components in a range of about 0.35 to about 2.5 microns.

11. The method of claim 1, wherein said semiconductor structure exhibits a
substantially uniform absorption for wavelength components in a range of about 1.2 to
about 2.5 microns.

12. A method of fabricating a photodetector, comprising:
forming a semiconductor structure absorbing radiation in a wavelength range of

about 0.25 to about 3.5 microns and exhibiting a diodic current-voltage characteristic in
said wavelength range, said forming step comprising:

irradiating a surface of a silicon substrate at one or more locations thereof with
one or more laser pulses having short pulse widths while exposing said surface to a
sulfur-containing gas to generate a micro-structured layer having sulfur inclusions,

annealing said substrate at a temperature in a range of about 500 K to about 1000
K for a time duration in a range of about a few seconds to about a few hours, and

depositing a plurality of metallic contacts on selected portions of said
semiconductor structure to allow applying a reverse bias voltage thereto.

13. The method of claim 12, wherein said pulse widths are selected to be in a range
of about tens of femtoseconds to about tens of nanoseconds.

14. The method of claim 12, further comprising selecting said sulfur-containing
substance to be any of SFg and H2S.

15. The method of claim 12, further comprising performing said annealing step in an
inert atmosphere.
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16. The method of claim 12, wherein said depositing step comprises thermally
evaporating one or more selected metals on said selected portions of the semiconductor
structure.

17. The method of claim 12, further comprising selecting a thickness of said metal
contacts to be in a range of about 5 nm to about 100 nm.

18. The method of claim 16, wherein said depositing step comprises thermally
evaporating a chromium layer followed by thermally evaporating a gold layer on a
selected portion of said semiconductor structure to generate at least one of said metal
contacts.

19. The method of claim 18, further comprising selecting a thickness of said
chromium layer to be in a range of about 1 nm to about 5 nm.

20. The method of claim 19, further comprising selecting a thickness of said gold
layer to be in a range of about 4 nm to about 100 nm.

21. The method of claim 12, further comprising configuring said metal contacts so as
to ensure that at least a portion of said micro-structured layer remains capable of
receiving an external radiation.

22. A method of fabricating a semiconductor structure, comprising
irradiating a plurality of locations on a surface of a silicon substrate with one or

more laser pulses having pulse widths in a range of about 50 to about 500 femtoseconds
while exposing said surface to a substance having an electron-donating constituent so as
to generate a micro-structured surface layer comprising inclusions incorporating said
electron-donating constituent, and

annealing said substrate at an elevated temperature in a range of about 500 K to
about 1100 K for a selected time period.
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23. The method of claim 22, further comprising selecting said electron-donating
constituent to be any of chlorine (CI2), nitrogen (N2) and air.

24. The method of claim 22, wherein said irradiating step further comprises directing
said laser pulses at said surface along a direction substantially perpendicular to said
surface.

25. The method of claim 22, wherein said selected annealing period is in a range of
about a few seconds to about a few hours.

26. The method of claim 22, wherein said annealing step is performed in an inert
atmosphere.

27. A method of fabricating a radiation-absorbing semiconductor wafer, comprising:
irradiating at least one surface location of a silicon substrate with a plurality of

temporally short laser pulses while exposing said location to a substance having an
electron-donating constituent so as to generate a substantially disordered surface layer
incorporating a concentration of said electron-donating constituent, and

annealing said substrate at an elevated temperature and for a duration selected to
enhance charge carrier density in said substantially disordered surface layer.

28. The method of claim 27, wherein said elevated temperature and duration are
selected to cause re-arrangement of atomic bonds in said surface layer so as to increase
concentration of carrier electrons in surface layer.

29. The method of claim 27, wherein said elevated temperature and duration are
selected to enhance electron carrier density in the surface layer by a factor of about 10%
to about 200% relative to a pre-annealing level.

30. The method of claim 27, wherein said elevated temperature and duration are
selected to cause said surface layer to form a diode junction with underlying silicon
substrate.
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31. The method of claim 27, wherein said elevated temperature and duration are
selected such that said annealed substrate exhibits a responsivity in a range of about 1
A/W to about 200 A/W upon exposure of said surface layer to radiation having
wavelengths in a range of about 250 nm to about 1100 nm and application of a reverse
bias in a range of about 0.1 V to about 15 V to said wafer.

32. The method of claim 27, wherein said elevated temperature is selected to be in a
range of about 500 K to about 1100 K.

33. The method of claim 33, wherein said duration is selected to be in a range of
about a few seconds to about few hours.

34. The method of claim 27, further comprising selecting said short laser pulses to
have pulse widths in a range of about tens of femtoseconds to about tens of
nanoseconds.

35. The method of claim 27, further comprising selecting a fluence of said pulses
and a partial pressure of said substance having an electron-donating constituent such that
the concentration of said electron-donating constituent incorporated in said surface layer
ranges from about 0.5 to about 5 atom percent.

36. A method of fabricating a radiation-absorbing semiconductor wafer, comprising
irradiating at least one surface location of a silicon substrate with temporally

short laser pulses while exposing the substrate to a substance having an electron­
donating constituent so as to generate a microstructured surface layer having inclusions
containing the electron-donating constituent, and

annealing the substrate at an elevated temperature and for a duration selected to
enhance a responsivity of the microstructured substrate to radiation having at least one
wavelength in a range of about 250 nm to about 1100 nm incident on the
microstructured surface layer by at least a factor of about 10.
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37. The method of claim 37, wherein the annealing temperature lies in a range of
about 700 K to about 900 K.
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(57) Abstract: The surface of a material is textured and crystallized in a single step by exposing the surface to pulses from an
ultrafast laser. The laser treatment causes pillars to form on the treated surface. These pillars provide for greater light absorption.
The crystallization of the material provides for higher electric conductivity and changes in optical properties of the material. The
method may be performed in a gaseous environment so that laser assisted chemical etching will aid in the texturing of the surface.
'litis method may be used on various material surfaces, such as semiconductors, metals, ceramics, polymers, and glasses.
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SYSTEMS AND METHODS OF LASER TEXTURING AND CRYSTALLIZATION

OF MATERIAL SURFACES

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority from U.S. Provisional Patent Application No.

60/752,545, filed on December 21, 2005; U.S. Provisional Patent Application No.

60/843,874, filed on September 12, 2006; and U.S. Provisional Patent Application No.

60/860,735, filed on November 22, 2006. The full disclosures of these provisional

applications are incorporated herein by reference.

STATEMENT OF GOVERNMENT INTEREST

[0002] 'Die present invention was developed under National Science Foundation Grant

No. GA10507-31335 427250. The government has certain rights in the invention.

FIELD OF THE INVENTION

[0003] Apparatuses and methods consistent with the present invention relate to modifying

surfaces, and more particularly, to modifying surfaces of thin films in order to alter their

thermal, structural, optical, and electrical properties.

BACKGROUND OF THE INVENTION

[0004] Laser processing provides a unique method of modifying materials by depositing

large amounts of energy onto the surface of a material in an extremely controlled manner.

Laser processing enables the precisely localized treatment of a material. Laser processing is

particularly useful after thin-film deposition of amorphous materials, which usually involves

low temperature processing, and allows for the use of flexible and low melting temperature 
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substrates for large area device fabrication. However, these devices lack better performance,

usually due to poor electrical, optical, and/or structural properties. Laser processing of these

devices with ultra-short laser pulses has been found to improve the properties of the devices,

because the high peak intensities of the laser pulses rapidly texture the surface, and a

subsequent quenching process induces crystallization in the material. The texturing of the

surface leads to more light absorption in the material, and the subsequent crystallization

improves the electronic properties of the material.

[0005] For example, thin film amorphous silicon (a-Si) based devices are inexpensive

compared to their crystalline counterparts because of low temperature processing, which is

suitable for deposition on large substrates, such as glass, plastic, and steel foils. However,

solar cell devices fabricated using a-Si thin-films lack efficiency, have a high reflectivity

across the electromagnetic spectrum, possess a larger band gap (~ 1.7 eV), and have limited

carrier mobility. In order to improve the efficiency and sensitivity of a-Si based devices,

post-deposition laser processing is usually recommended. This includes texturing and

subsequent crystallization of the surface. Pulsed laser crystallization of thin a-Si films on

various substrates has potential applications in the fabrication of thin film transistors for

active matrix liquid crystal displays and efficient solar cells. Typically, nanosecond or

microsecond lasers are utilized to crystallize such films through a rapid melting arid

solidification process. Methods of using a laser to crystallize a material surface are also

disclosed by U.S. Patent No. 6,169,014 to McCulloch, U.S. Patent No. 6,451,631 to

Grigoropoluos et al, U.S. Patent No. 6,489,188 to Jung, and U.S. Patent No. 6,635,932 to

Grigoropoluos et al.

[0006] Methods of using an ultrafast laser to texture the surface of crystalline bulk silicon

are disclosed in U.S. Patent Application No. 10/155,429 to Mazur. Mazur discloses a method

of texturing the surface of a silicon substrate by irradiating the surface with ultra-short laser 
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pulses in the presence of a background gas, such as SFg. After texturing, the silicon surface

in Mazur contains cone-like microstructures that are up to 50 pm high, and have widths of

about 0.8 pm near the tip and up to 10 pm near the base. Also, Mills and Koiasinski disclose

nanospikes formed atop silicon pillars when the sample is exposed to SF« gas diluted with

helium (17 Nanotechnology 2471,2006). Further, Vorobyev and Guo disclose the formation

of nanoprotrusions with spherical tips on copper, gold, and platinum surfaces by using a

femtosecond laser ablation technique (14 Optics Express 2164, 2006).

[0007] While the prior art discussed above provides important advantages, it suffers from

a number of drawbacks. The prior art fails to disclose a method of producing periodic arrays

of pillar structures on a surface of a material by texturing the surface. Further, the prior art

docs not teach a method of texturing and crystallizing a surface in one step. Also, the prior

art does not teach a method of forming pillar structures on metal surfaces. In addition, the

prior art fails to disclose a method of utilizing laser texturing and crystallization in many

novel applications.

SUMMARY OF THE INVENTION

[0008] Exemplary embodiments of the present invention overcome the above

disadvantages and other disadvantages not described above. Also, the present invention is

not required to overcome the disadvantages described above, and an exemplary embodiment

of the present invention may not overcome any of the problems described above.

[0009] The present invention provides a method for texturing a surface of a

semiconductor material, including providing an etching gas in an area around the surface of

the material, irradiating a portion of the surface with short laser pulses, and translating at least

one of the surface and a laser beam to allow the short laser pulses to impact another portion 
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of the surface. This method produces a periodic array of pillar structures on the surface,

resulting in changes in properties of the surface.

[0010] According to an aspect of the present invention, the method additionally produces

nanospikes atop the pillar structures.

[0011] Also, the present invention provides a method for texturing a surface of a

semiconductor material, including providing an etching gas in an area around the surface of

the material; irradiating a portion of the surface with short laser pulses while simultaneously

crystallizing the portion of the surface; and translating at least one of the surface and a laser

beam to allow the short laser pulses to impact another portion of the surface. This method

produces pillar structures on the surface, resulting in changes in properties of the surface.

[0012] In addition, the present invention provides a method for texturing a metallic

surface, including irradiating a portion of the metallic surface with short laser pulses, and

translating at least one of the surface and a laser beam to allow the short laser pulses to

impact another portion of the surface. This method produces pillar structures on the surface,

resulting in changes in properties of the surface.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0013] The above and other aspects of the present invention will be better understood from a

consideration of the following detailed description of exemplary embodiments of the present

invention, and the accompanying drawings, in which:

[0014] FIG. 1 illustrates the components in a surface modification system, according to an

exemplary embodiment of the present invention;

[0015] FIG. 2 illustrates an example of a sample material to which surface modification is

performed, according to an exemplary embodiment of the present invention;

[0016] FIG. 3 is a photograph of a hydrogenated amorphous silicon (a-Si:H) surface, with

FIG. 3(a) illustrating a non-modified portion, and FIG. 3(b) illustrating a modified portion,

according to an exemplary embodiment of the present invention;

[0017] FIG. 4 illustrates scanning electron microscopy (SEM) images of an a-Si:H surface,

with FIG. 4(a) illustrating a non-modified portion, and FIG. 4(b) illustrating a modified

portion, according to an exemplary embodiment of the present invention;

[0018] FIG. 5 illustrates graphical results of absorption versus wavelength for an a-Si:H

surface, with FIG. 5(a) illustrating the absorption for an untreated sample, and FIG. 5(b)

illustrating the absorption for a treated sample, according to an exemplary embodiment of the

present invention;

[0019] FIG. 6 illustrates graphical results of an X-ray diffraction pattern for an a-Si;H

surface, with FIG. 6(a) illustrating the results for an untreated sample, and FIG. 6(b)

illustrating the results for a treated sample, according to an exemplary embodiment of the

present invention;

[0020] FIG. 7 illustrates graphical results of current versus voltage for an a-Si:H surface with

varying light levels, with FIG. 7(a) illustrating the results for an untreated control sample, 
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and FIG. 7(b) illustrating the results for a treated sample, according to an exemplary

embodiment of the present invention;

[0021] FIG. 8 illustrates an atomic force microscope image of an a-Si:H surface that has

been treated according to an exemplary embodiment of the present invention;

[0022] FIG. 9 is a graph illustrating the average roughness of laser treated a-Si:H surfaces at

different laser fluences, according to an exemplary embodiment of the present invention;

[0023] FIG. 10 illustrates results of X-ray photoelectron spectroscopy (XPS) measurements

of a-Si:H surfaces, with FIG. 10(a) illustrating the XPS measurement of untreated control

surfaces, FIG. 10(b) illustrating the XPS measurement of treated surfaces, and FIG. 10(c)

illustrating depth profiles of oxygen concentration for untreated control and treated surfaces,

according to an exemplary embodiment of the present invention;

[0024] FIG. 11 is a graph illustrating the reflectivity of surfaces of polished silicon,

unpolished silicon, and treated a-Si:H surfaces, according to an exemplary embodiment of the

present invention;

[0025] FIG. 12 is a graph illustrating the transmission of samples of unpolished silicon and

treated a-Si:H surfaces, according to an exemplary embodiment of the present invention;

[0026] FIG. 13 illustrates SEM images of germanium surfaces, with FIG. 13(a) illustrating

an SEM image viewed at 45° from the surface normal, FIG. 13(b) illustrating a higher

magnification SEM image showing nanospikes formed on each germanium pillar, FIG. 13(c)

illustrating a single nanospike of a treated sample, and FIG. 13(d) illustrating a nanotip

formed after brief chemical etching, according to exemplary embodiments of the present

invention;

[0027] FIG. 14 shows a comparison of SEM images viewed at 45° from the surface normal

of Ge (100) surfaces irradiated at different laser power levels, with FIG. 14(a) showing a

surface irradiated with a laser power of 0.66 J/cm2, FIG. 14(b) showing a surface irradiated 
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with a laser power of 0.56 J/cm2, FIG. 14(c) showing a surface irradiated with a laser power

of 0.3 J/cm2, and FIG. 14(d) showing a surface irradiated with a laser power of 0.2 J/cm2,

according to embodiments of the present invention;

[0028] FIG. IS is graphical representation of an X-ray diffraction pattern of a laser treated

germanium surface having nanospikes, according to an exemplary embodiment of the present

invention;

[0029] FIG. 16 illustrates SEM images of treated surfaces, with FIG. 16(a) illustrating an

image taken towards the edge of the scanned line for a Ge (100) surface, FIG. 16(b)

indicating ball formation instead of spikes for a Ge (100) surface, and FIG. 16(c) illustrating

an image taken in the middle of the scanned line for a Si (100) surface, according to

exemplary embodiments of the present invention;

[0030] FIG. 17 illustrates SEM images of pillars, viewed at 45° from the surface normal,

formed on a silicon surface, with FIG. 17(a) illustrating an SFg gaseous environment, and

FIG. 17(b) illustrating an HC1 gaseous environment, according to exemplary embodiments of

the present invention;

[0031] FIG. 18 illustrates SEM images of pillars, viewed 45° from the surface normal,

formed on a germanium surface, with FIG. 18(a) illustrating an SF« gaseous environment,

and FIG. 18(b) illustrating an HC1 gaseous environment, according to exemplary

embodiments of the present invention;

[0032] FIG. 19 illustrates SEM images periodic structures formed on a silicon surface, with

FIG. 19(a) illustrating a one-dimensional periodic structure, and FIG. 19(b) illustrating a

two-dimensional periodic structure, according to embodiments of the present invention;

[0033| FIG. 20 illustrates SEM images of titanium surfaces, with FIG. 20(a) illustrating a

titanium surface treated in air, FIG. 20(b) illustrating a titanium surface treated in vacuum,

FIG. 20(c) illustrating a titanium surface treated in helium, and FIG. 20(d) illustrating a 
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titanium surface treated in SF&, according to exemplary embodiments of the present

invention;

[0034] FIG. 21 illustrates SEM images of stainless steel surfaces, with FIG. 21(a)

illustrating a stainless steel surface treated in air, FIG. 21(b) illustrating a stainless steel

surface treated in vacuum, FIG. 21(c) illustrating a stainless steel surface treated in helium,

and FIG. 21(d) illustrating a stainless steel surface treated in SFg, according to exemplary

embodiments of the present invention;

[0035] FIG. 22 illustrates SEM images viewed at 45° from the surface normal, with FIG.

22(a) illustrating a treated SiC surface, FIG. 22(b) illustrating a treated GaAs surface, FIG.

22(c) illustrating a treated titanium surface, and FIG. 22(d) illustrating a treated stainless

steel surface, according to exemplary embodiments of the present invention;

[0036] FIG. 23 is a schematic representation of field emission from the treated surface,

according to exemplary embodiments of the present invention;

[0037] FIG. 24 is a schematic representation of reflectivity and absorption of the treated

surface, according to exemplary embodiments of the present invention;

[0038] FIG. 25 is a schematic representation of the effect on external flow by the treated

surface, according to exemplary embodiments of the present invention;

[0039] FIG. 26 is a schematic representation of photovoltaic and photodetection applications

using the treated surface, according to exemplary embodiments of the present invention;

[0040] FIG. 27 is a schematic representation of heat dissipation using the treated surface,

according to exemplary embodiments of the present invention;

[0041] FIG. 28 is a schematic representation of surface marking created by surface

alternations, according to exemplary embodiments of the present invention; and
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[0042] FIG. 29 is a schematic representation of the placement of chemical or biochemical

materials at the tips on the treated surface, according to exemplary embodiments of the

present invention.

DETAILED DESCRIPTION OF EXEMPLARY EMBODIMENTS OF THE INVENTION

[0043] In describing an exemplary embodiment of the present invention illustrated in the

drawings, certain specific terminology will be used for the sake of clarity. However, the

invention is not intended to be limited to that specific terminology, and it is to be understood

that the terminology includes all technical equivalents that operate in a similar manner to

accomplish the same or a similar result.

[0044] Apparatuses and methods consistent with the present invention texture and

crystallize the surface of a material in one step by exposing the surface of the material to an

ultrafast laser. In order to expose an area of the surface that is larger than the beam spot size,

the material may be translated relative to the laser. The texturing causes pillars to form on

the surface of the material, increasing the light absorption of the treated material. Pillars are

height variations over a surface, including valleys and hills. Pillars can be formed in a variety

of shapes, including conical, arrowhead, pyramid, and spheroid structures. The top of the

pillar has a narrower diameter than the bottom of the pillar. Additionally, crystallization

increases the electrical conductivity of the treated material. Texturing and crystallizing the

surface of the material in a single step allows for faster manufacturing and lower costs than

performing these steps separately.

[0045] The texturing and crystallization may be performed under atmospheric conditions,

or while the material to be treated is in a non-atmospheric gaseous environment. In such a

gaseous environment, additional surface texturing will occur through chemical etching.

Sulfur hexafluoride and hydrogen chloride gases have been examined, and have been shown 
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to be suitable gases in which to perform the surface texturing. Hydrogen chloride is

advantageous over sulfur hexafluoride, because when sodium hexafluoride is used, impurities

in the material may result. In contrast, when hydrogen chloride is used, no impurities are

created, and the material remains in its pure form. It is to be understood that other gases may

also be used. Surface texturing and crystallization have also been achieved in a helium gas

environment and in a vacuum.

(0046) The materials that have undergone surface texturing and crystallization are also

within the scope of the present invention. For amorphous materials, the surface will become

textured and the material will become crystallized. Hydrogenated amorphous silicon has

been examined using the method of the invention, and has been shown to be well-suited to

benefit from this method. Thin-film, poly-crystalline, and single crystal materials may also

be used. These materials will benefit from the surface texturing methods of the present

invention. Silicon and germanium have been studied, and have been shown to be suitable

materials to undergo the laser treatment method in the presence of sodium hexafluoride gas

and hydrogen chloride gas. Metals, dielectrics, and polymers have also been shown to be

suited to be textured using the method of the present invention. However, it is to be

appreciated that other materials are suited to undergo the laser treatment methods of the

present invention.

(0047] Additionally, the use of materials that have undergone the treatment methods of

the present invention is within the scope of the present invention. The present invention has

many useful applications. The methods described herein will provide for a material .with a

higher light absorption capacity and a higher electrical conductivity than an untreated

material. These two properties arc desirable in photovoltaic applications. Enhanced light

trapping capabilities are also usefill in photo-sensing applications. Photodetectors utilizing 
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the present invention will be more sensitive to light, and will be able to detect a broader

spectrum of electromagnetic waves.

[0048] The surface texturing greatly enhances the heat transfer capability of a given

material. A material that has been textured can dissipate more heat through convection

because of the increased surface area of the material that is exposed to a fluid flowing over

the material. Additionally, the texturing will ensure a turbulent flow of the fluid, which is

advantageous in convection heat transfer. For radiation heat transfer, the increased surface

area will allow for more heat dissipation.

[0049] In an exemplary embodiment of the present invention, the surface alteration

process was performed on hydrogenated amorphous silicon (a-Si:H), in particular a-Si:H thin

films. Thin films with thicknesses from 1.5 to 2 pm were deposited on glass substrates, using

a low temperature Plasma Enhanced Chemical Vapor Deposition (PECVD) technique. The

a-Si:H films were deposited at a rate of around 1 A/s in a hydrogen diluted silane

environment at about 200°C. The samples were then treated using a femtosecond

Ti:Sapphire laser system (Spectra-Physics Spitfire). The laser system delivered pulses at a

repetition rate of 1 kHz, with a pulse energy that could vary from 0-1.2 mJ, and a wavelength

of 800 nm. The wavelength of the laser can also be frequency doubled or halved to achieve

wavelengths from 200 to 1600 nm. The temporal profile of the pulses was measured to be

110 fs using a background free, scanning second-order auto-correlator. The sample was

placed on a stationary stage, and the laser beam was deflected by a Scanlab galvo-head to

scan the sample surface. The beam spot on the sample surface was circular, with a beam

diameter of 0.5 mm. The beam scanning speed was around 12.5 cm/sec. Scanning electron

micrographs of treated and untreated surfaces of the a-Si:H films were taken using a

Cambridge Instruments high resolution electron microscope for a surface texture study. 
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Surface roughness and formation of spikes in the treated films were also examined with an

atomic force microscope (Digital Instruments Nanoscope III).

[OOSOJ The optical transmission and reflection of a 20 mm x 30 mm laser treated area of

the sample was measured using a PERKIN-ELMER LAMBDA 9 spectrophotometer. The

reflectance and transmittance percentages were then used to obtain the absorption percentage

in the material: A = 100 - R - T. Light from a He-Ne laser source was incident on the treated

sample at different angles, and the scattered light was measured by a silicon sensor with an

active region of around 4 cm2 to estimate the scattering of light due Jo texturing. It was

observed from the measurements that scattering might contribute to a 5-10% variation in the

reflection measured by the spectrophotometer. In addition to the optical properties, X-ray

diffraction (XRD) was performed on the untreated and laser treated samples to study the

structural modification induced by the laser treatment. The Rigaku Miniflex 2005 X-ray

diffractometer with a Cu target (CuK« -line) was used for the XRD measurements. The grain

size of the treated films was estimated from the X-ray data. Also, the oxygen incorporation

into silicon films during this ultrafast laser treatment was studied using a Physical Electronics

Inc. 560 XPS/SAM spectrophotometer with a dual source anode (Mg/Al) radiating 1253.6 eV

X-ray photons.

{0051J FIG. 1 shows an exemplary system 100 that can be used to provide surface

modifications. The femtosecond laser system 101 provides a laser pulse incident on the a-

Si:H sample 105, which is supported by an X-Y sample stage 106. The system 100 uses a

mirror 102 to direct the laser pulse to a galvo-head unit 103, which scans the sample surface.

A focusing lens 104 is used to focus the pulses on the surface. An exemplary a-Si:H sample

200 is illustrated in FIG. 2, with a glass slide 205, an intervening layer 204, and amorphous

silicon layers 201-203.
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[0052] FIG. 3 illustrates that the change in the surface of the a-Si:H film deposited on the

glass substrate can be observed optically. FIG. 3(a) shows a photograph of the untreated

surface, and FIG. 3(b) shows a photograph of the treated surface. After treatment, the a-Si:H

films turned completely dark, in contrast with their original shiny reddish gray color. FIG.

4(a) shows an SEM image of the untreated surface, and FIG. 4(b) shows an SEM image of

the treated surface. FIG. 4(b) shows that microstructures and small spikes have been

spontaneously formed upon laser treatment.

[0053] In order to study the optical characteristics, the reflectance and transmittance of a

treated 20 x 30 mm2 area were measured using a spectrophotometer. FIG. 5 shows the

absorptance of treated and untreated a-Si:H films. FIG. 5(b) that there is a significant

enhancement in the optical absorption below a-Si:H band gap (1.7 eV) for treated films, when

compared to the untreated films in FIG. 5(a). Since the experiments were carried out under

atmospheric conditions, XPS spectra of a treated sample (FIG. 10(b)) and an untreated

control sample (FIG. 10(a)) were also obtained. SiOx formation was observed in the treated

sample. The oxygen concentration was estimated by taking XPS measurements at different

depths of the sample. Depth profiles of the oxygen concentration in the treated and untreated

control samples are shown in FIG. 10(c). Traces of oxygen were observed up to a depth of

around 50 nm in treated samples, compared to a depth of 10 run in the untreated control

sample. The samples appeared to be pitch black after treatment, and it is suggested that the

below-band edge absorption might be due to trapping the light, which is caused by multiple

reflections from the textured surface. Also, structural defects induced during the micro­

structuring process most likely produce bands of defect and impurity states in the bandgap,

and further enhance the overall absorption.

[0054] FIG. 6(a) shows the X-ray diffraction pattern for an untreated a-Si:H sample, and

FIG. 6(b) shows an X-ray diffraction pattern for a treated a-Si:H sample. Peaks around 20 = 
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30° and 56° are observed for the treated sample. These peaks are absent in the untreated

control sample, indicating a structural change after laser treatment. The X-ray wavelength

used for these measurements was the CuK« line at 1.54 A. The observed peaks are due to the

(111) and (311) orientations of crystalline silicon. Regardless of the fluence conditions, the

(111) orientation dominated in the crystallized films, as the (111) plane has least surface

energy. D.ominant (111) and (311) peak formation is typically observed in nanosecond laser

crystallization. The (111) peak was fitted with a Gaussian curve and the full width at half­

maximum (FWHM) was determined. The particle size was determined to be around 85 nm

using the Scherrer’s formula: L = k*X/ T cosG; where X is the X-ray wavelength for

measurement; T is the X-ray line width (FWHM) (measured in radians); 0 is the Bragg angle

of diffracted rays (measured in degrees); and k is a constant equal to 0.9.

[0055] The current-voltage characteristics of the treated and untreated a-Si:H samples

were also examined, as shown in FIG. 7. FIG. 7(a) shows a graph of the current density as a

function of voltage for several light levels for the untreated sample. As illustrated in FIG.

7(b), the current-voltage characteristics change considerably, due to the surface modification

and changes in the properties of the material. The transmission and reflectivity of the treated

and untreated surfaces were also examined. The reflectivity of polished silicon, unpolished

silicon, and treated silicon with pillars is shown in FIG. 11. Similarly, the transmission of the

treated silicon versus the rough silicon surface is presented in FIG. 12. The changes in the

optical properties shown in FIG. 3 are further substantiated by the changes in reflectivity and

transmission as functions of wavelength. These results impact the use of silicon in many

applications, as discussed below.

[0056] In order to measure the roughness and spike distribution, atomic force microscopy

(AFM) images of the treated a-Si:H samples were obtained. FIG. 8 shows that spikes of a

height of about 300 nm were formed, with a spacing between the tips of around 1 pm. The 
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heights of these spikes were found to increase with laser fluence. The average height of the

microstructures was 150 nm at a laser fluence of 0.3 J/cm2, and the height increased nearly

linearly with the laser fluence. Microstructures with a height of around 350 nm were

observed at a fluence of 0.5 J/cm2. Beyond 0.5 J/cm2, the films became very rough, and

material ablation deteriorated the texturing. Also, the average roughness of the surface

correlates with the laser fluence, as illustrated in the graph in FIG. 9. FIG. 9 show's that the

surface roughness increases approximately linearly with the laser fluence.

[0057] Increasing the efficiency of a-Si:H thin film solar cells requires more light

absorption and a reduction in carrier recombination. A thick i-layer increases the light

absorption, but recombination deteriorates the performance. On the other hand, for

sufficiently thin film solar cells, the light absorption becomes an issue. Keeping a thin micro

or nano crystalline phase with surface texturing could both reduce recombination and

improve light trapping. The treated surface had a silicon oxide formation layer of about 50

nm, and was found to be semiconducting. This layer could be used as an n-layer in a p-i-n

type solar cell, and an active layer for other optoelectronic devices. The simultaneous

formation of light trapping structures and crystallization might find applications in devices

such as thin film solar cells, large area sensors, and display devices.

[0058] As discussed previously, the femtosecond laser treatment results in the

enhancement of optical absorption in a-Si.H thin films. The high absorption of the film is

suggested to be due to the light trapping occurring in the silicon spikes formed at the surface

after laser treatment, and the structural defects induced during micro structuring process most

likely producing bands of defect and impurity states in the band gap. Also, crystallization in

the film after femtosecond laser treatment is attributed to a non-thennal ultrafast phase

transition and subsequent surface-initiated crystallization. By performing the surface 
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texturing and crystallization as a one-step laser process, optoelectronic devices can be

fabricated efficiently.

(0059] Exemplary embodiments of the present invention also form nanospiked, nearly

periodic microstructures, by exposing a germanium surface to femtosecond laser pulses in a

gaseous sulfur hexafluoride (SFe) environment. The microstructures that are formed in

germanium have a different aspect ratio than the microstructures formed on silicon. Because

reducing light reflection and increasing absorption are key issues in improving optoelectronic

device performance, this type of microstructure formation in germanium could lead to the

fabrication of highly responsive infrared photodetectors and solar cells. In addition, these

textured surfaces might find potential applications in the fabrication of biomedical devices

and sensors.

[0060] The surface modification of germanium can occur according to the following

process. Undoped Ge (100) wafers are cleaved into small chips and ultrasonically cleaned

with acetone and methanol. One or more chips are put on a stage inside a vacuum chamber

with a base pressure of around 1 mTotr, which is mounted on a high-precision computer-

controlled X-Y stage. The chamber is rinsed with SFg at least twice, and then backfilled with

SFs at 400 mbar. The samples are exposed to 1..4 mJ pulses of light with a wavelength of 800

run, a pulse duration of 130 fs, and a repetition rate of 1 kHz from a regeneratively amplified

Spectra-Physics Ti-sapphire laser system. The wavelength of the laser can be frequency

doubled or halved to achieve wavelengths from 200 to 1600 nm. Short laser pulse widths can

also be used, including 1 fs to 1 ps pulses. Ultrafast laser pulses are a subcategory of short

pulses, and can range from 1 femtosecond to hundreds of picoseconds. The laser beam is

focused along the surface normal onto the sample surface by a coated lens with a focal length

of 1 m, and the laser fluence is adjusted with a Gian laser calcite polarizer.
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[0061] The spatial profile of the laser pulse is nearly Gaussian, but is elongated in one

axis, creating an elliptical profile. The fluence is calculated by using the laser spot size,

which is determined by exposing a point on the sample surface to thousands of shots. In

order to scan an area that is bigger than the laser spot size, the samples are translated using a

motorized X-Y stage. Scanning also assists in making the surface structure more uniform by

smoothing out any shot-to-shot irregularities in the beam profile. By varying the scanning

speed of the X-Y stage, the number of laser pulses impinging on the sample surface at a

particular location is controlled. The spot size is 0.3 mm along the minor axis and 0.6 mm

along the major axis. Scanning is performed parallel to the minor axis.

[0062] Samples are produced with isolated single line scans, or with large areas created

by overlapping several line scans. The step size between the scan lines is chosen to be

sufficiently small (generally 0.38 mm), so that successive lines overlap substantially. This

further improves layer homogeneity. Homogeneity is further enhanced by performing two

overlapping scans in orthogonal directions, rather than one overlapping scan with an

exposure of the same total number of shots. After laser processing, the samples are analyzed

with a scanning electron microscope (Zeiss SUPRA 40).

[0063] FIG. 13 shows an SEM image at increasing levels of magnification, viewed at 45°

from the surface normal line of a germanium surface after exposing the surface to

femtosecond laser pulses. Sharp conical structures with nanospikes are formed when the

sample is under a pressure of 400 mbar SFg, and is scanned by a laser beam with a fluence of

about 0.6 J/cm2. FIG. 13 shows that these structures are almost regular in position, are 10 to

15 pm tall, and have a base diameter around 5 pm, which tapers down to around 100 nm near

the tip. The areal density of pillars in FIG. 13(a) is 0.027 pm"2, which corresponds to a mean

spacing of roughly 6 pm between pillars. The sizes of the microstructures vary across the

scanned line, indicating a response to the spatial profile of the laser pulse. In the region of 
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low fluence towards the edge of the irradiated line, the structures have a smaller height and

are more densely packed than in the center.

[0064] FIG. 13(b) shows that the microstructures have two distinct features: (a) a conical

shape (b) that is crowned with a very sharp spike, which has a radius of about 400 nm (about

100 nm at the tip), and is up to about 2 pm long (see FIG. 13(c)). The tips can be sharpened

further by a brief chemical etching with 100 ml H2O2 (10 vol %), 8g NaOH for 10 seconds at

room temperature. Alternatively, the tips can be sharpened further by ion etching, including

etching with an Argon ion beam. Nanoclusters, which are formed during laser ablation and

deposited on the surface, are also evident from FIG. 13(b).

[0065] The SEM images of FIG. 14 show the effect of laser fluence on the surface

texturing of germanium. In this figure, the average number of laser shots at each point on the

sample surface is 400. The germanium surface in FIG. 14(a) was irradiated with laser pulses

with a fluence of 0.66 J/cm2, and the germanium surface in FIG. 14(b) was irradiated with

laser pulses with a fluence of 0.56 J/cm2. In contrast, the germanium surface in FIG. 14(c)

was irradiated with laser pulses with a fluence of 0.3 J/cm2, and the germanium surface in

FIG. 14(d) was irradiated with laser pulses with a fluence of 0.2 J/cm2. FIG. 14(d) shows that

texturing is observed at fluences as low as 0.2 J/cm2, resulting in features are smaller in width

and height, less regular, less smooth, and densely populated, with very tiny or no spike

formation. However, for higher fluence conditions, such as those in Figs. 14(a) and 14(b),

the structures are more well-developed, sharper, and more conical, and spike-formation takes

place atop the pillars. Also, increasing the number of laser shots from 400 to 600 and

keeping the fluence almost the same wipes out all the spikes.

[0066] Germanium expands upon freezing. When a shell of germanium material starts

freezing and expanding, it exerts pressure on the liquid trapped inside, causing the liquid to

shoot upward and solidify to form nanospikes. As Mills and Kolasinski disclose, in order to 
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obtain nanospikes in silicon, it is necessary to dilute the SFg with He. This reduces the

chemical etching that results from the interaction of fluoride with the silicon surface. If the

etching is too aggressive, it can remove the nanospikes. In contrast, it is unnecessary to

dilute the SF$ in order to obtain nanospikes on a germanium sample, probably because of

differences in the chemistry of etching in the F/Ge system compared to the F/Si system.

Another possible reason why germanium appears to be more conducive for nanospike

formation might be that the thermal conductivity of undoped germanium is less than half of

the thermal conductivity of undoped silicon. Therefore, the heat dissipation to the pillar in

germanium is slower, and the liquid bulb remains in a molten state for a longer time, as

compared to silicon.

[0067] In order to investigate the properties of the textured germanium surfaces, an X-ray

diffraction study was conducted. FIG. 15 shows an X-ray diffraction spectrum of a laser

textured germanium surface. The sharp high-intensity peak corresponds to the (400) plane,

because the starting material is Ge (100). However, two relatively weak peaks at (111) and

(220) are also observed. This indicates that the textured pillars and the nanospikes remain

predominantly crystalline.

[0068] The SEM images of FIGs. 16(a) and 16(b) show the structural formations in

germanium, and FIG. 16(c) compares the structural formations in silicon, after laser treatment

under similar conditions. For all three samples the laser fluence was around 0.56 J/cm2, the

number of laser shots was around 600, the sample was in a gaseous SF& environment at 400

mbar, and an orthogonal scanning mode was used. The SEM image in FIG. 16(a) was taken

toward the edge of the scanned line, while the SEM image in FIG. 16(b) was taken in the

middle of the scanned line. FIG. 16 shows that the germanium pillars are not as smooth as

the silicon pillars. Also, the aspect ratio, defined as the ratio of the tip height to the tip width,

is higher in silicon than germanium for a given laser condition. For example, at a fluence of 
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0.5 J/cm2, silicon has an aspect ratio of around 200, whereas germanium has an aspect ratio

of around 100. Also, as mentioned previously, spikes were not formed on germanium under

higher laser shot conditions. However, pillars formed under higher laser shot conditions are.

taller than pillars formed under fewer shots, as shown in FIGs. 13 and 14. In contrast, silicon

shows a well-developed smooth structure under a greater variety of shot conditions.

[0069] FIG. 16(a) shows that toward the edge of the laser scanned line on the germanium

surface, pyramidal structures were formed, which tend to form a small spherical cap at the

top, instead of the nanospikes formed in FIG. 16(b). This spherical cap formation is typical

of silicon. The spherical shape of the cap suggests that a liquid germanium drop resolidified

before it could spill over the pillar. The lack of nanospikes in FIG. 16(a) might be due to

three possible reasons: (a) the fluence is low to achieve the high melting condition necessary

for nanospike formation; (b) the higher number of laser shots destroyed nanospikes that were

already formed; or (c) an insufficient density of nanostructures was formed. With further

regard to (c), deposition of nanoclusters has been implicated in the formation of nanospikes.

A sufficient nanoclusters deposition rate is required, and because fewer nanoclusters are

formed at a lower fluence, there may be a critical fluence for the formation of nanospikes, not

only because a sufficient melt must be formed, but also because a sufficient density of

nanoclusters must be created.

[0070] FIG. 17 shows SEM images viewed at 45° from the surface normal of sharp

conical pillars formed on the surface of B-doped Si (100) wafers. The pillars were produced

with 240 shots of 130-fs laser pulses at a fluence of 0.6 J/cm2. FIG. 17(a) shows the results

for a sample in 400 mbar of SF&, and FIG. 17(b) shows the results for a sample in 400 mbar

of HC1. The pillar size varies across the scanned laser line, indicating the intensity variation

of the laser fluence across the spatial profile of the laser pulse. The scan lines were 
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overlapped to minimize height variation over a large area on the sample surface. The spikes

that are obtained in SF«i are around 15 pm tall and have a base diameter of around 5 pm.

[0071] On the other hand, the structures formed under similar laser conditions in the

presence of HC1 are composed of taller and wider pillars, with a height of around 20 pm and

a base diameter of around 7 pm. FIGs. 17(a) and 17(b) show that the pillars formed in SFg

are narrower towards the tips, compared to the pillars formed in HC1. Although the pillar

density is comparable in both cases, the pillars formed in HC1 look stronger and are relatively

blunt towards the tip, indicating that differences in the etch chemistry of the F/Si system and

the Cl/Si system are responsible for significant structural differences.

[0072] The role of chemistry in structure formation is not well understood, and it is a

significant result that regular conical pillars are formed during femtosecond irradiation in SFg

as well as HC1. Regular conical pillars can be formed during nanosecond irradiation of

silicon in the presence of SFg, but they are not formed for nanosecond irradiation of silicon in

the presence of HCL Nanosecond irradiation of silicon in HC1 produces significantly blunter

tips, the pillars are much taller, with a height greater than 50 pm, and the pillars are porous,

instead of having a solid core. This is a further indication that the mechanisms of pillar

formation are different for the femtosecond and nanosecond irradiation regimes. This result

is also significant because chemical impurities, namely sulfur, incorporated during laser

processing have been implicated in changing the optical and electronic properties of the

textured surfaces.

[0073] FIG. 18 shows SEM images taken for germanium samples treated under similar

laser and gaseous conditions as described above for silicon. A very different surface

texturing was created for germanium. FIG. 18(a) shows that for germanium processed in

SFfi, there were two distinct features that were not observed for silicon treated under similar

conditions: (a) conical pillar formation with a higher cone angle up to a neck; and (b) very 
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sharp spikes, up to about 2 pm in length with a tip radius of about 100 nm, formed atop the

pillars. Nanoclusters formed during laser ablation are more abundant in germanium than

silicon under similar laser conditions, which might be due to the lower melting temperature

of germanium. On the other hand, FIG. 18(b) shows that the germanium structures formed in

the presence of HC1 are less densely populated, shorter, have a higher cone angle and a wider

base, and exhibit greater variations in pillar height than the silicon structures shown in FIG.

17(b). Gas phase silicon etching is anisotropic in HCI, and the etch rate is around 20 pm

min"’ for the (100) plane at temperatures in the range of 1050-1250°C, whereas in

germanium the etch rate is around 3 pm min-1, the etch rate is independent of temperature

beyond 800°C, and etching leads to the development of square pits for the (100) orientation.

The differences in etch chemistry are involved in determining the different structure

formation dynamics, which result in more regular spike formation in HCI for silicon than for

germanium.

(0074] Laser induced surface texturing that produces regular structures on materials in

the presence of reactive species is a complex process involving: (1) interactions between the

plume and the process gas, and the plume and the surface, such as decomposition of the

reactive gas, chemical etching enhanced by laser heating of the material and the formation of

radicals, and deposition out of the plume; (2) laser ablation of the material; and (3) optical

phenomena that initiate the formation of regular structures. The laser parameters, gaseous

environment, and nature of the substrate all play a role in the final outcome of the surface

morphology. Structure formation is ultimately a convoluted dynamical process involving all

three factors. The dimensions and character of the pillars formed in silicon have been shown

to depend critically on the temporal pulse width of the laser beam. While pillar production

with pulse durations in the range of 100 fs to 20 ns has been demonstrated, with much smaller

pillars being formed in the case of femtosecond irradiation, pillars were not producible with a 
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300 ns Nd:VO« laser. It appears that laser pulses significantly shorter than the melt lifetime

of about 250 ns are required for sharp pillar formation.

[0075] FIG. 19(a) illustrates an SEM image of a one-dimensional periodic structure made

on a silicon substrate, according to exemplary embodiments of the present invention. FIG.

19(b) illustrates an SEM image of a two-dimensional periodic structure made on a silicon

substrate, according to exemplary embodiments of the present invention. Periodic structures

can be produced by controlling the laser intensity distribution on the surface of the sample.

The laser intensity distribution can be controlled by using interference and diffraction. For

example, interference fringes are created by placing a metal wire in a portion of the laser

beam. The light diffracted by the wire interferes to produce an intensity distribution on the

sample surface that results in a periodic structure of pillars. Alternatively, the incident laser

beam is split into two components, and then recombined at various angles to control the

periodicity. It is also possible to place several pinholes in the path of the laser beam to create

a periodic circular pattern of pillars on the surface. By using laser beams with different

wavelengths and controlling the interference patterns, the periodicity of the pillars can be

adjusted from tens of nanometers to tens of micrometers.

[0076] In an exemplary embodiment of the present invention, copper or tungsten wires

with diameters from 100 to 250 pm are used to create interference fringes. The sample is

exposed to 1.4 mJ pulses of light with a wavelength of 800 nm, a pulse duration of 130 fs,

and a repetition rate of 1 kHz. The laser scan speed is 0.1 in/sec, and scanning is performed

after placing the sample inside a vacuum chamber filled with SF& at a pressure of 400 mbar.

In order to create a two-dimensional array of pillars, the metal wires are crossed orthogonally

and placed in the path of the laser beam. Also, the spacing between adjacent pillars can be

controlled by changing the wavelength of the laser pulses. For example, when the laser

wavelength is decreased, the spacing between adjacent pillars also decreases.
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J0077) In another exemplary embodiment of the present invention, the laser texturing

method was performed on various metallic surfaces. A metal is defined as an electrically

conducting material. For example, titanium and stainless steel sheets are cut into small

square-inch sized chips and cleaned with acetone and methanol. One such chip is put on a

stage inside a vacuum chamber with a base pressure of around 1 mTorr, which is mounted on

a high-precision computer-controlled X-Y stage. The chamber is rinsed and then backfilled

with air at atmospheric pressure, SF& in a pressure range from 75 to 800 mbar, or helium in a

pressure range from 75 to 800 mbar. The laser texturing method can also be conducted with

a mixture of gases in different proportions and at different pressures, or in vacuum, with a

chamber pressure of around 1 mbar. The samples are exposed to ultrafast laser pulses with a

pulse energy of 0.95 mJ, a wavelength of 800 nm, a pulse width of 130 fs, and a repetition

rate of I kHz from a regeneratively amplified Spectra-Physics Ti-sapphire laser system.

Short laser pulse widths can also be used, including 1 fs to 1 ps pulses. Ultrafast laser pulses

are a subcategory of short pulses, and can range from 1 femtosecond to hundreds of

picoseconds. The laser beam is focused onto the sample surface by a coated lens with a focal

length of 1 m, and the laser fluence is adjusted by using a Gian calcite polarizer.

(0078] The spatial profile of the laser pulse is Gaussian, and the fluence is calculated by

using the laser spot size, which is determined by exposing a point on the sample surface to

thousands of shots. In order to scan an area that is bigger than the laser spot size, the samples

are translated using a motorized X-Y stage. Scanning also assists in making the surface

structure more uniform by smoothing out any shot-to-shot irregularities in the beam profile.

By varying the scanning speed of the X-Y stage, the number of laser pulses impinging on the

sample surface at a particular spot is controlled. The spot size is about 0.3 mm.

[0079] Samples are produced with isolated single line scans, or with large areas created

by overlapping several line scans. The step size between scan lines is chosen to be 
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sufficiently small (less than 0.38 mm), so that successive lines overlap substantially. This

further improves layer homogeneity. Homogeneity is further enhanced by performing two

overlapping scans in orthogonal directions, rather than one overlapping scan with an

exposure of the same total number of shots. After laser processing, the samples are analyzed

with a scanning electron microscope (Zeiss SUPRA 40).

(0080) FIG. 20 shows SEM images of titanium surfaces treated with the laser texturing

method for different background gas conditions. FIG. 20(a) shows an SEM image of a

titanium surface treated in air, and FIG. 20(b) shows an SEM image of a titanium surface

treated in vacuum. FIG. 20(c) shows an SEM image of a titanium surface treated in helium at

a pressure less than 200 mbar, and FIG. 20(d) shows an SEM image of a titanium surface

treated in SFg at a pressure greater than 400 mbar. As these figures show, pillar formation

occurs in titanium that is treated with a laser fluence from 0.6 to 1.0 J/cm2, and in vacuum or

gas at low pressures less than 200 mbar. In order to create a well-developed pillar on

titanium, it is necessary to irradiate the sample with around 1000 shots. However, increasing

the number of shots or the laser fluence destroys the pillars.

[0081] FIG. 21 shows SEM images of stainless steel surfaces treated with the laser

texturing method for different background gas conditions. FIG. 21(a) shows an SEM image

of a stainless steel surface treated in air, and FIG. 21(b) shows an SEM image of a stainless

steel surface treated in vacuum. FIG. 21(c) shows an SEM image of a stainless steel surface

treated in helium at a pressure less than 200 mbar, and FIG. 21(d) shows an SEM image of a

stainless steel surface treated in SFg at a pressure greater than 400 mbar. As shown in the

figures, laser texturing forms pillars on stainless steel surfaces in air, vacuum, helium, and

SF$. However, in order to create a well-developed pillar on stainless steel, it is necessary to

irradiate the sample with around 2000 shots. Both the stainless steel samples and the titanium 
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samples turn pitch black after laser treatment. However, unlike titanium, pillar formation

occurs on stainless steel in air.

[0082] FIG. 22 shows a series of SEM images viewed at 45° from the surface normal,

which compares the results of the laser texturing method for various semiconductors and

metals. In each case the surface of the material is treated with ultrafast laser pulses with a

pulse width of 130 fs. FIG. 22(a) shows an SEM image of SiC treated with 260 shots at a

laser fluence of around 1 J/cm2 in 400 mbar of SFg. FIG. 22(b) shows an SEM image of

GaAs treated with 260 shots at a laser fluence of around 0.5 J/cm2 in 400 mbar of SF6. FIG.

22(c) shows an SEM image of titanium treated with 2000 shots at a laser fluence of around

0.3 J/cm2 in 400 mbar of SFg. FIG. 22(d) shows an SEM image of stainless steel treated with

2500 shots at a laser fluence of around 4.5 J/cm2 in 400 mbar of SFg. These figures show that

the laser texturing method can form pillars on various semiconductors and metals.

[0083] In addition, the laser texturing method is likely to form pillars on ceramics,

polymers, and alloys. By controlling the processing conditions of the laser texturing method

for each material, the thermal, structural, optical, and electronic properties of the material can

be tailored. Further, the formation of pillars can be controlled by changing the polarization

state of the laser beam. A polarizer can change the output from the laser to be linearly,

circularly, elliptically, or randomly polarized. The laser texturing method can be performed

on surfaces of any geometrical shape, and is not limited to planar surfaces.

[0084| Similarly, the laser texturing method could also be used to process transparent

materials, such as glass. The incident light could be absorbed by a two-photon process, or an

appropriate wavelength could be selected for absorption by the transparent material. The

altered surfaces formed by this method could be used in magnetic disk drives, because the

disk drive and the head are spaced very closely together for data writing and reading.

SIONYX1403000024.0014

SAMSUNG EX. 1002 - 2325/4148



WO 2008/091242
27

PCT7US2006/049065

[0085] The altered surfaces formed by the apparatuses and methods of the present

invention can have great utility in photovoltaic technologies, as schematically illustrated in

FIG. 26. The increased light trapping and the control of photogenerated charges can provide

improved efficiency. In particular, the altered surfaces would be beneficial in photodetectors,

because the surfaces allow for the development of more sensitive detectors with a high

responsivity, and extend the spectral range into the infrared region of the spectrum. This

could also enable the building of infrared sensors for various applications.

[0086] The altered surfaces would also be beneficial in heat dissipation, as schematically

illustrated in FIG. 27. A large surface area is created by texturing, which allows gas

molecules to exchange energy with the surface, and increases heat dissipation. Such a high-

efficiency heat sink could be very important for microelectronics, power electronics,

optoelectronics, and other devices that require efficient heat dissipation.

[0087] The altered surfaces can also be used in field emission, as schematically illustrated

in FIG. 23. Due to the sharp geometry of pillars formed by the laser texturing process, very

high electric fields can be generated at relatively low voltages. These high electric fields can

be used for electron emission from surfaces, providing an efficient source of electrons for

various electronic and optoelectronic device applications, such as field emission displays,

sensors, and instruments.

[0088] The altered surfaces would also be beneficial in surface property control, as

schematically illustrated in FIG. 25. Laser textured surfaces can be made hydrophobic or

hydrophilic by controlling the texture and surface coating. This can affect the air or fluid

flow' across the surface of the material.

[0089] The altered surfaces would also be beneficial in micro fluidic applications. There

is an increasing number of micro fluidic applications for chemical and biomedical

applications of chips. As schematically illustrated in FIG. 25, textured surfaces in micro 
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channels can provide a good method of controlling the fluid flow, which can impact DNA

sequencing and other applications. The altered surfaces would also be beneficial in

turbulence control for aerodynamic applications. The flow of gases can be controlled by

inserting a textured surface into the flow path. Also, turbulence can be generated by using of

textured surfaces. This effect can be used in aerospace applications.

[0090] The altered surfaces would also be beneficial in an optical beam block, as

schematically illustrated in FIG. 24. The laser textured surface has an extremely low

reflectance and transmittance in the visible to the far infrared region, allowing the surface to

be an efficient beam block for various optical and manufacturing applications. The altered

surfaces would also be beneficial in controlling the visual appearance of products, including

the surface color. The laser texturing process provides a completely black surface, hence it

can be used to control the color of the surface without using any paints, dyes, or pigments.

[0091] The altered surfaces would also be beneficial in catalytic activity, as schematically

illustrated in FIG. 29. The large surface area created by texturing provides many sites for

enhanced chemical activity, such as catalytic activity. These catalytic activities would be

useful in fuel cell technology, chemical plants, and biomedical applications, including

conversion of carbon monoxide to carbon dioxide. The large surface area can also be used

for enhanced tissue growth and control. The altered surfaces would also be beneficial in

bond strength improvement. The large surface area created by texturing allows more sites for

bonding and interlocking, and improves the overall bond strength.

[0092] The altered surfaces would also be beneficial in thin film or fibrous whisker

growth. Due to the formation of nanospikes or microspikes, it is possible to utilize a large

number of tips for growth of other materials atop these tips, as schematically illustrated in

FIG. 29. Also, because a small voltage can provide a high electric field, the growth can be

controlled by the electric field.
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[0093] The altered surfaces would also be beneficial in the production of nano or micro

tips, as schematically illustrated in FIG. 29. Because the texturing process produces a large

array of two-dimensional structures, micro or nano ordered tips can be fabricated. The

nanospikes can be solid or hollow. These tips can be used in atomic force microscopy,

optical data storage, and fluid control for automobiles and drug delivery.

[0094] The altered surfaces would also be beneficial in surface-enhanced Raman

scattering. The Raman scattering method can be used to detect chemical or biochemical

species. Usually Raman scattering signals are relatively low, but a Raman signal can be

enhanced by many orders of magnitude by surface-enhanced Raman scattering. Laser

textured surfaces coated with metals could provide an ideal template for surface-enhanced

Raman scattering for sensor applications, such as single molecule detection. The altered

surfaces would also be beneficial in biosensor applications. As schematically illustrated in

FIG. 29, specific molecules can be attached atop the tips, and can be used for chemical or

biochemical detection, by using methods such as fluorescence and phosphorescence.

[0095] The altered surfaces would also be beneficial in manufacturing optical elements.

As schematically illustrated in FIGs. 24 and 28, various optical elements, such as diffraction

gratings, low scattering surfaces, and antireflection surfaces can be prepared by texturing the

optical element surface. Also, light absorption properties can be tailored by adjusting the

laser parameters and thermal annealing conditions.

[0096] The altered surfaces would also be beneficial in photonic crystals. Photonic

crystals are increasingly used for optoelectronic applications, such as wavelength selection

and fabrication of negative refractive index materials. Periodic textured surfaces fabricated

by laser texturing would be useful in these photonic crystals. The altered surfaces would also

be beneficial in producing masters for replication. A textured surface can be used as template

for transferring a pattern to a softer material by using mechanical pressure, with or without 
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heat. This can provide a very low cost process for pattering surfaces such as compact discs.

This process can also be used for transferring patterns to polymeries and biomaterials.

[0097] The altered surfaces would also be beneficial in fabricating mask-less periodic

structures. By using an optical interference technique, periodic textured surfaces can be

fabricated with a sub-micron period, without any mask fabrication. The altered surfaces

would also be beneficial in pixclated devices. Some optoelectronic and microelectronic

devices, such as CCD cameras, diode lasers, and light emitting diodes, require a two-

dimensional geometry. Two-dimensional textured surfaces can be easily fabricated for

optoelectronic and microelectronic applications. The altered surfaces would also be

beneficial in producing substrates for single crystal film or nanoparticle growth.

[0098] The altered surfaces would also be beneficial in nano or micro pores. Textured

surfaces can be further processed with chemical etching to provide a large number of nano or

micro pores, which can be used for filtration or fluid flow control. Pores can be made by the

laser texturing process if thin substrates are used, or if longer processing times are used. The

altered surfaces would also be beneficial in controlling surface emissivity. By adjusting the

surface texture, the surface emissivity and spectral properties can be controlled. This can

provide camouflage objects, because such objects are harder to detect if they emit a low

radiation signal.

[0099] The altered surfaces would also be beneficial in art and photography applications.

As schematically illustrated in FIG. 28, laser texturing of surfaces can be used to write text

and images on surfaces by controlling the light reflectivity of the surface. This technique can

be used to produce name plates, part identification, hidden logos, trademarks, logos, and

images. The texturing provides a black color, which produces a very' high contrast between

the written and unwritten areas. The process of the present invention can also be used to

control the'gray level in forming high definition images.
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[00100] The altered surfaces would also be beneficial in radiation shielding. Laser

textured surfaces provide a very good method for controlling radiation scattering, reflection,

absorption, and transmission over a broad spectral range, including visible, infrared,

microwave, terahertz, and radio waves.

[00101] The altered surfaces would also be beneficial in plasma applications. Sharp tips

can provide a very high electric field, and hence can be used for localized or large area

generation of plasma sources. These plasma sources can be used to purify water, kill germs,

and destroy bio-chemical agents.

[00102] The altered surfaces would also be beneficial in protecting substrates from

corrosion, and improving adhesion, such as epoxy adhesion to a metal surface. They can also

be used to improve the adhesion of thin films to a surface, such as a TiN coating on drill bits,

which would extend the lifetime of the drill bits.

[00103] The altered surfaces would also be beneficial in bone grafting applications. Body

implants can become detached from the host tissue, due to inadequate biocompatibility and

poor osteointegration. Using laser texturing to change the surface chemistry and physical

texture of the implants can improve the biocompatibility and adhesion.

[00104] The altered surfaces would also be beneficial in controlling the tribological

properties of materials, such as friction, wear resistance, load-bearing properties, and

lubrication. The textured surface can act as a micro-hydrodynamic bearing, a micro-reservoir

for a lubricant, or a trap for debris particles generated during a sliding or other motion. This

could result in significant friction reduction in piston rings. Similarly, laser texturing of

cylinder liners in the interior of an engine compartment could reduce wear, friction, oil

consumption, and gas emissions.

[00105] Instead of performing the laser texturing method in chemical gases, the method

could be performed in the presence of gaseous plasma. Because charged species in gaseous 
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plasma can be very reactive, laser irradiation in the presence of gaseous plasma will provide a

much faster speed for texture formation, and further enable control of surface properties.

Plasma sources can be created by various methods, such as excitation with a radio frequency

(RF) source, direct current (DC), alternating current (AC), or a laser system. This approach

provides a method for multi-energy processing technology, where electrical energy for

plasma or discharge creation, laser irradiation for melting and ablation, and chemical energy

by the gaseous environment are utilized to enhance the process and the control of the surface

properties. Also, the sample can be kept at elevated temperatures, or the sample surface can

be irradiated by an infrared lamp to raise the surface temperature, in order to enhance the

chemical reactions or reduce the laser energy. In addition, plasma or ion etching methods are

commonly used for semiconductor chip fabrication and preparation of samples for

transmission electron microscopy. The addition of ultrafast pulsed laser energy could be used

to further enhance this process.

[00106] Combining the laser texturing method with various other processes would also be

beneficial. For example, a one-step process for doping, texturing, and crystallization would

be advantageous from a manufacturing standpoint. Also, laser texturing and laser surface

cleaning could be combined to provide a one-step process. In addition, laser texturing and

surface passivation could be performed as a one-step process. The chemical gas used in laser

texturing cbuld provide the surface passivation by sulfur or phosphorous diffusion. Finally,

laser texturing could be performed in a one-step process with surface hardening. For

example, the surface of steel can be textured, and if a reactive gas such as ammonia or

nitrogen plasma is used, surface nitridation can be achieved. This provides improved surface

properties, such as wear, wetting characteristics, and chemical interactions.

[00107] The foregoing description and drawings should be considered as only illustrative

of the principles of the present invention. The present invention may be configured and 
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performed in a variety of ways, and is not intended to be limited by the exemplary

embodiments discussed herein. Numerous applications of the present invention will readily

occur to those skilled in the art who consider the foregoing description. Therefore, the

present invention is not to be limited to the specific examples disclosed, or the construction

and operation shown and described. Rather, all suitable modifications and equivalents are

within the scope of the present invention, as defined in the appended claims.
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WHAT IS CLAIMED IS:

1. A method for texturing a surface of a semiconductor material, comprising:

providing an etching gas in an area around the surface of the material;

irradiating a portion of the surface with short laser pulses; and

translating at least one of the surface and a laser beam to allow the short laser

pulses to irradiate another portion of the surface;

wherein the method produces a periodic array of pillars on the surface,

resulting in changes in properties of the surface.

2. The method of claim 1, wherein the method additionally produces nanospikes

atop the pillars.

3. The method of claim 2, further comprising sharpening the nanospikes by at

least one of chemical etching and ion etching after irradiating the surface.

4. The method of claim I, wherein the laser pulses have a duration of between

one. femtosecond and one microsecond.

5. The method of claim 4, wherein the laser pulses have a duration of between

one femtosecond and hundreds of picoseconds.

6. The method of claim 1, wherein the laser pulses have a laser pulse energy

density of between 0.1 J/cm2 and 1.4 J/cm2.

SIONYX1403000024.0022
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7. The method of claim 1, wherein the laser pulses have a wavelength of between

200 and 1600 nm.

8. The method of claim 1, wherein irradiating the surface further comprises

scanning the surface in a plurality of directions.

9. The method of claim 1, wherein irradiating the surface further comprises

scanning the surface in a single direction a plurality of times.

10. The method of claim 1, further comprising controlling a surface texture by

controlling a polarization state of the laser pulses.

11. The method of claim 1, further comprising controlling an electrical

conductivity of the material by controlling texturing parameters.

12. The method of claim 1, wherein irradiating the surface comprises at least

partially crystallizing the irradiated surface.

13. The method of claim 1, further comprising controlling a spacing between

adjacent pillars by controlling a wavelength of the laser pulses, a laser pulse energy

density, and a number of laser pulses.

14. The method of claim 1, wherein the etching gas comprises at least one of

sulfur hexafluoride gas, hydrogen chloride gas, helium gas, and argon gas.
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15. The method of claim 1, wherein the etching gas has a pressure of no more than

0.1 atmospheres.

16. The method of claim 1, wherein the etching gas comprises a gaseous plasma.

17. A method for texturing a surface of a semiconductor material, comprising:

providing an etching gas in an area around the surface of the material;

irradiating a portion of the surface with short laser pulses while

simultaneously crystallizing the portion of the surface; and

translating at least one of the surface and a laser beam to allow the short laser

pulses to irradiate another portion of the surface while simultaneously crystallizing

the other portion of the surface;

wherein the method produces pillars on the surface, resulting in changes in

properties of the surface.

18. A method for texturing a metallic surface, comprising:

irradiating a portion of the metallic surface with short laser pulses; and

translating at least one of the surface and a laser beam to allow the short laser

pulses to irradiate another portion of the surface;

wherein the method produces pillars on the surface, resulting in changes in

properties of the surface.
/

19. The method of claim 18, wherein the pillars are produced in a periodic array.

SIONYX1403000024.0024

SAMSUNG EX. 1002 - 2335/4148



WO 2008/091242 PCI7US2006/049065
37

20. The method of claim 18, further comprising providing an etching gas in an

area around the surface.

21. The method of claim 20, wherein the etching gas comprises at least one of

sulfur hexafluoride gas, hydrogen chloride gas, helium gas, and argon gas.

22. The method of claim 20, wherein the etching gas has a pressure of no more

than 0.1 atmospheres.

23. The method of claim 20, wherein the etching gas comprises a gaseous plasma.

24. The method of claim 18, wherein the surface is in air at atmospheric pressure.

25. The method of claim 18, wherein the laser pulses have a duration of between

one femtosecond and one microsecond.

26. The method of claim 25, wherein the laser pulses have a duration of between

one femtosecond and hundreds of picoseconds.

27. The method of claim 18, wherein the laser pulses have a laser pulse energy

density of between 0.1 J/cm2 and 1.4 J/cm2.

28. The method of claim 18, wherein the laser pulses have a wavelength of

between 200 and 1600 nm.

SIONYX1403000024.0025

SAMSUNG EX. 1002 - 2336/4148



WO 2008/091242 PCT/US2006/049065
38

29. The method of claim 18, wherein irradiating the surface further comprises

scanning the surface in a plurality of directions.

30. The method of claim 18, further comprising controlling a surface texture by

controlling a polarization state of the laser pulses.

31. The method of claim 18, further comprising controlling an electrical

conductivity of the material by controlling texturing parameters.

32. A semiconductor surface, comprising a portion on which pillars are formed

with nanospikes atop the pillars by irradiating the surface with short laser pulses while

a substantially pure sulfur hexafluoride gas is provided around the surface.

33. A metallic surface, comprising a portion on which pillars are formed by

irradiating the surface with short laser pulses.

34. A method of using the textured surface of claim 1 to provide a photovoltaic

device.

35. A method of using the textured surface of claim 1 to provide a photodetector.

36. A method of using the textured surface of claim 1 or 18 to provide a high-

efficiency heat sink for an electronic device.
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37.. A method of using the textured surface of claim 1 or 18 to provide a very high

electric field for electron emission.

38. A method of using the textured surface of claim 1 or 18 to generate catalytic

activity.

39. A method of using the textured surface of claim 1 or 18 to perform

osteointegration of a body implant.

40. A method of using the textured surface of claim 1 or 18 to control the flow of

air or fluid over the surface.

41. A method of using the textured surface of claim 1 or 18 to create a two-

dimensional array of micro or nano dimensioned ordered tips.

42. A method of using the textured surface of claim 1 or 18 to manufacture an

optical beam block which absorbs substantially all light from the visible to the far-

infrared.

43. A method of using the textured surface of claim 1 or 18 in micro fluidic

applications.

44. The method of claim 1 or 18, further comprising controlling a color of the

surface.
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45. A method of using the textured surface of claim 1 or 18 to produce a master

for replication.

46. The method of claim 1 or 18, further comprising processing the surface with

chemical etching to provide nano or micro pores on the surface.

47. The method of claim I or 18, further comprising controlling an emissivity of

the surface.

48. The method of claim I or 18, further comprising writing text or images on the

surface by controlling a light reflectivity.

49. A method of using the textured surface of claim 1 or 18 to provide a radiation

shield which operates in a broad spectral range.

50. A method of using the textured surface of claim 1 or 18 to provide an infrared

sensor.

51. A method of using the textured surface of claim 18 to prevent corrosion and

provide adhesion.

52. The method of claim 1, wherein the changed properties are at least one of

optical properties, thermal properties, and electrical properties.
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53. The method of claim 18, wherein the changed properties are at least one of

optical properties, thermal properties, and electrical properties.
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Bin fotoempfindlichee -Halbleiterbauelment in Form einer So-
lax'zelle 1st sum Beispiel aus der Druckschrift 'US 4,177,093
bekannt. Die darln beschriaben® Solarselle umfasst ein do-
tiertes. Halbleitersubstrat, eine darauf aufgebrachfce Scbioht
aus IndiuTRzinnoxid (XTO) sowie- elektrische Kontakte, die auf
der R-ftckselte des Substrate und auf der Oberfl&che der XTO-
Schicht anfgehracht sind. Die XTO-Schicht wirkt mit dem Suh-
strap dsrart ausammsn, dass Mhnlich wie bei eiriem psi-Uber gang
die im Substrat durch Absorption elektromagnetischer Strah-
lung' freigesetsten elektriscshen Badungst.rS.ger aur Erseugung
eines elektrischen Stroms getrennt warden.

Bine we u ce Solarzelle ist aus der Druukschscift US 5,949,123
bekannt. Dxese Solarxelle basiert auf einem p-dotierten Sili-
ziumsubstratin das ein n-Dotierstoff aur Bxeeugung eines
vergrabenen pa-ubergangs implantiert ist. Vm die Reflexion
der oberflathe des: Sxlisiumsubstrats xu varmindem, 1st die
Oberfltahe des Sil.iaa.umsubstrats strukturiert, Au£ diese Wei­
se wird erreic'h.t, dasss ein hdherdr X.<ic.hfcanteil in das silisi-
twsubs t rat e indringen kann.

In der Pruckschrift WO 02/13279 A2 wird bsschrieben, -die
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Qberflache einer Solars®!!© mitt®!® eines Atnverf-ahrens zu
strukturieren, um die Reflexion. der Qherfl&che zu vemindem.

Aus der Druokschrift FL. St-Ubenrauch, M. Fischer, c. Kremin,
S. Gtoebsnau, A. Albrecht, o. Nagel, »Black silicon - New
Functionalities in Microsystems", J. Michromech.» Microeng. 15
(2006), S. 82-86, i©t ein PlasmaStzverfahren zur Herstellting
von nadelartigen Strukturen in Silisiumschichten bekannt.
Weitex'hin beschreibt auch die Druckschxrif t H, Janserx, M, De
Boer, R, Legtenherg, FL Blwenspoek, ,„The .black silicon me­
thods a -universal method for determining "the parameter
setting of a fliaorine-based reactive ion etcher in deep sili­
con trench etching with profile control8, A, Michromech. Mi-
croeng. 5 (1995), S, 115-120, ein Verfahren zur HersteHung
von nadelartigen Strukturen in Siliaium,

Der Erfindung liegt die Aufgabe zugrunde, ein verbesgertes
fotoempfindliches Halbleiterbauelement ancugeben, das sich
insbesondere durch cine effieientere tadungstr&gertrermng
der in eixiem. fotoempfindlichen Halbleitermaterial erzeugten
hadungstrager aueseichnet,

Dieee Aufgabe wird dutch den Gegenstand des Patentanspruchs 1
geldst. Vorteilh&fte Ausgestaltungen und Wsiterbildungen der
Erfindung sind Gegenstand her eibhungigan Anspruohe,

Bel eineffi erfindangsgamaSen Halhleiterbauelement mit einer
fotoetnpfindlichexi dotierten Halbleiterschicht, in der bei Ab-
corpt i on e lektrotiagn®t i s ther S trahi’ang e 1 ekt r 1 s che Lading s -
txagex" freigesetat werden, weist dis fbtpempfindliche Halb-
leiterschicht eine strukturierte Grenzflacks auf, Der atruk-
turierten Grenzflache. 1st raindestans eine Schiubt naahgeord-
net:, di© ein elekt.ris-ches Feld cur Trennimg der £ reigns© ts ten
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kadungstragex erzeugt, wb®i sich das elektrische Feld uber
die strukturierte Gxentfl.&che ergttecktv

Dl® der fotoempfindliuhen H’albleitersc’hxcht nachgeordnete
S.ahich't kann unmittelbar auf die strukturierte Grenzflache
aufgebxacht sein Oder durah sine Oder roehrere Wischenschich-
ten van der fotoempfindlichen Halbleitersahioht beabstandet
sein. Dadur ch > dass die zur Erzeugung exa.es elektrischen Del-
des geeignete Schicht der fotoempfindlichen Halbleitex’schicht
nachgeordnet 1st,- wird ©rreicht, dass sich das elektrische
Feld dbex die strukturierte Grensfla.che der fotoempfindliahen
Schicht erstreckt.. Som.it 1st der aktive Bereich, in dem. eine
liadurigstragertrexmung stattfind©t, aufgrand der Strukturie-
rung der phatoempf indlichen Schiclit 'wesentliah graSer ala- bei
hex’koK?{«2.ic?hen Baueleaseiiten, bei deaen der aktive Bereich bei-
spielsweise aus einer ehenen Grenzflache zwischen .einem Sili-
zxunisubetrat und eiaer XTO-Schxcht ader &us einem innerhalb
des Substrata ausgebildeten pn-Obergang gebildet xst. Durch
die Stmkturierung der fotaempf indlichen Schacht wind also
nicht nur die Reflexion der Grenzfl^che veraindert, sondern
auch der aktive Bereich, in dem Ladungstr&gertrennung stafct-
findetf vergrdSert.

Die dem Substret nachgeordnete Schicht enthS.it insbesondere
ein transparentes elektrisoh leitfdhiges Material. vorzugs~
weise 1st das transparent© elektrisch leitfdhig® Material ein
transparent©© leitfahiges Oxid;, insbesondere indiumZinnoxid
(XTO), Xndiumzinkoxid (XZQj, sinko^id (XnO) odet Cadmium-
Stannat (CTOr CdgSncx*) >

Weiterhih kann das transparent<s ©Xektrisah leitfahige Mater!~
al such ein transparentes Xeitf&higes Polymer sein.
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Bel einer wsiteran b@vorzugtsn AusxEuhrungsform 1st die der
fotoempfindlichen Halhleiterschicht nachgeordnete Schicht e.i~
ne Halhleiteirschicht; die. sich in ihren. Botierungstyp
und/oder Ihrer Dotisrstoffkonzentxation vpn der fotoempfind-
lichen. Balblsiterschicht untersahei^et.

Insbesondere kann die der datierten Xotpempfindlichen Halb-
leiterschicht nachgeordnete Schicht den entgegengesetzten Do-
tierungs typ aufweisen, so dass sum Beispiel die fotoempfind-
liche Halbleiterschicht p-dotiert 1st und die nachgeordnete
Schicht n-dotiert ist odes umgekehrt. Au£ diese Weise wird. an
der GrenzElhche der strukturierten fotoempfindlichen Halblei-
terschicht ein pn-tibergang ausgebildst,» wobei der pn-dJhergang
aufgrand dor Strukturiex'ung -vorteilhaf t gx'dBer 1st als bei
siner ebenen -Grenzflache zwischen den Balbi®iterschichten
entgegengesetzten Dotierungstyps.

kwischsn der fotoempfindliahen Schicht und der ihr nachgeord-
neten Schicht kann kindestens eine Zwischenschicht angeordnet
sein, insbesondere kann. es sich bei der zwischenschlcht urn
eine -Siliziumoxidschicht handeln,- die sich beispiel.swei.se euf
der fotoenspfIndlichen Halbleiterschicht ausbilden kann, bevc-.r
die transparent© leitfShige Schacht aufgebracht wird. Welter-
bin kann es sich bei der -Zwischenschicht auch um eine Schacht
aus einera intrineischen H&lbleitermateri&l handein, insbeson-
dere waan es sich bei der fd.toempfindlichen- -Halbleiterschicht
und der nachgeordneten Schioht urn zwei Halbleiterschichten
mit verschiedenetn Doti erungs typ hands It <

Die strukturierte Grenzfl&ahe der fotcempfindlidhen Halblei-
terschicht 1st vorzugsweise derart strukturiett? dass- sie
Strnkturen einer Breits van weniger als 100 rm aufwe1st,
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Bevorzugt weist die strukturierte Grenaflaohe Strukturen auf,
die sine Breits suischen 10 ran uxid 100 nra aufweisan.

Aufgrund. der strukturierteti Grenzflache 1st swischen der £6-
toena fdndlichen Schioht urid der .naclciolgendexi Schacht ein
Brach racgsindaxgi*adxent ausgebxlclet > go class die Grensfl&che-
wischen den Schichten als effectives Medium wirkt.

teiterhin 1st es vorteilhaf1( wenn die an der Grenzflacks der
fotoempfindlichen Halbleitarschioht erzeugten Sfcrukturen eine
Hdhs von mehr ale 100 nm aufweisen. Insbesondere kann. die H6~
he der an der strukturierten Grensf l&che arzeugten Strukturen
zwlschen 1,5 pm uncl 10 y$a betragen.

Die an der Srensflache der fotoempfindlichen Halbleiter-
schicht erzeugten Strukturen ssichnen. sich insbesondere durch
ein- hohes Aspektverh&ltnis aus. Dies hat den. voxte.il , dass
die Grenzfliche im Vergleidh zu einea* nahezu gl.atten Grenz«
fl&che erheblich vergrofiert wird. Bevorgugt betr&gt die Hohe.
der Struktux'an im Mittal mindsstens da® 10-fache der Breite,
besondexs bevorzugt. sogar mindestens -das SO-fache der Breite.

Bel einer vorteilhaften Ausgestaltung weist die stxukturierte
Grenzfl&che der fotoempf indlithen Halble i terschichi Struktu,-
ten auf ,■ die uberwiegend, also tnehr ale zur Hal ft©,, eine
Flankensteilheit von mehr als 450 aufwe-isen... Beispielsweise
kdnnen die Flanken der strujkturen winked, iw Bereicdi von 80°
bis BSe mit einera Haupt ©bene der photoempf indliclisn .Halblei-
ter-s-chicht einschlieSen. Xnsbosondere- kann e.s sich bei deh.
Strukturen urn nadelfSxmige Structures handeln.

Die strhk'turierte Gran.sfl3.che kann insbesoridere eine stc~
chajstis-che Struktur aufweiseu, also eine Strdkitur, bei. der
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di® Struk-turhohen und Strukturhxeiten ire Gegexwatz zu deter-
Tnini$t.isch.en. strukturen, die beispielsweise mit lithografi-
schen Techniken erzeugt warden, eine statistische Vertexlung
auf weis^fi,

Bevorzugt 1st die strukturierte Grenz£l&cbe mittels eines
Atxverfahx'ens strukturiext, -Pazu wird vorxugsweis® ain-'Plas-
luaatxverf ahren eingesetzt, wie insbesondere ein XCP-
Atzverfahxeii (inductively coupled plasma.) . Altsrnativ kdnnen
aber auch. andere Verfahren der physikalisehen Abtragung wie
beisplelsweise Laserstruktur.ieru.ng eingeset-zt terden.

Die Anwendung exiles Atzverfahrens zur Erzeugung einer sto-
chastischen St.rukt.ur 1st im Vergleich. zu lithographis-chen
Struk'turiertmgsverfabren. vortexlhaft, well der Here tel lungs-
aufwand vergleichsweise gering xst.

Altexnativ 1st es aber auuh mdgllcrh, class die Grenaflache der
fotQsrapfindlichen Halbl.eitersch.iaht sine deterministische,
also vorbestirmnt® Struktur aufweist, die beispielweise .11-
tbografisch, insbesondere unter Verwndung einer ht.xmas.ke,
hergestellt 1st..

Die Erf indung wird im Folgenden anhand von Aus-fiihrungsbei-
spielen naher erlautert,

Es zeigenj

Figur 1 eine: schematische Dax-s tel lung sines Halhleiterbau-
elements geraafi einem ersten Ausfuhrungs bed spiel der
Erfindung,
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Figur 2 eine' grafische Darstellung der Reflexion ainer
strukturi.erten Silisiumsahicht im Vsrgleich zu ei~
ner unstrukturierben Mlisiumschieht und

Figur 3 eine sohematisahe Darstellung einas halbleiterbau--
elements gemaS einem .zweit.en Ausfuhruxigsbei spiel
det Arfindung,

Glelche oder gleiuh wirkende Blemente sind in den Figuren mit
den glexchen Bezugs zeichen versehen. Die Figuren -sind nicht
ale tnafistahsgerecht anmisehen, viSltnehr kdnnen einzelne Ele­
ments 2ur Verdeutli-chung ubertriebsn groB dargestellt' sein.

Das in Figur 1 dargestellte Halbleiterbauelemant 1 gamaS ei~
nem ersten AusfOhrungshsispial der llrfindung "1st eine Solar-
selle, die eine fotoempfindliche Halbleiterschicht 2f zum.
Beispiel eine p~dotlente Silissiumschichtf enthdlt. Die Halh~
leit-erschicht 2 kann in.sbesonde.re ein. Silisium-Wafer seln,
der typischerwei.se eine Dicke von mehr als 1Q0 pm aufwaist.
Alternativ kann die Halhleiterschicht 2 aber auch sine auf-
ein Substrat auigebrachte Halblsiterschinht sein, sum Bel-
spiel, sine auf einen metallischen R.eflektox* (nicht darge-
stellt} aufgebrachte Halbleiterschiaht. <

In .dex fot.oeKipfind.lichen Halbleiterschioht 2 warden .be.im Awf-
treffen elektromag.netis.cher Strahlung, die durch die .Pfeil® <5
angedeutet ist, elektrische Dadungs.trdger' f■reigesetst. Xns.be-
sondere kann es sich hei dem Balbieitexbauelament 1 um sine
golarzelle handeln, hei der dutch Absorption von Sonpenlicht
in ucr fotoempfipdlichen HalbXe.ite;rsch.idht 2 Biektron-Doch~
Paare als freie Ladungstrager erzeugt. warden,.
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Auf die fotoempfxndliche Halfeleiterschioht 2 ist e.ine Schicht
3 aufgebrachfcf isxttels der .ein elektrinches Feld zur Trennung
der freigesetsten Ladu.ngstra.ger erseugt wird. Auf dies© Weise
kaxui insbesondere exit elektr'ischex' Strom aw den .freigesets-
ten Ladungs'tr^gem eraeugt warden., Urn den elaktrischen Strom
aus dem Halhleitexhauelemexit 1 abzufuhrerg kann ein erater
elektrischer kontakt 4 an einer von der Schacht 3 abgewndten
Ruckselte der Halbleit.erschiaht 2 und ein weiterer elektri-
scher Kontakt 5 auf der Schacht 3 angeordnet sain. Der zweite
elektrische Kontakt 5 kann beispielWeise straifenfdrmig uber
die Greneflache der Sohicht 3 gefdhrt sein.

Die fotoempfihdliche Halbleiterschicht 2 weist eine struktu-
rierte Grcnzflacks 7 auf. Die strukturiert® Grenz'fl&ohe 7
kaiin beispielsweis® mit einem Plasmadt avert ahrenf insbesonde-
re durch induktiv gekoppeltes Plasmas.tsen (Id?) erzeugt wer-
den., Dabei warden beispielsweise SFg and Oj. als Atzgase ver-
wendet. Die Form der erzeugten Strukturen kann dabei dutch
die Wahl der ^tzparameter, insbesondere her Sus.aiwenset2it.ing
den Atrgasef gezielt singestelIt warden. Geeignete Plasma&tz-
verfahren, insbesondere wr Erseugung nadelfarmiger .Struktu-
ren, sind an si ch. aus dan in der .Einlei tung si'tierten Druck~
schriften bekannt und warden daher nicht naher ■erlfetert.

Bevorzugt warden mit dem Atzverfahren an der Grenz£1ache 7
Struktwen erz.eugt, die ein hohes Aspaktverhaltnis aufweisan.
Die Grsnsflaohenstrukturan weisen bevorzugt eina Hdhe h auf,
die greSer ale ihre Breits b 1st. Bevorzugt betrdgt die Hbhe
der strukturen h im Mittal mindertens das 10-faohe der Breits
b, beaanders bevorzugt sogar mindestens das so-fache der
Breite b. Xnsbesondere zeictaen .sich die Etrukturen vorteil"
haft dur ch eine hche Flankensteilhe.lt au.f. Bevorzugt weisen
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die Strukturen. uberwiegexid, das tisifit mindestans zur Bal.fte,,
eine Flankenstailheit. von wehr als 45* auf,

Die Breite b dsr strukturen betragt beverzugt wanigrer ale 10 0
,nnif ix^bespndere zwischen eirisohliehliah ID am xmd ein-
gchXieSlich 100 p». Die Hohe h der Struktursn der GrenxfXaeha
7 betragt vorzx3.gswei.se zwisohen feinsehXieSlich 1,S- pw und
einsohlieBlidh s pm,

Die strukturiemng der Grensflache 7 der Halbleitersohioht 2
wirkt sich in zweifacher Hinsicht positiv auf die Bffizienz
des Halbleitexrbauelemenfcs 1 a.us, Zxxm einen wired die Reflexion
der Grenzflack© der Halbleiterschicht 2 durch die Strukturie-
rung vermindert, Aufgrund der Strukturiexung der fotoempfind­
lichen Halbleiterschicht 2 varmixidert sich auoh die Reflexion
der Oberflaohe des Halbleiterbauelements, warm die mindestene
eine der Halbleifcerschicht nachfolgande Schicht 3 .derart duxm
1st, dass auch ihre Oberfl&che die Snrukuxrierung- aufweist.
Die Vertninderung her Reflexion der Grenz.flaohe 7 der Halblei-
terschicht 2 wird in Figur 2 verdeufclicht< in der die Refle-
xien einer Silisiumschicht vox und nach der Strukturiemng in
Abhangigkeit von der wellenlilnge dargestellt ist. Die Kurve 9
stellt; die Reflexion, der Slliziumschicht vox der strukturie-
rung und die Kurve 10 die Reflexion her Silisiumschicht nach.
der Strukturiertrng dar. Da die strukturierte Schicht eine we~
santliche geringere Reflexion ale eine unstx’ukturierte
Schicht aufweist, kann ein grdSerex' Anteil dar auftreffenden
S't-rahlung in die photoerapf indliche' Schieht eindx’ixrigen,- wo-
durch die Bffinienz de a phdtcemp.f indlichen Halfeleiterbauele-
ment-s verbessert wird..

Ein weiterer Vorteil der Strukturierung der 'Halbleitarschicht
2 ergibt sich daraus, dass die schicht 3, mittals der ein
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elektrisches Feld zur Trennung der in der 'fotoempfindlichen
Halbleit.e,rschio:ht 2 fteigese.tzten Laduugstrager erzeugt wird,
der Halbleiterschicht. 2 nachgeordnet istr d.h, auf Oder fiber
der photoesipfindlichen Halbleiterschicht 2 angegrdnet 1st.
Auf dies® Weise wird erreich't,- dass siah das elektrische
Feld, mit dem die freigesetxten badungstrager getrennt wer-
den, uber die strukturlerts Grensfl&che 7 der Halbleiter-
schicht 2 erstreckt. Der Bersich, in dem die Ladxmgstragex-
trennung stattfindet, 1st daher grower ale Im Fall einer un~
strukturierten Grenz flache zwischen einer Halbleitersohicht 2
und der ihr na'chgeordneten Schicht 3. Beispielsweise kann
durch die Strukturierung die GrenzfXache 7 der fotoempfindli-
chen Halbleiterschicht urn. e'inen Faktor 10 oder mehr vergro-
Bert. werden.

Die der strukturierten Halbleiterschicht 2 nachgeordnete
Schieht 3 erithalt voraugsweise ein transparentee elektrisoh
leitfShiges Material, insbesondere ein txsnsparentes leitf&~
higes oxid Oder ein transparent©® le.itfahiges Polymer,. Die
Schicht 3 kann sum Beisplel eine Dicke von etwa .1 pm au-fwei-
sen,

Geeignete transparent© leitf&hige Oxide .sind insbesondere In-
diumsinnoxid (ITO) und Xndiumzinkoxid (XZO) . Weiterhin sind
Zinkoxid (ZnO) , das insbesondere mit Al dotiert sein. kartn,
oder Cadmium-Stannat (CdgSnO^) geeignet.

Alternativ 1st es auch. moglich, ias.s die Sc-hicht 3 ein Halh~
leitermaterial aufweist, das einen zu der Balbleiterschicht 2
entgegengesetsten Dotierungstyp aufwaist.. -.Beispielsweise. kann
die Halbleiterschicht 2 p~dotiert und die Schicht 3 u-dotiert
seis, in diesem Fall ist swischen der Halbleiterschicht 2 und
der schicht 3 eto pn~tfeerga.ng ausgebildet, der sinh fiber die
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etruktgrierte Grenzf.lache 7 der Hal.blfeit..ers-qhlc.hfe 2 er-
sstreckt. Ber Bereiah des pn--tiber gangs 1st aufgrand del" Struk-
turiftrung vorteilhait wesentlidh grdSer ale dm Fall einer e~
toenen Gremfl&ahe wischen. einer p-datinrten Halbleiter-
sahicht end einar n-dotierten. Halbleitersch.ich.t.» Bel den
Sahiahten 2f 3 karm es slab beispielswelse urn Siliaiumsahich-
ten mit unterschiedllctier Uatierung handeln, M'temativ kdn-
Tien abax* such andere Halbleitexmateriallen. eingesetzt warden,
beiapielsweise III-V-Halblaibermaterialien wie insbesondere
GaAb Oder IrlAs.

Das in Figur 3 dargesiieXlte AusfOhruxigsbeispiel aines Halb~
leltarbauelaments unirerscheidet eich /on derjs in Figur 1 dar-
gestellten dadurch, dass xwisahen der fotaertrpfindliahen Halh-
leitersahioht 2 and her ihr nachgaordneten Schicbt 3, mittels
der das elektrische Feld, zur X^dwagstr&gertrennung erzeugt
ward, else Iwischenschicht 8 angeordnet 1st. Insbesondere
kann die fotoempfindliche Halbleiterschicbt 2 sine Dilizium-
schicht und die £wischenschicht 8 eine Sili^i-uiuaxi-dschicht.
sein. Die. Silisiumoxidschicht S kann insbesondere eine natter
liche Qxidschiqht. eein, die slab, auf der Silisinmsahicht 2
ausbildst, wenn die Halbleiterschiciit 2 vor dem Aufbringen
der Sahl ebb 3 in Kon.ta.kt rait Inf t gerat.

Wei.terhin kann es slab bei der 2wisoh.enschic’ht 8 auch um eine
Schiaht aus einem intrinsisohen Halbleltermateria.l handeln,
die beispielsweise jswischen zwei entgegengesetzten dotiertsn
Halblsitersehichteh eingsfdgt 1st, urn die Kekombinatlon dor
la.dungstrage.'r zu vermindem.

Die Erfindung 1st. nidht duroh die Beschrsifoung anhand. der
Ausfuhrnngsbeispiele beaahrankt. Vialmehr umfasst die Sxfin-
dung jedes neue Merkmal sowie jede Kombination van Mertaalen, 
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was insbesondere jed.® Kambinatlcn von 'Mer-kmalen in dan Pa-
tent.ansprfichen beinhaltet f augh wenn. dieses Merkwal oder die-
se Combination s.elbst. nicht eacpli^it in den Patentansprfdhen
ocler Ausfdhrungeheispielen angegeben 1st,

SIONYX1403000024.0060

SAMSUNG EX. 1002 - 2371/4148



WO MMWHSmO
- 13 -

Patenfcandprtwhe

1> .Halblaiterbauelement (1) mit einex fotoeopf indl iohen do-
tierten Halbleitetschioht (.2). , in der bei Atosorptlan e-
lektromagnetischer strahlung ($} elektrisehe hadungstxa--
ger ..freigeset-zt werdenf: wo'be.i die: fatcampf ind'liche .Halb-
leiterschidht (2) eine strukturierte Grensflathe (7)
aufweistf
daduxch gstemxeichnet, dass
der strufcturierten Grenafldcfe (7) mindsstens eine
Schicht (3) nachgeordnet 1st, die ein elektrisches Feld
zur Trennung der freigesctsten Ladungstrfiger erceugt(
wcbei eich das elekt-rische Feld fiber die strukturierte
Gremflache (7) srstxeckt.

2. HalbleiterbausXsment nach Ansprunh 1,
dadurch gekennze ichjjet, dass
die der fotoestpfindlichexx Halbleiterschiaht (2) nachge-
ordnate Scbicht. (3) ein transparentes alektrisch leitfa-
higes Material enth&lt,

3 , Halhleiterbaueleniciit nach Anspruch 2 f
dadur ch geksnmeichnetdass
das txanspaxente elektrisch leitfahige Material, ein
transparentes leittahiges Oxid 1st.

4-. Halbleiterbauelejftent nadh Anspruc'h 3 ,•
dadursh gekemzeiqhnet, dass
das transparent.® leitf&hige Oxid Xiidiv^xinnaxid., Indiim-
rinkoxid, ^inknxid oder Cadmium-Stannat 1st.

&. HaXbleiterbanelement naoh Anspruch 2,
fi.ad.urch gekennaeichnet--, dass
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das transparent® elektriscli leitfdhige Material tin
txansparentes leitfkhiges polymer ist <.

6 . Halbleiterbaue lewt nach Anspruch 2,
dadarch gakerxnzeiehnet f dass
die der fotoetxpf indlichen Halhleiterschicht (2) naohge-
ordnete Schicht (3) eine Halblsitereohicht 1st, die sled
in ihrem Dotierungstyp und/oder ihrer Dot iexstof ikon--
gentration von der fotoempfindliohen Halbleiterschich.t
(2} wn terscheide t.

7. Halblelterbauelement tach eiiiem der vorhergehenden. An-
spruche f
■dadurch geketinseiohne t, date
zwischen der fotoetrtpfixidlichsn Schicht (2} und dex ihx
nachgeordrieten Schlett (3) mindesten.s eine Kwischen-
schicht {§) angeordnet. ist.

8 , Ha'lblel..terbauelement nach Snspmch 7,
daduroh gskennsei chnet; dass
die .Zwischenschicht (8) ein Siliziumoxid Oder ein in-
txinsisclles Halbleitermaterial enthalt.

9. Halbleiterbauelement nach einem der vorhexxjehandsn An-
spruehe s
dadux'oh gekennaeichnet f dass
die strukturierte Grengfliche (7) der fotoempfindliehsjx
Malfe-.leitersehieht (3) Strukturen nit einer Breite (b)
ton weniger ale 100 nm aufwaist.

10. Halbleiterbaueletnent naoh einein der vorhex'g'ehenden Ari-
spruche,
dadurch gekenrizeichnet, class
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die strukhurierte Grsnaflache (7) der f©fcoetepfindlichen
Halbleiterschichfc (2) Strukburen mit einer Hc<he (h.) von.
Siehr als 100 ms aufweist,

11, Halbleiterb^uelement na.ch Anspruch 10,
dadurch. gekennsexchnetf dess
dis strukturie.rte OtenaflicM (7) cter fotoempfindl.ichen
Halbleibex-schicht (2) Strukturen mit siner Hdhe (h) zwi-
schen 1,5 pm und 10 pm aufweist.

12. Halbleiterbauelement nach einem de.r vorhergehenden to-
spr ticks,
dadurch. gekenn.ee i ahxiet , dess
die strukturierte Greneflache (7) der fotoempgindlichen
Halbleitersahioht {2) Sfcrukturen .aufweist, deren Hdhe
mindestezw das 50-~fache der Breits betragt.

13, Halblei-terbauelement- naah. einem dsr vorhergehenden An~
spruche,
dadurah. g®kermsei<2hnat, dass.
die strukturierte GrerisfIglche (7) der gotoempfxudliched
Halbleitersch.iah't (2) Strukturen mit einer Fldehendiohte
von mindastens 10'^ cm”*5 aufwsist.

14. Halbleiterbauelesient naah einesi der vo.rhe.rgehend.sn An-
sprtiche f
dadwxch gdkennze.ichnet, dess
die strukturiex'te Grenzflathe (7) der gotoampfindlichen
Halhlextarschicht (2} Strukhuren aufweist, die uberwle-
gend eine Flankenstailheit van aiehr ale 45c aufweisen,

15. Halbleiterbauelemept nach einem der vorhergshenden An.-
sprdqhef
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dadui’ch gekennzeidmet, das®
die strukturierte GxenzfXache (7) der fotaempfindlichen
Halbleiterechicht (2) eine stochastische Struktur auf»
we let.

16. Halbleiterbaueleraent nach einem der Anspruche 1 bis 14,
dadurch gekemizeichnet, dass
die strukturierte Granas figche (7) der fotoempfindlicheu
Halbleiterschicht. (2) sine deterministisaha Struktur
aufwei^t.

17. Halbleitex-bauelsmsnt nach exnesx dar vox'hergahenden An.~
spruche..
dadurch gekennKeichnet, dass
die strukturierte Oren®flache (7) der foboesnpfindllahan
Halbleiterschicht (2) mittels eines Atcverfahrens struk-
turiert 1st.
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ductor sensor for efficient sensing of radiation in one or more regions of the spectrum. Arrays and imaging products using such
pixels are disclosed.
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Response-Enhanced Monolithic-Hybrid Pixel

I. Technical Field

[0001] The present disclosure relates to die detection of electromagnetic

radiation, and more particularly, to methods and articles for detecting such

radiation using monolithic or hybrid semiconductor-based designs that have

improved response to incident radiation.

II. Related Applications

[0002] N/A

III. Government Funding

[0003] N/A

IV. Background

[0004] Pixels, or “picture elements,” are the basic light- or color -detection

and display elements that form a digital image. Typical digital video and imaging

systems use a collection of detector pixels to capture a two-dimensional image field

at a capture end (such as a camera) and another corresponding collection of

display pixels to display the corresponding two-dimensional image at a display end

(such as a monitor). In digital imaging systems, an array of light-sensitive pixels,

each including a light sensor or detector, respond to an intensity of incident light at

each pixel location, providing an electrical output representative of the incident

light. The output of an imager can be referred to as an image.

[0005] Motion or video cameras repeat the process described above, but

permit a time-sequence to be captured, for example at regular intervals, so that the

captured images can be replayed to recreate a dynamic scene or sequence.

[0006] Most film and digital pixel imagers include wavelength-specific

sensors or detectors. The chemical composition of the film or rhe design of the

digital pixels and associated filters determines the range of wavelengths of light to

which the film or pixels respond. Practically, a detector or imager has a frequency

response that is optimised to provide images of light in the range of wavelengths

the imager is designed for. The most common examples are sensitive to visible

light (e.g., red, green, blue, and combinations thereof). Visible light corresponds to

1
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the range of wavelengths of electromagnetic radiation to which our eyes are

sensitive, and is generally in the range of 400 to 750 nanometers (nm).

[0007] Special film and digital pixel imagers arc designed for low-light

operation to provide night vision capability for military, security, or other special

applications in which an illumination source is not available to cause a visible light

image. Low-light or night vision, imagers rely on detecting and imaging

frequencies below (wavelengths longer than) the visible (red) wavelengths, and are

sometimes called infra-red (IR) detectors. IR detection is more suited for picking

up heat emissions from objects such as a person’s body or a vehicle. IR radiation

itself can be roughly divided into sub-spectra including the near-infra-red (NIR)

having wavelengths between about 750 to 1100 nm, short-wave-infra-red (SWIR)

having wavelengths between about 1100 and 2500 nm, medium-wave-infra-red

(MWIR) having wavelengths between about 2500 and 8000 nm, and long-wave-

infra-red (LWIR) having wavelengths between about 8000 and 12000 nm. These

ranges are defined somewhat arbitrarily, and ate given merely for simplifying the

following discussion, and those skilled in the art will appreciate the generality of

the discussion as it relates to the bands of wavelengths of the electromagnetic

spectrum.

[0008] Present visible light imaging cameras have used silicon devices

made with CID, CCD, or CMOS APS architectures. The low cost and efficient

collection of photons from 400-750nm wavelengths has enabled silicon devices.

Extending the use of silicon imagers into the neat infrared (NIR) band requires a

greater volume of material to detect these wavelengths because of silicon’s

relatively low absorption coefficient in this wavelength range. This increases the

size of the detectors and causes increased leakage current and requires expensive

manufacturing processes or higher voltages to operate. The use of thick silicon

substrates also limits the ability’ to integrate other devices.

[0009] Present low-light or night vision IR imagers are usually less

sensitive than would be desired, lack color definition, and have limited frequency

response. Also, low-light imagers can be more costly, noisy, and require greater

circuit resources than visible light imagers to achieve useful gains in low-signal

conditions. Furthermore, IR sensors are Larger than would be desired for

compact portable applications because most IR sensitive materials must be cooled

significantly to achieve good performance. Most sensors that can detect long- 

-2-
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wavelength portions of the electromagnetic spectrum remain poor at detecting

visible light, especially in the short-wavelength portions of the spectrum, for

example blue and violet light.

[0010] One presently available solution is a stacked detector, as described

for example in U.S. Pat. No. 6,111,300 to Cao, et al. However, this detector fails

to adequately capture radiation in a range suitable for some applications with

sufficient sensitivity. In addition, present systems do not generally provide for

efficient cost and space-efficient readout circuitry for use with stacked detector

elements. Also, such systems lack the flexibility7 in their design to selectively

optimize the detectors for a variety of uses under cotresponding conditions.

[0011] In summary, present imaging sensors and pixels do not sufficiently

capture the full range, of wavelengths useful for developing good images across

long and short wavelength portions of the spectrum, and improved detector

designs and readout circuit integration is needed for such detectors.

V. Summary

[0012] From the discussion given above it can be appreciated that better

detectors capable of operating in a variety of wavelength ranges are desirable. The

following discussion provides such improved detection methods and apparatus,

including methods and apparatus for detecting light in the IR ranges as well as

shorter visible ranges, including in the blue range. Greater bandwidth detectors

allow imaging in a variety of lighting conditions, for example in day and night.

Embodiments hereof provide silicon-based imagers and detector elements capable

of imaging across a range of electromagnetic wavelengths, including in various

portions of the IR spectrum and in a wide range of lighting conditions.

Additionally, the present embodiments provide compact, thin designs that offer

increased sensitivity and resolution at a lower cost than presently available systems.

Embodiments hereof provide improved manufacturing and process handling

capability for producing the detectors and for implementing readout circuits

associated therewith.

[0013] A specific embodiment hereof is directed to a light-sensing pixel

for detecting at least a portion of the electromagnetic spectrum, including a first

detector element having a laser-treated detector portion for detecting a first range

of wavelengths of the electromagnetic spectrum; a second detector element for 
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detecting a second range of wavelengths of the electromagnetic spectrum; a

collection point for accumulating a first electrical output of said first detector

element as well as a second electrical output of said second detector; a bias point

for applying a biasing voltage to said first detector element and capable of affecting

the first electrical output of said first detector element; and an output point for

providing an electrical output of said light-sensing pixel.

[0014] Another embodiment hereof is directed to a light-sensitive array

comprising a plurality of pixels as described above, wherein said plurality of pixels

each provides an electrical output that can be addressably sensed and contributes

to a collective output of said array.

[0015] Yet another embodiment is directed to an imaging apparatus

comprising an array of pixels as described above such that an image corresponding

to said collective output of said array or pixels can be captured or displayed.

[0016] Other embodiments and uses for the methods and systems given

herein can be developed by those skilled in rhe art upon comprehending the

present disclosure.

VI. Brief Description of the Drawings

[0017] For a fuller understanding of the nature and advantages of the

present invention, reference is be made to the following detailed description of

preferred embodiments and in connection with the accompanying drawings, in

which:

[0018] Fig. 1 illustrates an exemplary light-sensing pixel including a black

silicon detector element;

[0019] Fig. 2 illustrates an exemplary light-sensing pixel including both a

black silicon detector element and another detector element which can be

hybridized onto the pixel for enhanced response; and

[0020] Fig. 3 illustrates an exemplary cross-sectional view of a response-

enhanced pixel.

VII. Detailed Description

[0021] The present disclosure describes systems and articles of

manufacture for providing light sensors, pixels, detectors, or imagers and methods

for making and using the same. These methods and apparatus are useful in many

applications, including applications benefiting from imaging in a variety of light 
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conditions. In some embodiments the detectors and techniques provided herein

can be adapted to small, inexpensive, low-power, portable applications such as

hand-carried, helmet-mounted and similar applications.

[0022] Some or all embodiments hereof include a sensor or detector

sensitive to certain electromagnetic wavelengths and formed into a device on a

semiconductor substrate. Tn some embodiments, the detector includes a portion

comprising a semiconductor material, for example silicon, which is irradiated bv a

short pulse Laser to create modified micro-structured surface morphology. The

laser processing can be the same or similar to that described in U.S. Patent No.

7,057,256 to Carey et al., which is hereby incorporated by reference. The laser-

processed semiconductor is made to have advantageous light-absorbing properties.

In some cases this type of material has been called “black silicon” due to its

visually darkened appearance after the laser processing and because of its enhanced

absorption of light and IR radiation compared to other forms of silicon.

[0023] Generally, the wavelength of the irradiating laser pulse for making

black silicon, its fluence, and pulsewidth can affect the morphology of the

microstructured surface. In some embodiments, the laser fluence may be between

about 1.5 kJ/m2 and 12 kJ/ m’, but can vary depending on the substrate

composition. The choice of the fluence of laser pulses irradiating a silicon wafer

to generate a microstructured layer therein can also affect the gettering

performance (capacity' and/or specificity) of a microstructured substrate. In

general, in various embodiments of the invention, the laser pulse fluence is

selected to be greater than about 3 kJ/nr. More preferably, the fluence may be

chosen to be in a range of about 3 kJ/ tn2 to about 10 kJ/ tn2, or a range of about

3 kJ/ m2 to about 8 kJ/ m2.

[0024] Additionally, the laser pulse length can affect the morphology and

absorption properties of the treated silicon. Irradiation of a substrate according to

the invention can be with femtosecond laser pulses or picosecond or nanosecond

pulses. Other factors that can affect microstructures morphology include laser

polarization and laser propagation direction relative to the irradiated silicon

surface.

[0025] In some embodiments, the laser microstructuring of a substrate is

performed in the presence of a mixture of two or more substances where needed

to accomplish the present purposes. For example, silicon samples treated in the 
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presence of a mixture of SF6 and CL exhibit an increase in the microstructure

density at higher partial pressure of SF,V

[0026] We now turn to a description of an exemplary apparatus for

detecting electromagnetic radiation or light in at least a range of wavelengths of the

electromagnetic spectrum.

[0027] Fig. 1 illustrates an exemplary pixel 100 comprising a photonic

detector 110 of the laser-treated type described above (sometimes referred to as

‘black silicon’ detector) which can be integrated into a same substrate as the

readout circuitry7 for the pixel. Radiation in certain wavelength ranges incident on

pixel 100 is detected by detector 110 and creates a corresponding current iBS- 115,

which represents an electrical output, to flow bom the detector. A direct injection

detector bias 120 is applied to hold a relatively constant voltage across the detector

110.

[0028] Integration capacitance Cinr, 150 which may be physical or parasitic

and represents a collection point, integrates the charge collected by flow of current

iBS- 125 through the capacitor 150 over some time. Note that in this embodiment,

currents 125 and 115 arc equivalent and integrate on Cmt, 150, A resultant output

voltage is provided at the input of signal buffer 160, which represents an output

point. Contact post 130 in this exemplary embodiment is not used but may be

exposed at the surface of pixel 100, and can be used as will be described below to

couple to a hybridized detector element to enhance the response of a pixel. Signal

buffer 160 is addressed by column 190 and row enable switch 180 for non-

destruewe reading of pixel 100. It should be appreciated that a source follower

buffer, row switch, and column line are merely examples of a generally realizable

output port, which here includes circuit elements 160, 190, and 180 only by way of

example. A reset switch 170 shorts out capacitor 150 thus resetting the collection

process. During normal operation detector 110 is reverse biased by the bias

voltage applied to terminal 120 as mentioned above.

[0029] In some applications, the pixel 100 and its laser-treated detector

110 allow for detection and sensitivity to long wavelength radiation including in

ranges beyond the visible range of the electromagnetic spectrum, such as the near

infra -red or the infra-red ranges.

[0030] Fig. 2 illustrates an exemplary response-enhanced pixel 200 having

both a first laser-treated detector element 210 similar to those described above, but 
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also includes another light sensitive detector element 240. Second detector 240

may be sensitive to a range of the electromagnetic spectrum that is different from

the range of wavelengths that first detector 210 is sensitive to. For example,

second detector 240 may be sensitive to shorter wavelengths than first detector

210. Mote specifically, second detector 240 may be sensitive to wavelengths

nearer the blue light or ultraviolet (short) wavelengths of the visible spectrum. As

will be described below, this can allow for an overall pixel 200 that has sensitivity

to a broad range of wavelengths ranging across those detected by f irst detector 210

(e.g. longer wavelengths) to those detected by second detector 240 (e.g. shorter

wavelengths).

[0031] In this embodiment, a first current or electrical output i8S1 215

from first detector 210 as well as a second current or electrical output i, |vb 245

from second detector 240 are summed and cause an integrated collected charge on

collection point or capacitor C)nt 230 to develop an output voltage at output point

or signal buffer 250.

[0032] The pixel 200 can be addressed and read on column 280 and row

enable 270 and can contribute to an array of pixels 200 in an imaging product as

discussed earlier. Again, a reset switch 260 can be provided to zero out or reset or

short out integration capacitor 230. As discussed earlier, an generic output

port can be used in the present context, of which the present embodiment includes

circuit elements 250, 270, and 280 only by way of example.

[0033] In manufacturing such enhanced response detector pixels 200, the

second detector element 240 may be hybridized over a monolithic pixel array using

the previously-unused post 130 of Fig. 1. The second detector 240 can be selected

and constructed such that it provides a great enough output resistance to the

circuit of Fig. 2 so that a change in voltage on capacitor Gm! 230 not to

substantially affect the generated photocurrent i[fvb 245 of second detector 240.

[0034] The combination of the detected light and corresponding outputs

of detectors 210 and 240 can be used to form enhanced response pixels and

enhanced response imaging products having a plurality of pixels such as the

exemplar}' pixel of Fig. 2. Such imaging products can couple a grid of pixels 200 in

a two-dimensional format to form sensors such as cameras and scanners that are

responsive to a wide range of electromagnetic wavelengths. The output voltage at

-7-
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non-destructive signal buffer 250 will thus correspond to, and in some cases be a

function of, the photon flux detected at each detector element, 210, 240.

[0035] It should be appreciated that the present disclosure can apply to

more than just two detector elements, but rather, three or more detectors could be

used, each sensitive to a range of wavelengths in a pixel structure.

[0036] In some embodiments, the structure of the present monolithic-

hybrid pixels and the low reverse bias voltages required to bias the black silicon

detectors allows selective shutting off of the black silicon detectors in situ. That is,

the detectors T10 and 210 of Figs. 1 and 2 may be secured by proper application of

bias voltage at terminals 120 and 220, respectively. In the example of the pixel 200

of Fig. 2, this can be used to provide unique and useful integration qualities to

pixel 200, and can provide useful discrimination in color detection by pixel 200.

The nondestructive read buffer 250 allows varying integration times without

destroying or losing the collected charge on integration capacitor C-!lt 230.

[0037] In some embodiments the present pixels provide multi-color

sensing, multi-integration sensors that enhance the overall response and usefulness

of an associated sensing array or imaging product.

[0038] Fig. 3 illustrates a representative cross-sectional view of an

exemplary response-enhanced pixel 300 similar to that described earlier with

respect to Fig. 2.

[0039] Another feature of the presen t embodiments that facilitates its use

in practical applications is that the present laser treated silicon is compatible with

most standard CMOS readout circuit substrates, and can leverage known silicon

MEMS and amorphous silicon MEMS technologies such as silicon MEMS

cantilever technology.

[0040] The present invention should not be considered limited to the

particular embodiments described above, but rather should be understood to cover

all aspects of the invention as fairly set out in rhe attached claims. Various

modifications, equivalent processes, as well as numerous structures to which the

present invention may be applicable, will be readily apparent to those skilled in the

art to which the present invention is directed upon review of the present

disclosure. The claims are intended to cover such modifications.

[0041] We claim:

88
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VIII. Claims

1. A light-sensing pixel for detecting at least a portion of the
electromagnetic spectrum, comprising:

a first detector element having a laser-treated detector portion for
detecting a first range of wavelengths of the electromagnetic spectrum;

a second detector element for detecting a second range of wavelengths of
the electromagnetic spectrum;

a collection point for accumulating a first electrical output of said first
detector element as well as a second electrical output of said second detector;

a bias point for applying a biasing voltage to said first detector element
and capable of affecting the first electrical output of said first detector element;
and

an output point for providing an electrical output of said light-sensing
pixel.

2. The pixel of claim 1, said first detector elem ent comprising a
black silicon detector portion that is sensitive to electromagnetic wavelengths in
an infra red range of the electromagnetic spectrum.

3. The pixel of claim 2, said second detector element comprising a
semiconducting photodetector element that is sensitive to electromagnetic
wavelengths in a visible range of die electromagnetic spectrum.

4. The pixel of claim 1, further comprising readout circuitry
including addressing switch points for addressing said pixel.

5. The pixel of claim 4, said readout circuitry constructed and
arranged along with said first detector element in a monolithic semiconductor
structure.

6. The pixel of claim 5, said second detector element constructed
and arranged in a hybrid arrangement to be coupled to said monolithic
semiconductor structure.

7. The pixel of claim 1, further comprising a post for coupling said
second detector element to said readout circuitry' and said collection point.

9
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8. The pixel of claim 1, said collection point comprising a capacitor
which collects an electrical charge from said first and second detector elements.

9. The pixel of claim 1, said bias point constructed and arranged to
receive a bias voltage and coupled to said first detector element to control the
first electrical output of said first detector element.

10. The pixel of claim 9, said bias point providing a reverse bias
voltage constructed and arranged to substantially shut off said first electrical
output of said first detector element .

11. The pixel of claim 1, further comprising a reset switch coupled to
said collection point.

12. The pixel of claim 1, said first and second electrical outputs
comprising respective first and second electrical currents, and said bias point
comprising a bias voltage terminal electrically coupled to said first and second
detector elements and coupled to said collection point so as to control said first
and second electrical currents.

13. A light-sensitive array comprising a plurality of pixels as claimed
in claim 1, wherein said plurality of pixels each provides an electrical output that
can be addressably sensed and contributes to a collective output of said array.

14. An imaging apparatus comprising an array of pixels as claimed in
claim 13 such that an image corresponding to said collective output of said array
or pixels can be captured or displayed.

10
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Isc (a-Si/c-Si) Vac FF Eff

1 (1/1) 1 1 1

0. 89(1/0. §9) 1 1 O. 89

it«®4 1.10(1/110) 0. 95 0. 92 0. 97

110(1/1 W) 0. 90 0.99 1.08

WWW 1 W(1/L w 0.99 0.99 1.08

»» 110(1/1.10) 1.00 LOO 1.10

« 1.10(1/1.10) 0.99 0. 98 1.07

WWW o 1.03(1/103) 1.01 1.01 1.05
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OPTICAL PROPERTIES OF THE COMSAT MOM-REFLECTIVE CSth*

R. A. Arndt, 3. F. Allison, J. G. Haynos, and A, Meulenberg, Jr.
COMSAT Laboratories

Clarksburg, Maryland 20734

SUMMARY

A new generation of silicon solar cell,
called the COMSAT Mon-Reflective (CTR) cell,

surface the reflected intensity is RIO and the
double interaction at the CTH cell surface
therefore reduces the overall reflectance.

which shows a marked uaprovement over previous
cells, has been developed. Under illumina­
tion these cells typically produce a maximum
power of about 21 saS/cm® and short-circuit
current of about- 46 wA/csa2. The iasprovements
stem from a new surface structure and related
optical properties of the cell, both of which
are discussed herein.

IHTRQDUCTIOS

Recently an improved silicon solar cell,
called the COMSAT Ron-Reflective (C3SR) cell,

The measured reflectance of a bare CHR cell
surface is shown as the upper dashed curve of
Fig. 2. At a given wavelength, if the reflec­
tance of the upper solid curve is squared, the
reflectance value in the upper dashed curve is »
obtained. The reflectance of a CHR ceil sur- h
face with a single-layer AR coating of tanta­
lum oxide is shown by the lower dashed curve
of Fig. 2. The asymmetry introduced into the
lower dashed curve by the single-layer AR
coating is present although it is difficult to 8
see since the overall reflectance has been ■ (
reduced to such a- low value. It should be. a

was announced (1). ■ This cell typically pro­
duces a maximum power of 21 mW/cm* and short-
circuit current of 46 mA/cm2 under AMS illu­
mination. Figure 1 shows the current-voltage
(I-V) curves under AMO illumination for the

CNR cell and the Violet cell. The fabrication
of the CHR cell builds upon the technology of
the Violet cell (2) and employs a new surface

noted that the measurements of Fig. 2 were r>
made without cover slides on the cells to sj
facilitate calculations and their comparison c*
with measurements. w;

f.
Light is attenuated in an absorbing medium f<

according to ai
. a
Q

(1)

BACKGROUHb AMD THEORY
re

(2JR) e

= Io(l - R).

the

(3a)

eel
the
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*The presence of an AR coating will not
the magnitude of these angles.
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*This paper is based upon work performed at COMSAT Laboratories under the sponsorship of
Communications Satellite Corporation.
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(1 - R) Io

Traditionally, the light-incident surface
of silicon solar cells is flat and polished.
The reflectance of normally incident light as
a function of wavelength is shown as the upper
solid curve of Fig. 2. If a single-layer
antiref lective (AR) ’ coating of tantalum oxide
is added to the surface, the reflectance is
reduced considerably, as is also shown in
Fig. 2 by the lower solid curve. The rise of
these two curves at short wavelengths is due
to the anomalous dispersion of -silicon; the
asymmetric shape of the lower curve with
respect to the upper curve is due. to the fact
that a single-layer AR coating can provide
blooming. at only one wavelength.

structure to reduce reflection losses. This
.paper describes the structure of this surface
and the optical properties of the cell which
lead to its improved output.

1,
C3
dr

where I is the intensity after the light .has .
traveled a distance x
entering the absorber
coefficient.
tiers is
absorbed

cell with a flat polished surface, r
to t, the distance from the front of
in a direction perpendicular to the
the cell. This is no longer true for

as can be seen in Fig. 4. The

Ip is the intensity
and a is the absorption

The generation rate (g) of car­
proportional to the amount of light
and the expression for g is therefore

The surface treatment in the CTR cell
results in the formation of a random distri­
bution of regular pyramids (Fig. 3) with an
average base length of several micrometers
and an included angle of 70.5® between oppo­
site faces. An idealized cross section of
such a surface, perpendicular to the plane of
the cell, is pictured in Fig. 4. A ray of
light incident normal to the plane of the cell
strikes the face of a pyramid at an angle of
incidence of about 55“. The reflected part of
this ray strikes the side of an adjacent pyra­
mid at an angle Of incidence of about 16®.
If the reflectivity (R) of silicon is inde­
pendent of angle of incidence, as it is for
angles up to about 70°, the reflected inten­
sity is RSIO, where Io is the incident inten­
sity. In -comparison, for a flat polished

diq « -=—’ dx

For a
is equal
the cell
plane of
the CNR cell.
refracted light enters the cell at different
angles at .each of the two pyramidal faces
considered and the magnitudes of these angles
will depend on the index of refraction of
silicon and that of the medium surrounding
the cell.* To simplify the calculations it
will be. assumed that the cell interface is
with air. The angles shown in Fig. 4 are

■ based upon this assumption and a refractive
index of silicon of 3.8.
be modified to
reflection
rays. For

Equation (1) must
take into account the double
the angles of the two refracted ■ .
CKR cell, then

= -oiIo e~8X

SIONYX1403000026.0002
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S and

1 I - R(1 - R} Io e-«" (3b)

1 where the single prime refers to the light
1 entering the cell at the first pyramidal face1 and the double prime refers to the light
1 entering afc the second pyramidal face. The
J equation for the carrier generation rate is

I g * -1.39 ail - R) Io e~l * * * * * * * * * * * *-338t

1 increased generation rate in the CNR
8 cell is not due solely to the increased light
B entering the ceil, since this accounts for an
| increase by a factor of only 1.10 at 0.90 pin
1 if618 ’ but is also due to the fact that

ted J the light traverses the cell in a direction
B iro® the normal to the cell (see Fig. 4} .
| aS tW° J'*'11®8 °f Fig. 5 are seen to cross at

'3a! B aI>out 45 pm. By integration, it
® that 84 percent, of all the carriers
1 the CSR cell are produced within
B - all t1*8!1 45 jsm, -whereas only 26 percent of
,S ■ Pon 5rri®rs produced.in the cell with a flat

ter B diss-She^ 8mrfade are produced within the same
a length08' should make the long wave-
1 cell™ ^aLr^ °f the spectral response of a CNR1 more resistant to radiation.

I - 1.94 aR(l - R) Io e“i.s*at {4)

I where the appropriate values for x" and x"
I have been used. ■

I ' RESULTS AMD DISCUSSION

I short-circuit currents of covered cells are
I 88 and 78 percent of the theoretical maximum
I (-53 mA/cnr) under M!0 illumination for the
I ctJR and the Violet cell, respectively. The
I reflectance, weighted according to the solar
I spectrum (Rs) , and computed for uncovered
1 cells with AR coating fro® the data of Fig- 2,
I was 0.025 for the CNR cell and 0.137 for the
i flat polished-surface cell. Computation of Rs
i for covered dells resulted in values of 0.025
I and 0.113*. respectively. For covered cells
1 the ratio of the short-circuit current of the
I CHR cell to'that, of the Violet cell is 1.13,
I whereas the corresponding ratio of 1 - Rs . is
I 1.10. Kost,of the improvement in-short-. ’
I circuit current is thus attributable to re-
I duced reflectance. The.rest is.attributable

» 1 to the increased red response of the CNR cell.
1 relative to the Violet cell (3) .

e -1 With equations (2) and (4) the carrier gen-
i eration rates. were computed for incident light
s of Q.90-U® wavelength. At this wavelength the

■' 1 absorption coefficient is sufficiently low
i {'300 car*) so that all of the light is not
S absorbed close- to the cell junction and yet
K the carrier collection efficiency is still

{ H very high. Figure 5 shows the carrier gener-
E ffl ation rate at 0.90 sub in arbitrary units as a

| function of depth for a CHR cell and a cell
>r | with' a flat polished surface. Both cells were

£ assumed to be covered with a tantalum oxide AR
|| coating, without cover slides and
9 infinitely thick. It can be seen that, near

!S -'ll 3Mctioii, the generation rate in the CNR -
® cell is greater than that in the cell with. a
K flat polished surface.

41

Calculations on the CNR cell are more com­
plicated to handle analytically when the
light is incident other than normal, and are
therefore not considered. However, reflec­
tance .at 0.9 jna and power output under AMO
illumination were measured as functions of
angle of incidence; the results are shown in
Fig. 5 for a CMR cell complete with cover
slide. The reflectance shown here is slightly '
higher at normal incidence than in Fig. 2
because of contributions . from the grid lines
and the cover slide. Both curves can be
fitted with a cosine- function. Similar mea­
surements on a Violet cell reveal an identical
angular dependence.

In Fig. 4 it can be seen that the. angle of
incidence for light reaching the back face of
the CNR cell is 44® for the first refracted
ray and 59° for the second. If the back of
the cell is flat and polished, both of these
angles exceed the critical angle for total
internal reflection and the light will be re­
flected through the cell a second time without
•any reflection loss at the back face. (The
critical angle for a silicon-air interface is
15.3* fbr a silicon index of 3.8.} In con­
trast, if the light were traversing .the cell
perpendicular to the plane of the cell as in'
a polished-surface cell,, only about 33 percent
of the light arriving at the back face would
be reflected back into the cell.

Figure 7 shows the fraction of incident
light of 0.90-jan wavelength that is absorbed
as a function of cell thickness for a CNR
cell with a flat polished back and a cell in
which both surfaces are flat and polished.
In both cases the calculations were performed
by assuming an AR coating on the light-
incident face. If each cell were reduced in
thickness to about 50 urn, the fraction of
absorbed light in the CNR cell would be re­
duced by only about 1 percent, whereas the
reduction of absorbed light for the other ■
cell would be about 25 percent. The total
internal reflection would thus allow use of
thinner cells without sacrificing much of the
long wavelength sensitivity.

CONCLUSIONS

The CNR cell provides higher short-circuit
current due to a reduction in the reflectance
Of incident light. The long wavelength sen­
sitivity of the CSR cell should not be .
affected by radiation as much as that of a
cell with a flat polished surface because of
the higher carrier generation rate near the
junction. Finally, . the CNR cell should main­
tain its high short-circuit current in thin
cells (~2 mils) due to the total internal
reflection at the back surface.
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Fig. 1. Current-Voltage Characteristics
under AMO Illumination for a CTR

Cell and a Violet Cell

Fig. 2. Reflectance as a Function of Wave­
length for normal Incidence Light. (Upper
solid curve is for silicon with a flat
polished surface and no AR coating and
the lower solid curve is for the same
surface with a quarter-wavelength A®
coating of tantalum oxide. The upper

and lower dashed curves are for a
CTR cell surface, without and with

a quarter-wavelength AR
coating, respectively.)

Fig. 3. Scanning Electron Micrograph
of the CTR Cell Surface
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Interstitial defect reactions in silicon
M. T. Asom, J. L. Benton, R. Sauer, and L. C. Kimerhng
AT&T Sell Laboratories, Murray Hill. New Jersey 07974

(Received 11 March 1987; accepted for publication 27 May 1987)

Deep level transient spectroscopy has been employed in a study of impurity-interstitial defect
reactions in silicon following room-temperature electron irradiation. Three defects have been
isolated and identified from their reactions and electrical properties as C.-C., C,--O,-, and P,-C,.
The Q.-C,. ME[ (0.10), (0.17)] and ME [(0.21), (0.23), (0.27), (0.30)] defects
exhibit metastable structural transformations. Our results re veal the multistructural nature
and chemical reactivity of the silicon self-interstitial.

Vacancies and interstitials in silicon act as vehicles for
various diffusion mechanisms and interact with impurities
in the crystal to form complex defects. In phosphorus-doped
silicon, the isolated vacancy and vacancy-impurity interac­
tions have been extensively studied and their inventory
soundly established.1-3 Vacancies ungrate through the lat­
tice and form pairs with both substitutional (s) and intersti­
tial (/) impurities such as Ps-F, O,-K, and Bs-F. However,
an understanding of interstitial defects and interstitial impu­
rity interactions has not been similarly established. The sili­
con self-interstitial, Si,, is reported to be highly mobile, with
essentially athermal migration kinetics at 4.2 K4; thus, it has
been difficult to obtain direct experimental information.
While there exist studies of group III interstitials (B„ Alf)
in p-type Si.5-& no interstitial group V element has been ob­
served7 and the only identified group IV interstitial in silicon
is interstitial carbon (C, ).2,8 The acceptor state assignment
for C„ however, has been recently challenged, and a va­
cancy-related defect was proposed? This letter resolves this
discrepancy and defines, far the first time, impurity-intersti­
tial defect reactions in phosphorus-doped silicon.

The materials used in this study were phosphorus-
doped silicon, grown by either the float zone (FZ) (low
oxygen) or Czochralski (CZ) (high oxygen) methods. Both
Schottky-barrier and p-n junction samples were employed,
The samples were irradiated with 1.5 MeV electrons at a flux
of 4X1O)2 e 7cm2s. Capacitance transient spectra were
generated using deep level transient spectroscopy (D.LTS)
techniques outlined elsewhere.10 Injection anneals were per­
formed at current densities ranging from 1 to 11 A/cm2 us­
ing a constant current source.

Figure 1 depicts typical DLTS spectra obtained on a
single diode, following room-temperature electron irradia­
tion. and a premeasurement forward bias anneal of 1 A/crri2
at 300 K for 3 min. Each spectral feature is identified by
assigned structure and defect state energy (eV). E and H
refer to hole and electron emission energies, respectively- A
prefix M denotes that the state represents an alternative,
metastable defect structure

The solid line spectrum was recorded after the diode was
cooled to 50 K with an applied reverse bias. This procedure
freezes-in the defect structures associated with unoccupied
states in the upper half of the energy gap. Several previously
identified spectral features3 are observed and labeled as

F-P.,, F-O,-, and V-V. In this work we justify assignment of
the remainder of the defect states to Cr-Sif-Q, C5-C,-
Af£'|'(0.1), (0.17], and Ps-C„ {ME3(0.27), M£2(0.23) J,
as shown. The defect designated as Ps-C,- possesses two addi­
tional configurations which are represented by defect states
ME 1(0.21) and MS’4(0.30) but which are not revealed un­
der these measurement conditions.9’”’!Z As is typical for
metastable systems, the defect can be cycled repeatedly
through the four configurations.! 1

The dashed spectrum, was taken after the sample was
cooled to 50 K under zero bias, a condition that stabilizes
defect structures associated with filled states. The features
are identical to those in the solid line spectrum, except that
the signal .MEtfi. 1) is decreased and ME(0. 17) is increased.
Spectral changes which are dependent on cooling bias condi­
tions are a fingerprint of charge-state controlled, structural

4

3 -
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H!0.27) \
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so 100 150 ?.00 260
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FIG. L DLTS spectra of samples 5Si-P-FZ~DJ following room-tempera-
lure electron irradiation and injection of i A/cm? for 3 mm sit 300 K, taken
under three measurement conditions in order to show the interstitial car­
bon-related defects.
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TABLE I. ImpuriSy concentrations and measured interstitiai/vscancy ratios.

Sample ID [C.l Pd si?
p,-c,...„ c,-c,

Ito'
c(-o,.
"xp”

ISi-P-CZ-EW ~wi6 10!s 5X10’-* 0.95 0.0 0.0 0.95
2Si-P-CZ-DJ >10” IX 10‘6 1.0 0.16 0.0 0.84
3Si-P-FZ-DJ < 10"’ < iiri’ 2X10’* >0.38 0.37 0.01
4S1-P-FZ-SB <10‘* < l0!S 3X10“ >0.70 0.14 0.56
SSi-P-FZ-SB 10“ =U0‘" 3X10'3 >0.65 0.20 0.45
5Si-P-FZ-DJ ~ 10“ > I0!s 3x IO’5 >0.68 0.18 0.03 >0.47

transformations. The ME(O.l) defect has been analyzed in
detail as a carbon-related, metastable defect.53

The dot/dashed spectrum was recorded using an injec­
tion pulse of i I A./cm" in order to saturate the minority­
earner traps with holes. Two defect states £f(0.27) and
J¥(0.36) are observed as hole traps. if (0.27) and £'(0.12)
are always present in equal concentrations and have been
identified as the donor (0/ + ) and acceptor ( — /0) states2
of C;, respectively, by correlation of thermal annealing prop­
erties with the interstitial carbon electron paramagnetic res­
onance spectrum (EPR),8 If(0.36) has received several as­
signments in the literature, but it is shown here to represent
the C,-O,. associate.

We show first, that, all of the three new defect states,
Af£[(0.1), (0.17)], ME[ (0.21), (0.23), (0.27), (0.30)],
and FZ(0.36) are related to interstitial carbon. Immediately
following irradiation £'(0.12) and £/(0.27) are present in
equal concentrations which decay simultaneously, at 300 K,
as the three new defect states appear. la lightly doped, CZ
silicon the post-irradiation concentration of £i(0.12) or
,ff(0.27) is equal to the sum of the concentrations of the
vacancy-related defects [ 2 (O, - F) + (P,- K) 4- 2 (V- R) ]
which form during room-temperature irradiation.2 As
show'll in Table I, the total concentration of the new defect
states (where observable) approaches the sum of the va­
cancy concentrations. Since the total vacancy introduction
rate is constant in all materials, a value approaching unity in 

FIG. 2. Interstitial carbon s-eact.io.tis in n-type silicon, (a) The dissociation
of ?, -C. under 10 A/cm2 injection aS 3001< and the corresponding growth
ofC, in sample aSi-P-FZ-DJ. (b) Rcom-temperature annealing of C(, fol­
lowing isijectioss. dissodation of P,-C, in sample 5Si-P-FZ-DJ. (c) The
growth of Pj-C, (solid line) in sample 3SiMZ-DJ, and the alternative
growth of C,-O, {dashed line} in sample 5Ss-F-FZ-DJ is simultaneous with
the decay of C, shown, in (b).

the SI/IVcolumn supports the conclusion that the total
interstitial component, of the radiation displacement damage
is being counted.

Figure 2(a) shows the electronically stimulated disso­
ciation of the defect, represented by ME 3(0.29) to produce
the £(0.12)/Zf (0.27) states. We identify the reappearance
of the E(0.12) and 77(0.27) states as the liberation of C(-
from a bound impurity complex as follows: (1) the states
are, again, observed is equal concentrations and react at 300
K as does C(. as reported in Ref. 2: (2) the subsequent decay
of £(0.12)/£/(0.27) produces as one product, the states
ME[ (0.1). (0.17)] which are shown in Fig. 3 to correlate in
stability with the 969-meV photoluminescence signal which
has been, identified as the C1.-C,/C,.-Si,-Cs defect by optical­
ly detected magnetic resonance.14

The above evidence yields the following reaction se­
quence in re-type silicon at 300 K: (1) interstitial silicon Si, is
captured solely by substitutional carbon CL to produce inter­
stitial carbon C,- by the Watkins replacement mechanism4;
(2) mobile C; reacts with impurities to form stable asso­
ciates

Si,.+C1.-Sis+C,,. (1)

(2)

where X may be oxygen, carbon, or phosphorus. The decay
of Cit [£(0.12) and ,ff(0.27) J, follows first-order kinetics2
indicating that one <C; is involved in each associate. This con­
clusion is supported by the one-to-one relationship between
product and reactant concentrations in Figs. 2(g)-2(c).
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FIG. 3. Annealing curves for (0.10)f (0.17)] BITS signals and the
969-meV phoeolunnncscetwe :m.e which has been assigned to CT-SirC,
(Ref. 14).
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The injection-stimulated anneal provides a unique window
for the reaction intermediate, Cf. li is particularly
noteworthy that the decay of C, following injection-stimu­
lated dissociation of P.,-C,. displays kinetics with the same
time constant and distribution of reaction products as ob­
served after irradiation. This result reveals, for the first time,
that C, undergoes long range, recombination enhanced diffu­
sion and suggests that it, too, exhibits configurational insta­
bilities. Since each product defect is an associate involving
one C„ identification is reduced to definition of the impurity
constituent. Table I is instructive in this task.15

C,.-O;, //(0.36) is the dominant interstitial-related de­
fect state in oxygen-rich samples, Si-P-CZ. It accounts for
practically all interstitial defects in material of low phos­
phorus content. Its presence correlates16 with the 790-meV
phoioltirninescence line which has been ascribe! to
C,-O,-.!7J8

P3-C„ AfB[(0.30), (0.29), (0.23), (0.21)] is the pri­
mary interstitial state in material of low oxygen, low carbon,
and high phosphorus content. We have shown previously'2
that the introduction rate of the defect has the same depen­
dence on phosphorus concentration as (Ps-F). This result
means that the interaction cross section has the same basis in
both cases (electrostatic attraction and confirms the assign­
ment of E( 0.12) to the negatively charged acceptor state of
Cf. The acceptor state of the vacancy, jE'(O.IO), is similarly
positioned/ The generation of C; by injection-stimulated
dissociation of Pr-Ct- is unambiguous evidence of the role of
C, as a constituent of this four-structured defect.

C^-Cf/Cj-Sif-Cj, MElJOAQ), (0.17) j is a dominant
defect in carbon-rich, low oxygen samples. It becomes less
important as oxygen is added. As shown in Table I, a de­
crease in Cs-C,. in sample 5Si-P-FZ is observed (an increase
in O,-K is also seen) followingp-n junction, processing. This
result directly demonstrates the competing role of O.- as a
trap for C,-. The assignment cf Q-Cj/CASt-C, is strongly
supported by the data of Fig. 3. The introduction of these
defect states correlates with the 969-meV photolumines­
cence signal (G line), and the recovery kinetics follow the
reduction of the signal as shown. This spectrum has been
associated with a puckered Q-Si.-C, structure by optically
detected magnetic resonance.14 We assign the M&’(0.10)
configuration to this structure because the conditions which
simulate photoluminescence experiments (forward bias in­
jection at 20 K) produce the MEfO. 10) signal, independent
of the sample cooling procedure. The ME (GAI) signal is
tentatively assigned to the C..-C,- configuration observed by
EPR.”

In conclusion, we have isolated and identified, by DLTS
and photoluminescence measurements, three interstitial-re­
lated defects in n-type silicon. The defect reactions reveal a
competition between carton, oxygen, and phosphorus to
trap carbon interstitials in parallel with similar reactions for
vacancy defects. In «-type silicon, nearly all of the Sif can be
accounted for through the reactions of C,-. If C, is a paradigm
of group IV interstitials, then similar reactions should occur
for Si. (though the products may have less stability due to
the larger size and lower electronegativity of the silicon
atom). In particular, association of a group V impurity with
an interstitial defect in silicon gives microscopic support to
proposals of an interstitial diffusion path for phosphorus in
silicon.
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Abstract

In this work, commercially available white paint is applied as a pigmented diffuse reflector (PDR) on the rear surface of thin-film
crystalline silicon (c-Si) solar cells with a silicon thickness in the 1-2 pm range. We show that white paint increases the short-circuit
current density of the solar cells enormously, with a boost of 41% observed for very' thin planar solar cells illuminated with the global
AM 1,5 solar spectrum. We also show that white paint is a better back surface reflector (BSR) than aluminium, air, a transparent
conductive oxide (TCO)/aluminium stack, aisd even a detached aluminium mirror. While previous studies have investigated the influence
of PDRs on silicon solar ceils with thicknesses of over 27 pm, this work doses the gap that has existed for much thinner ceils.
© 2007 Elsevier B.V. Ail rights reserved.

Keywords: Light trapping; Thin-film solar cell; Pigmented diffuse reflector; Back surface reflector; Silicon solar cells; Paint

1. Introduction

Light trapping is of crucial importance for crystalline
silicon (c-Si) thin-film solar ceils [1—4]. Art important
component of any light trapping scheme for thin-film solar
cells is an efficient back surface reflector (BSR). An
important sub-class of BSRs are pigmented diffuse
reflectors (PDRs) [5—7], Pigmented materials offer several
advantages for solar cell applications: First, they are
capable of high optical reflectance over a broad wavelength
band. Second, they scatter light in a diffuse pattern which is
generally beneficial for solar ceils because this maximises
the fraction of photons that are trapped inside the solar cell
due to total internal reflection at both ceil surfaces. Finally,
pigmented materials have potential for low cost, PDRs
have been shown to be effective BSRs on silicon solar cells
having thicknesses of over 27 pm [5-7],

An excellent example for a PDR is white paint [7], In this
work, we apply commercially available white paint to the
rear surface of less than 2 pm thick c-Si thin-film solar cells
on glass and show that this dramatically enhances both the
optical absorption and the external quantum efficiency
(EQE) of the devices. We also show that additional EQE

‘Corresponding author. Tel.: +6! 293854031; fax: +61 293857762.
E-mail address: a.aberk@unsw.edu.au (A.G. Aberle).

0927-0248/S see front matter © 2007 Elsevier B.V. AU rights reserved.
Uoi:!0.i0i6/j.soimat.2007.04.008

gains can be obtained by increasing the pigment volume
concentration value of the paint. As a test vehicle for the
demonstration of the enormous potential of white paint as
BSR for thin-film solar cells we use the ALICIA poly-Si
thin-film cell [8] presently under development at the
University of New South Wales (UNSW).

2. The operating principle of pigmented diffuse reflectors

In this work, white paint is used as a BSR. Most
commonly, white paint consists of rutile titanium dioxide
pigments dispersed in an oil or latex-based binder
(“medium”). Titanium dioxide is non-toxic, chemically
stable, light-resistant and abundant. Optical reflection is
achieved by random optical Mie scattering of photons by
the pigments held in suspension by an optical binder [9], as
schematically depicted in Fig. 1.

The Lorenz-Mie theory [10] describes the scattering
of electromagnetic radiation by spherical particles. In
general, the reflectance of a PDR is highest when the
scattering efficiency is highest. According to the Mie
theory, three factors improve the scattering efficiency S’
of a PDR:

® Increasing the value of the ratio of the refractive indices
of the pigments and the medium.
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Fig. i. The operating principle of a pigmented diffuse reflector (PDR) on
the rear surface of a thin-film silicon solar cell on glass. A FDR consists of
pigmeats held in suspension by a medium.
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Fig. 2. Schematic representation of the relationship between the scattering
efficiency S' and the pigment volume concentration a of a FDR.

e Optimising the pigment diameter.
® Optimising the pigmeni volume concentration o.

The dependence of the scattering efficiency S of a PDR
as a function of the pigment volume concentration s is
schematically shown in Fig. 2. Up to a a value of about
10% the scattering efficiency depends approximately
linearly on a, and hence can be described by Beer’s law
[11]. With further increasing o value the scattering effect of
the pigments in the binder is increasingly reduced because
of the smaller distances between the pigment particles,
causing multiple scattering events, which hinder reflection.
This creates a maximum scattering efficiency at intermedi-
ate ff values. In the limiting case of large a values the roles
of pigment and medium become reversed, and the
scattering efficiency drops again to zero. Based on the
Kubelka-Munk theory [9], an increasing scattering effi­
ciency S in turn leads to a higher internal reflectance of an
infinitely thick PDR:

<' = ,+f”vW+2)’ <1)
where K is the PDR’s optical absorption coefficient, which
shows a linear dependence on the pigment volume
concentration a.

3. Experimental details

J. Solar cell structure

The solar cell structure used in this work is termed
ALICIA (Aluminium-Induced Crystallisation Ion-Assisted
deposition) and is a polycrystalline silicon thin-film solar
cell on a glass superstate 18,12]. The term ‘superstrate’
indicates that the sunlight enters the solar cell through the
glass. An overview on the fabrication and characterisation
methods of c-Si thin-film solar cells is given in Ref. [13].
The silicon film of ALICIA cells typically has a thickness in 

the 1-2 pm range. The cells are made by electron-beam
vacuum evaporation of silicon onto a thin large-grained
doped poly-Si seed layer, using an epitaxial low-tempera­
ture Si deposition process called ion-assisted deposition
(I AD) [13], The poly-Si seed layer is made by aluminium-
induced crystallisation (AIC) of amorphous silicon [14] and
is p + -type due to the presence of Al atoms. ALICIA solar
cells are made on a commercially available borosilicate
float glass (Borofloat33 from Schott AG, Germany [15]),
which additionally can be textured on the silicon-facing
side. The texture is realised with the UNSW-developed
aluminium-induced texture (AIT) method [16]. Then a
70-80 nm thick silicon nitride (SiN) film is deposited onto
the textured surface of the glass sheet by plasma-enhanced
chemical vapour deposition (PECVD). After the creation
of the large-grained, p ’ -type poly-Si seed layer with the
AIC method, the desired diode structure is epitaxially
grown at high rate (~300 nm/min.) onto the seed layer by
IAD at about 600°C. During the IAD process dopant
atoms are co-evaporated using effusion cells (“Knudsen
ceils”) for gallium and phosphorus, giving the desired solar
cell structure of glass/SiN/p+nn + . The lightly n doped
absorber layer (“base”) is typically 1-2 pm thick, whereas
the thicknesses of the heavily doped layers (“emitter” and
“back surface field”) are usually kept below 200 nm to
minimise optical absorption in these low-lifetime layers.
Fig. 3 schematically shows a Mesa-type ALICIA solar cell
structure as used in the present work. The experiments
reported in this paper were performed on the following
three rectangular Mesa-type ALICIA solar cells:

® Sample Pl.0: A planar cell with a silicon thickness of
1.0 pm and an area of 1.5 cm2.

® Sample Pl.6: A planar cell with a silicon thickness of
1.6 pm and an area of 0.7 cm2.

« Sample T1.6: A textured ceil with a silicon thickness of
1.6 pm and an area of 0.7 cm2.

SIONYX1403000026.0010

SAMSUNG EX. 1002 - 2475/4148



O. Berger el al. / Solar Energy Materials <1 Solar Ceils 91 (2BB7) 1215-122! n\7

BSF teyer
Front melaS«A ®

' w A
SiN

Seed Sayer

Sunlight

Back surface
reflector

Rear
metal
J,'OV. IQ

WOa

80

60 - PDF?

40 ■
§

20
None

2
e-

o —,—,—,—.—,—
400 600 800 1000 1200

Wavelength (ran)

Fig. 3. Schematic view of a Mesa-type ALICIA potycrystalline silicon
thsn-film so’ar cell on glass as used in the present work. The sunlight enters
the solar cell through the glass. The p~n junction is at the interface
between the p+-type seed layer and the n-type absorber layer. Note that
the drawing is not to scale with respect to grain size and layer thicknesses.

3.2. Measurement methods

Light trapping in ALICIA cells is experimentally
investigated by a double-beam spectrophotometer (hemi­
spherical reflectance R and transmittance 7) and spectral
response measurements (SR, in A/W), covering the
wavelength rarsge 300-1200 nm. The optical absorption A
of the solar cells is

•4(A) = 1 - R(X) - T(A), (2)

where A is the wavelength (in m). The external quantum
efficiency EQE of a solar cell is defined as

EQE(A) 1 x ~ x SR(A), (3)
4 A

where q is the electrical charge of an electron (in C), A is
Planck’s constant (in Js) and c is the speed of light
in vacuum (in m/s). From the EQE curve the short-
circuit current density Jsc (in A/ctn2) of the cell can be
calculated via

./sc = q x x EQE(A) dA, (4)
J0 £phoionW

where /’heara(A) is the wavelength-dependent incident
optical power density (in W/cm2) of the AM 1.5 G spectrum
and jEphoiouG) is the corresponding photon energy (in J).

4, Results

4. /. White paint as a back surface reflector

An 80 pm thick layer of matt white outdoor spray paint
was applied to the rear surface of samples Pl .6 and T1.6.
Then the transmission T and reflectance R of the samples
were measured and the optical absorption calculated
according to Eq. (2). The results are plotted in Fig. 4. As
can be seen the white paint enormously improves the
absorption over a large part of the spectrum, confirming

b too

80 ■
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400 600 800 1000 1200
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Fig. 4. Measured absorption of (a) sample Pl.6 and (b) sample T1.6 with
and without a 80 pm thick layer of matt white paint on the back surface.
The discontinuities at about 880 nm are due to the change of the detector
in the spcctrophotosneter at this wavelength.

that it acts as an efficient BSR on silicon. Due to the
pigments in the paint, many of the photons reaching the
BSR are diffusively scattered back into the silicon. This
enhances the fraction of photons that undergo total internal
reflection at the solar cell surfaces, and thus increases the
optical pathlength for weakly absorbed light. For example,
at a wavelength of 900 nm in Fig. 4, the paint layer improves
the optical absorption A of sample Pl.6 by a factor of about
8 and of sample T1.6 by a factor of about 2. The smaller
benefit of the paint layer for the textured sample is due to
the fact that the textured glass surface already provides
significant scattering of the light when it enters the silicon. In
this situation, the air at the back surface of the cell provides
a good BSR due to total internal reflection of a large
fraction of the scattered light reaching that interface. These
absorption measurements can be integrated • with the
AM1.5G spectrum to get an absorption-limited cunent.
For this, we exclude photons with an energy below the Si
bandgap (2> 1120nm) and assume that each absorbed
photon creates one electron-hole pair (i.e. no parasitic
absorption). The calculations show that the addition of the
PDR to the rear surface of the planar cell almost doubles
this current limit from 16.2 to 29.3mA/cm2. On the textured
device, the corresponding change is 23,3 to 33.3mA/cm2, a
substantial increase of 40%.
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4.2. The influence of the paint layer thickness

To determine the influence of the paint layer thickness,
an approximately 10 pm thick layer of glossy white outdoor
paint (5 Star spray-paint, Stalyce Holdings Aust Pty Ltd)
was sprayed onto the rear surface of samples P1.0 and
T1.6, followed by the measurement of the EQE of the solar
cells. This procedure was repeated until the short-circuit
current value determined from the EQE curve approached
a saturation effect. The measured data points are
plotted in Fig. 5 as a function of the total paint layer
thickness. As can be seen, the planar sample requires a
total paint thickness of about 160 pm to approach a
saturation effect, whereas the corresponding paint thick­
ness is only about 50pm for the textured ALICIA sample.
For the planar sample (Si thickness 1.0pm), the optimal
paint layer thickness of 160 pm increased the by about
37%. For the textured sample (Si thickness ~ 1.6 pm), the
optimal paint layer thickness of 50pm increased the by
about 12%. The reason for the smaller benefit of the paint
layer for the textured sample compared to the planar
sample has already been given in Section 4.1.

4.3. Comparison of specular and diffuse reflectors

To gain additional insight into the performance of white
paint compared to other potential BSRs, five different
BSRs (see Table 1) were sequentially applied to the rear
surface of samples Pl.6 and T1.6. After formation of a
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Fig. 5. The influence of the paint thickness on the short-circuit current
density of (a) sample P1.0 and (b) sample TI.6. 

particular BSR, the EQE curve was measured, the BSR
then removed (for example by etching in phosphoric acid in
the case of the Al reflector), followed by the formation of
the next BSR. The Jx values obtained from the EQE
measurements are listed in Table 1, while Fig. 6 shows the
measured EQE curves before and after application of white
paint as a PDR.

A number of interesting conclusions can be drawn from
Table 1. First, aluminium is a worse BSR than air, both for
the planar sample (-2%) and, particularly, for the textured
sample (—12%). This shows that significant optical
absorption is occurring in evaporated Al films and hence
they are relatively bad BSRs. The reason why Al is
particularly bad on a textured rear surface is the multiple­
bounce effect caused by the texture, increasing parasitic
absorption in the Al whenever a ray of light undergoes a
multiple-bounce at the rear surface of the solar cell.
Considering that a planar silicon sample with an air BSR
has a rear reflectance of about 30%, the reflectance of our
planar Si-AI interface is also close to this value.

A thin layer of a transparent conductive oxide (TCO)
covered by a metal film is a relatively good BSR [ 17], The
TCO layer listed in Table 1 is a 700 nm thick, Al-doped zinc
oxide film with a refractive index of 1.90 at 633 nm, and it is
coated with a 500nm thick evaporated aluminium film. As
can lie seen, this BSR provides a boost of about 3% on
the textured sample and about 12% on the planar sample.
The fabrication details of this TCO layer are described in
Ref. [18]. The dielectric separation between the aluminium
film and the silicon surface allows reflection at the Si-TCO
interface, while the aluminium film reflects some of the
light which passes through the TCO, giving these photons
another chance for absorption in the silicon film. The
reflection at the Si-TCO interface is the reason why this
BSR performs better than the standard Al BSR.

The TCO has a finite absorption and a refractive index
greater than 1, so is not as ideal a dielectric separation as
air. This explains why a detached Al mirror (i.e. a silicon-
air-aluminium configuration) performs slightly better than
the TCO/A1 reflector. For a 0.5 mm wide air gap between

Table 1
J,x values (AMI.5G, 100mW/an2, room temperature) of ALICIA solar
cells Pl.6 and TL6 with difTerent back surface reflectors, as obtained from
external quantum efficiency measurements. Silicon thickness is 1.6 pm in
both solar cells

Back surface reflector Ja.. of planar sample
Pi.6

Jsc of textured
sample T1.6

(mA/
an2)

(%) (mA/
cm2)

(%)

Aluminium 6.90 98 7.78 88
Air 7.0 i 100 8.81 100
TCO/AI 7.85 112 9.02 103
Detached Al mirror 7.93 113 9.23 iOS
Glossy white paint

5%, thickness 80 pm)
8.31 119 10.00 114
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base thickness. Using the solar cel! simulation program
PCTD [19], the influence of the base diffusion length, the
base thickness and the light trapping properties on the thin-
film solar cell’s short-circuit current have been determined i
The simulated thin-film solar cell structure consists of a
1 mm thick planar glass superstrate with a refractive index
of 1.50 and a 65 nm thick SiN layer with a refractive index
of 2.30 on the Si-facing side of the glass. The SiN-coaled
glass acts as.a good antireflection coating for a silicon solar
cell. The silicon thin-film solar ceil consists of a 40 nm thick
p+ emitter (2 x 1019cm~3) on the SiN, followed by an re­
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Fig. 6. EQE of (a) sample Pl .6 arid (b) T1 .6, with arid without white paint
as a pigmented diffuse reflector (FDR). "No reflector” refers to the case
where the rear silicon surface faces air.

the Si surface and a thick Ai film (> 500 nm), we found a
Jx boost of 5% (textured sample) and 13% (planar sample)
compared to the air BSR.

Also shown in Table 1 is a BSR that uses white glossy
paint as PDR, with a pigment volume concentration of
about 5%. The boost provided by this PDR is about
14% for the textured cell and about 19% for the planar
cell. Tilts shows that paint outperforms all other BSRs
investigated in this study, and particularly so for textured
samples. The low refractive index of the paint satisfies the
conditions for total internal reflection for scattered light,
and most light which is transmitted out of the silicon will
be returned in a somewhat diffuse manner by the PDR.
This added scatter is the reason why the paint outperforms
all of the other dielectric reflectors, including the detached
mirror. A metal backing was added to this paint layer and
did not influence the Jsc at all, showing that the layer can be
assumed to be “infinitely” thick on these cells.

5. The influence of thickness and diffusion length of the
absorber layer

In addition to the absorber layer (“base”) thickness, the
current gain provided by the BSR also depends on the ratio
of the minority-carrier diffusion length in the base to the

type (1 x 10!6cm~3) absorber layer with variable thickness
and a 40nm thick n+ BSF layer (2 x IO19cm"3). In order
to model light trapping effects, the specular internal
reflectance at the front and rear surface of the silicon film
can be adjusted. For a planar device with air as the BSR,
the internal reflectance at the rear of the Si film was set to
33%, while the front internal reflectance was set to 10%.
For a planar device with a PDR, the internal reflectance at
the rear was set to 75%, white at the front surface it was set
to 60%. This is reasonable as the PDR returns light to the
cell in a scattered pattern, enhancing total internal
reflection at both the front and rear surface of the silicon
film and thereby providing efficient light trapping. The
relative current gain from the use of a PDR as BSR is then
given by

- 100 x [(W4.J - 1], (5)

This current gain due to a PDR on a planar cell was
calculated with PC1D for a range of base diffusion lengths
and base layer thicknesses. The results are summarised in
Fig. 7 as a function of the ratio L„/IV of base diffusion
length and base layer thickness. It can be seen that, for a
given value of the base diffusion length, the thinner the
base, the larger the current gains from the application of a
PDR.

For the investigated ALICIA cells, PC1D determines a
base diffusion length £„ of about 0.5 pm from fitting the
measured EQE curves (such as those of Fig. 6). Hence, the
L„jW ratio of the solar cells of Table 1 (base thickness
'"•1.4 pm) is about 0.35. From Fig. 7 it follows that the
PC ID model predicts a current gain of about 20%, which
agrees well with the experimental result for the planar ceil
of Table 1.

According to Fig. 7, for a given base diffusion length,
higher gains can be obtained from a PDR if the base
thickness is reduced. The thin-base ALICIA cel! P1.0 (i.e.
base thickness of about 0.75 pm, LrJW ratio of about 0.7) is
well suited to test this model prediction. As shown in Fig.
5(a), application of a thick (~150 pm) glossy white outdoor
.paint layer provides an experimental gain of 37%,
which agrees well with the model predictions of Fig. 7. In
an effort to further boost this current gain, the experiment
was repeated with an improved version of a commercial
white acrylic indoor paint (DULUX® one coat ceiling
paint). By addingTiOj particles (diameter ~200nm) to this
paint, its a value was increased from 9.5% to about 20%.
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Fig. 7. PCID-calculated short-circuit current gain from adding a FDR
with an interna! reflectance of 75% onto the rear surface of a planar
silicon thin-film solar cell, as a fanction of the ratio of base diffusion
length £„ and base layer thickness W. The current gain shown is relative to
the baseline case of air as the BSR. The parameter shown next to each
curve is the corresponding fixed base diffusion length (in microns). The
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Table 2
Measured i -Sun Jv: values of ALICIA samples Pl .0 and Tl .6 without and
with an approximately 600 pm thick pigmented diffuse reflector (with
<r := 20%) on the back surface. The Ln/W ratio of the planar ceil is about
0.7 and that of the textured cell about 0.35

Baek surface reflector of pSanar sample J,c of textured sample
(1.6 pm)(1.0 pm)

(mA/cm2) (%) (mA/cm2) (%)

Air 7.04 100 - 5.9! 100
PDR (~600pm. a = 20%) 9.91 Ml 7.07 120

the short-circuit current density Jx of the solar cells
enormously, with a boost of 41% observed for very thin
(1.0 pm) planar solar cells illuminated with the AM1.5G
solar spectrum. On 1.6pn thick solar cells made on
textured glass, the corresponding Jsc gain due to the white
paint was still as high as 20%. An optical model has been
presented that calculates the short-circuit current gain
provided by a PDR as a function of the base layer
thickness, the diffusion length in the base layer and the
solar cell’s light trapping properties. Good agreement
between the model’s predictions and experimental results
has been found. While all commercial paints investigated in
this study performed well as PDR, the best current gains
were observed when the pigment volume concentration of
the paints was increased significantly (by a factor of about
2) by adding TiOy particles. We have also shown
experimentally that white paint is a better BSR than
aluminium, air, a TCO/AI stack and even a detached
mirror. White paint is inexpensive and it offers the
potential to be optimised. This work proves that pigmented
materials are an excellent option for light trapping in thin-
film c-Si solar cells with a silicon film thickness of less than
2 pm. Since the studies of Cotier et al. [5,6] and Shaw [7]
investigated the influence of PDRs on silicon solar cells
with thicknesses of over 27 pm, this work doses the gap
that has existed for much thinner cells.
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According to Fig. 2, this should lead to a significant
increase of the scattering efficiency and hence an improved
reflectance of the PDR (see Eq. (!)). For comparison, the
same improved paint was also applied to the rear surface of
a textured cell with thicker base (T1.6). Paint thickness was
about 600 pm on both solar cells. From the measured EQE
curves, the short-circuit currents shown in Table 2 have
been determined. The experimentally obtained gain in Jx is
now 41% for the planar cell, well above the 19% result
achieved with the thicker-base planar cell (see Table 1) and
also higher than the 37% result obtained with the non­
optimised paint. This experimental result confirms that the
increased pigment volume concentration (20% vs. 9.5%) is
indeed very beneficial for the paint’s reflectance.

6. Conclusions

In this work, commercially available white paint has
been applied as a PDR to the rear surface of thin-film
polycryslaliine silicon solar cells with a silicon thickness of
less than 2 pm. We have shown that white paint increases
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Moth eyes inspire self-cleaning antireflection nanotechnology coatings 

(Nanowerk Spotlight) Antireflection coatings have become one of the key issues for
mass production of silicon solar cells. Silicon solar cells are the most common solar
cells on the market today. They are constructed with layers of n-type silicon having
many electrons and p-type silicon having many electron holes (portions with missing
electrons). When hit by sunlight, an equal number of electrons and electron holes are
generated at the interface between the two silicon layers and, as the electrons migrate
from the n-type silicon to the p-type silicon, an electric flow is generated.

One of the problems with silicon solar cells is the high refractive index of silicon, which
causes more than 30% of incident light to be reflected back from the surface of the
silicon crystals. Solar cell manufacturers have therefore developed various kinds of
antireflection coatings (ARCs) to reduce the unwanted reflective losses. Currently,
quarter-wavelength silicon nitride thin films deposited by plasma-enhanced chemical
vapor deposition (PECVD) are the industrial standard for ARCs on crystalline silicon
substrates. Unfortunately, current top-down lithographic techniques for creating
subwavelength silicon gratings, such as electron-beam lithography, nanoimprint
lithography, and interference lithography, require sophisticated equipment and are
expensive to implement, thus contributing to the still high costs of this type of solar cells.

Borrowing from Mother Nature's millions of years old design book, researchers have
now come up with a nanotechnology antireflection coating inspired by the eyes of
moths.

idl

Details of the moth eye structure.

"We have developed a simple and scalable spin-coating technique that enables wafer­
scale production of colloidal crystals with nonclose-packed (nep) structures" Wei-Lun
Min tells Nanowerk.

Min, a student in Peng Jiang's group in the Department of Chemical Engineering at the
University of Florida, is first author of a recent paper in Advanced Materials that 
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describes this new coating technique (’'Bioinspired Self-Cleaning Anti reflection
Coatings").

Min explains that commercial silicon nitride ARCs are typically designed to suppress
reflection efficiently at wavelengths around 600 nm. "The reflective loss is rapidly
increased for near-infrared and other visible wavelengths, which contain a large portion
of the incident solar energy" he says. "In contrast, our subwavelength-structured moth­
eye ARCs directly patterned in the substrates are broadband and intrinsically more
stable and durable than multilayer ARCs since no foreign material is involved."

The team in Florida has developed a simple and scalable templating technique for
making subwavelength ARCs. Knowing that moths use hexagonal arrays of nonclose-
packed nipples as antireflection coatings to reduce reflectivity from their compound
eyes, they designed a colloidal templating approach for fabricating such moth-eye
ARCs on both glass and silicon substrates.

"The outer surface of the corneal lenses of moths consists of nep arrays of conical
protuberances, termed comeal nipples, typically of sub-300nm height and spacing"
explains Min. "These arrays of subwavelength nipples generate a graded transition of
refractive index, leading to minimized reflection over a broad range of wavelengths and
angles of incidence."

In similar fashion, the templated pillar arrays that the researchers designed have a high
aspect ratio and exhibit excellent broadband antireflection and nonwetting properties.

The team points out that transparent polymer moth-eye ARCs with good antireflective
properties has been demonstrated before but, in contrast to their own ARC, the low
aspect ratio (ca. 0.5) of the previously templated nipples had hampered the realization
of superhydrophobic coatings.

In their approach, Min and his colleagues used a simple and scalable spin-coating
technique to generate nep colloidal monolayers of hexagonally ordered silica particles
on silicon wafers. These particles are then used as etching mask during a reactive ion
etch (RIE).
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Templated silicon pillar arrays. (Image: Wei-Lun Min, University of Florida) 

"As the etching rate of silica is much lower than that of silicon under RIE conditions,
silica particles protect silicon immediately underneath them from being etched, resulting
in the formation of pillar arrays directly on silicon surface" Min explains the process.

Once the silicon pillars are deep enough, the process is stopped by removing the
templating silica spheres with a solution.

Min points out that their technique can be easily utilized to generate wafer-scale silicon
pillar arrays, is compatible with standard industrial manufacturing and is promising for
developing self-cleaning ARCs for a large variety of technological applications ranging
from solar cells and photodiodes to flat panel displays and optical components.

By Michael Berger. Copyright 2008 Nanowerk LLC
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Abstract
PIN diodes and other test structures have been fabricated on both n- and p-type, high-resistivity, Floating-Zone (FZ)

silicon substrates. Different alternative extrinsic-gettering techniques have been adopted to the purpose of meeting the
required specification of a detector leakage current density lower than 1 nA/cm2. Phosphorus-doped polysilicon gettering
provided the best results on n-type Si with a leakage current density lower than 0.2 nA/cm2 at 100 pm depletion width.
On the contrary, devices made on p-type substrates exhibited a leakage current density two orders of magnitude higher.
A proper control of the oxide charge at the silicon-silicon dioxide interface was found to be crucial in obtaining a
predictable behavior of PIN diode detectors. Some degradation of the reverse leakage current has been observed after
device dicing and bonding.

1. Introduction

The aim of this work was to test the technology presently
available at the Institute for Scientific and Technological
Research (IRST) in Trento, Italy, for the fabrication of PIN
radiation detectors suitable for high-energy physics experi­
ments and X-ray spectroscopy. These devices are typically
operated under reverse bias conditions in a fully depleted
mode, so that they have to sustain a relatively high volt­
age (about 140 V for 300 pm thick, 2kQcm, n-type sub­
strates) while maintaining a low reverse leakage ctirrent
density (less than 1 nA/cm2 at room temperature). Leakage
current is the parameter that mainly determines the detector
noise, which, in turn, limits the energy resolution. How­
ever, it must be stressed that the total noise of the detec­
tion system strongly depends also on stray capacitances as
well as on impedance matching of the detector with the in­
put device of the preamplifier [1], This is particularly true
for low-capacitance detectors, such as silicon drift cham­
bers and pixel detectors. In this respect, monolithic integra­
tion of the detector with the front-end electronics can result
in a considerable performance enhancement, reducing para­
sitic capacitances associated with the detector-preamplifier
connection.

The main problem associated with the manufacturing of
radiation detectors is the degradation of the carrier lifetime

' Corresponding author. Tel.: +39 461 88 2451; fax: +39 461 88
1977. e-mail; giorgso.pignatel@ing.unitn.it.

of the high-quality starting material that may occur during
the fabrication process due to contamination or defect ac­
tivation, Moreover, a careful control of oxide charges and
surface leakage current (which can be of the same order of
the bulk thermally-generated current) is necessary. Finally,
a good long-term stability of the detector performance in
ambient atmosphere and under irradiation is an important
issue.

In the past, two different technological approaches have
been proposed, which are able to meet the desired speci­
fications. The first one, developed by Kemmer [2], relies
on a very low thermal budget experienced by the detector
(maximum annealing temperature of 700°C) after an ini­
tial oxidation at 105()°C with HC1. The second, proposed
by Holland [3], is based on the use of extrinsic gettering
techniques to maintain the carrier lifetime in the range of
milliseconds even after relatively high-temperature process­
ing. While the first approach results tn ad hoc processes, the
second one allows more standard fabrication procedures to
be adopted, as demonstrated by the realization of PMOS-
and CMOS-compatible detectors [3,4], We embraced tins
latter approach, the final goal of our work being the devel­
opment of a technology' suitable for integration of detectors
and read-out electronics.

In this paper, after a brief description of the adopted
fabrication process, we report on preliminary results ob­
tained from PIN diodes and other test structures fabricated
on both n-type and p-type Floating Zone (FZ) silicon
substrates.

0168-9002/97/$! 7.00 Copyright © 1997 Elsevier Science B.V. Ail rights reserved
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2. Process outline

As p-type substrates, we used 500 pm thick, 4 in dia­
meter, Skflcm resistivity, boron doped, (100) silicon
wafers. As n-type substrates, we employed 280 pm thick,
4 in diameter, 2 k'i cm resistivity, phosphorus doped, (Ill)
silicon wafers. The basic process sequence was the fol­
lowing: after an initial oxidation at 975°C in dry O2,
the heavily-doped front-side regions were formed by ion
implantation through a 45 nm thick initial oxide, using pho­
toresist as a mask. Then, having protected the front side
with a low-temperature deposited oxide (600nm, 430°C),
the back side was uniformly doped by ion implantation at
a dose of 4 x 10l5cm '2 to ensure a good ohmic contact,
while providing the first type of gettering. The post-implant
annealing, necessary to recover the implant damage and to
electrically activate the implanted species, was carried out at
two different temperatures, namely, 700 and 850°C. Finally,
contact opening followed by Al-Si( 1%) metal deposition,
patterning and sintering, completed the process sequence.

In case of n-type silicon substrates, two alternative
backside gettering techniques were adopted: one consists
of POClj doping followed by segregation annealing [5],
the second exploits a polysilicon layer doped by using the
same POCIs source. For p-type substrates, polvsiiieon de­
position followed by p+ boron implantation was adopted as
an alternative to simple boron implantation, while a chan­
nel stop BF2 implant (60 keV, 1 x 10!2cm 2) through
the oxide was added on the front side to avoid surface
inversion,

The basic process flow is illustrated in Fig. 1 with refer­
ence to an n-type substrate and to the backside P implant as
gettering technique.

3. Results

Fig. 2 shows a schematic cross section of a detector re­
alized on an n-type substrate. The front side of the detector
was patterned to form circular guard rings around a central
diode having an active area of 1.8 mm2. Only the innermost
and outermost guard rings were provided with a contact
metallisation. The intermediate floating rings have the pur­
pose of evenly distributing the potential drop from the center
to the border of the device, when a reverse voltage is applied
to the diode with respect to the substrate. The gap between
adjacent rings is 50 pm. The width of the innermost guard
ring is 600 pm, while that of the floating rings is 100 pm.
The complementary PIN diode has the same geometry, ex­
cept that and nr doped regions are interchanged.

Fig. 3 shows the leakage current versus reverse voltage
characteristics of diodes fabricated on both n- and p-type
substrates. During measurements, the innermost guard ring
was biased at the same potential of the central diode, while
the externa! guard ring was kept at the same potential of the

oxidationa)

b)

c)
“~IH~ ~

oxide deposition
d)

annealing

contacts opsnlnga)

metallisation
fl

sintering

back-sid®
P implantation

front-side
B Implantation

Fig. 1. Flow chart of the fabrication process for an n-type substrate
with backside P implant as gettering technique.

559^

(Diode / Floating guard-rings / _
linnet guard-ring Outer guard-ring)

Fig. 2. Schematic cross-section (half device) of a PIN detector on
n-type substrate.
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reverse voltage (V)

Fig. 3. Reverse 1--V characteristics of PIN detectors fabricated on
both n-type and p-type substrates with different extrinsic lettering
techniques. Diode area of 1.8 mm2.

backside contact. In Figs. 4(a) and (b) the statistical data -
average and standard deviation - of the leakage current den­
sity, measured at a reverse voltage of 20 V (corresponding
to a depletion width of about 100 gm), are reported. As can
be seen, the required specification of less than 1 nA/cm2
was met on all the diodes on n-type substrate, but not on
those built on p-type wafers. In particular, we found that
phosphorus-doped polysilicon gettering was the technique
that gave the best results on n-type substrates, while about
two order of magnitude higher leakage currents were ob­
served in devices on p-type wafers. A difference of only
50% was found between samples annealed at low (700°C)
temperature and those annealed at medium (850°C) tem­
perature, in favour, as expected, of low-temperature anneal­
ing [6], Data reported in Fig. 4 also give an indication of the
fairly good uniformity and reproducibility of the fabrication
processes.

While PIN diodes allow for a direct measurement of the
detector leakage current, other test structures can be used to
monitor important parameters which characterize the tech­
nology. For instance, gated diodes are suitable for extracting
surface generation velocity. C-V measurements on Metal-
Oxide-Semiconductor (MOS) capacitors enable the density
of both oxide fixed charge and interface states to be eval­
uated. Threshold voltages of MOS transistors are strictly
related to substrate doping concentration, oxide thickness
and interface charge. AH these structures were realized on
the same wafer together with PIN diodes, and some results
have been reported in Ref. [7], Here, we present the output
characteristics of n-channel MOS transistors realized on
p-type substrates and, for comparison, of p-channel MOS
transistors realized on n-type substrates. Figs. 5(a) and (b)
show that the threshold voltage of p-MOSFETs is about
— 15 V, while that characterizing n-MOSFETs is about
zero. This remarkable difference is primarily due to the fact

S
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(a) implant pniy

” LT Average
igStd.Dev._ 4!)... L------------

« ________
130 r~"
»

20

10 +

B-doped
poly

fi­
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Fig. 4. Average value and standard deviation of leakage cur­
rent density measured cm a statistical sample of lOdies/wafer and
2 wafers/type, at a reverse voltage corresponding to a 100 pm
depletion width, (a) n-type Si substrate; (b) p-type Si substrate.

that p-MOSFETs have a 645 am thick gate insulator, while
n-MOSFETs have a 45 nm thick, thermally grown gate
oxide. Therefore, p-MOSFETs exhibit a much lower gate
capacitance with respect to n-MOSFETs, due to the higher
oxide thickness. Moreover, p-MOSFETs are characterised
by a greater oxide-charge density (about 4 x 10*1 cm-2),
due to the (1 1 1) orientation of n-type substrates (whereas
n-MOSFETs are built on (10 0) p-type wafers).

These and other results have pointed out the importance
of controlling oxide charges for the fabrication of detec­
tors with a predictable behavior. Computer simulations have
shown that an oxide-charge density of 4 x 10“ cm”2 is
large enough to prevent surface inversion between adjacent
p ’’ regions on n-type substrate [7], thus providing isolation
between diode and guard rings and making the implemen­
tation of channel-stop implants unnecessary. Another effect
of oxide charge is that the surface electric potential does
not distribute gradually between the innermost guard ring
(which is biased at the same potential of the central diode)
and the outermost guard ring (kept at the same potential of
tire substrate). As a result, avalanche breakdown is more
likely to occur at the surface region close to the innermost
biased guard ring [S].
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Fig. 5. Output characteristics of a p-channel and an n-channel MOS
Field Effect Transistor. (a)p-MOSFET: tox — 645 ran. ~ - 15 V;
(b) n-MOSFET: tOx=45nm, tih~ 0V.

Finally, a PIN diode on n-type substrate was tested un­
der X-ray irradiation using an Am radioactive source.
Fig. 6 shows the block diagram of the detection system
set-up [1]. The diode p'+ cathode is connected to an exter­
nal charge preamplifier, consisting of an input JFET in the
common-source configuration, a transimpedence amplifier
and a feedback capacitance. No feedback resistance is re­
quired, because the JFET gate junction (which is forward
biased at the source end of the gate) provides the path for the
discharge of the feedback capacitance and for the detector
leakage current. The room-temperature spectrum, obtained
with Cf = 0.2 pF, f),las = 100 V (resulting in a detector ca­
pacitance of about 1 pF), and a shaping time of 0.5 ps, is
reported in Fig, 7. An ENC of 228 rms. electrons (corre­
sponding to 1930 eV FWHM) was measured on the pulser
peak, while a resolution of 1966 eV FWHM was obtained
on the 59.54 keV y-peak. Such a relatively low resolution 

Fig. 6, Block diagram of the detection system set-up.
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rig. 7. 241 Am spectrum acquired at room temperature and 0.5 us
shaping time.

is mainly ascribed to the fact that the detector ieakage cur­
rent increased by more than one order of magnitude after
chip dicing and bonding, reaching a value of about 1 nA at a
reverse voltage of I00V (to be compared with the value
of 60 pA measured at wafer-level). We attributed such a
behaviour to the absence, in our detectors, of a suitable
isolation from current contributions originating at the chip
edges.

4. Conclusions

We have reported on the electrical and X-ray characteri­
sation of PIN radiation detectors and other related test struc­
tures fabricated on both n- and p-type high-resistivity Si
substrates. The effectiveness of different extrinsic-gettering
techniques in limiting the detector leakage current has been
investigated. Among devices built on n-type Si, those im­
plementing a pbosphorus-doped polysilicon backside layer
have shown the best results in terms of both leakage current
(lower than 0.2nA/crtr/T00pm) and process uniformity.
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On the contrary, B-doped polysilicon gettcring in devices
built on p-type Si was not as much effective, the resulting
average leakage current density exceeding the value of
30nA/cm2/100 gm. In spite of the good results obtained
al the wafer-level, the experience has shown that some
leakage current degradation can occur after device dicing
and bonding, adversely affecting the detector X-ray energy
resolution.
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Abstract
We present our most recent work on the
development of a new method of
fabricating antireflective moth-eye
structures in silicon based on nanoimprint
lithography (NIL). Reflectance spectra
from test structures show that broadband,
low reflectance can be achieved using
moth-eyes fabricated by NIL, with
reflectance below 1% across wavelengths
ranging from 572 to 647 nm. The
appearance of interference peaks in the
reflectance spectrum of pillars with a
square profile is analysed to highlight the
importance of tapered pillar profiles in
achieving broadband antireflection (AR).
Development of a cheap and scalable NIL
synthetic moth-eye fabrication method will
pave the way for excellent broadband AR
surfaces for photovoltaic applications.
Introduction
Various schemes have been developed to
reduce reflectance of sunlight from solar
cell surfaces. These include the use of thin
film antireflection coatings (ARCs) and
texturing of the surface. Single or double
layer thin film coatings (SLARs and
DLARs) employ a destructive interference
mechanism to minimise reflectance at
specific design wavelengths [1). However,
reflectance for other wavelengths can be
high and, due to the broadband nature of
sunlight, a broadband antireflective effect
is required for solar cells. Thin film ARCs
are also limited by the availability of
materials with appropriate optical and
thermal properties. Texturing on the
micron scale is often used, in combination
with ARCs, to force light to undergo
multiple reflections from the inclined faces
of the textured features, thus increasing
the amount of light coupled into the cell.
An example of such an approach is the
use of regular pyramidal arrays on high
efficiency c-Si cells [2]. Texturing with
large scale features, however, is
incompatible with second generation, thin-
film solar cell technologies.

A third option is to texture with arrays of
features on a scale below the wavelength
of light. If these features are tapered, light
passing through the interface experiences
a graded refractive index which minimizes
the amount reflected. This is the
mechanism behind the very low
reflectance achieved by nature as a form
of camouflage on the corneal surfaces of
some species of moth (Figure 1) [3J.
Surfaces employing this type of AR are
commonly called “moth-eye” surfaces.
Several examples of antireflective,
biomimetic silicon moth-eye surfaces have
been reported [4, 5], showing antireflection
over a wide range of wavelengths.

L

Figure 1. Comeal surface of lepidopteran
moth. Scale bar is 1 pm [6],

Previously, we showed through simulation
that replacing an optimized SLAR with a
moth-eye array on a high efficiency c-Si
solar cell could lead to approximately 10%
more energy over a day [7]. We have also
reported the fabrication of lest structures
using electron beam lithography, the best
of which exhibit reflectances of less than
0.5% over a range of wavelengths from
550 nm to 870 nm. However, the long
write times (approximately 30-90 mins per
mm2) that result from having to define
each individual feature with an electron
beam, means that this approach is
prohibitively expensive for photovoltaics.
We are therefore investigating nanoimprint
lithography (NIL) as an alternative
scheme. NIL uses electron beam
lithography to produce a stamp, which can
then be used to reproduce the pattern 
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many times over, and so is a cheaper and
potentially more scalable way of achieving
excellent AR for solar cells. Our aim is to
develop an NIL process that produces
similar AR surfaces to those we have
achieved using our e-beam techniques.

Review of electron-beam work
Measurements of reflectance versus
wavelength from the best-performing Si
moth-eye samples produced using the e-
beam technique are shown in Figure 2 [7],
A scanning electron micrograph (SEM) of
the features of one of the best performing
samples (curve D in Figure 2) is presented
in Figure 3. The aim is to produce similar
structures using NIL.
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Figure 2. Reflectance probe results for
best-performing silicon moth-eye samples.

Figure 3. SEM of one of the best
performing silicon moth-eye samples

(curve D on Figure 2) fabricated using E-
beam method.

Nanoimprint Lithography
The processes for stamp fabrication and
imprinting are presented in Figure 4 and
Figure 5, respectively. For the stamp, a
metal mask is formed using e-beam
lithography and lift-off. A SF6/C4F8 dry etch
(STS MESC Multiplex ICP) is then used to
form vertical-walled, 150 nm high pillars.
The stamp is used in combination with lift­

off to reproduce the metal mask on a
substrate. The SFb/CaFb etch is then used
to form pillars with heights of
approximately 400-500 nm. The metal
mask is removed and then a SFg/CHFyOj
reactive ion etch (STS RIE), which is more
isotropic than the first etch, is then
performed to shape and taper the pillars.
Further shaping and damage removal is
achieved with an oxidation and oxide strip.

1 Spin on e-beam resist
(ZEP-520, positive)

2 E-beam exposure to
and development to form
array of holes

3 E-beam evaporation.
15 nm Al.

4 Lift off

5 Anisotropic dry etch to JT.Tt .
a depth of 150 nm j [ 

| 6. Removal of Al mask 1 ;- J —-■ L,
i and apply anti-adhesion ! I
I coating. '

Figure 4. Stamp fabrication for NIL

Profile Development
By varying the time of the second etch
(shaping etch) and the oxidation time we
have fabricated a variety of pillar profiles.
The pillar profile is also dependent on the
period and initial size of the features on
the metal mask. After an initial
development batch involving patterning of
100 pm2 areas, we fabricated a range of
larger samples (1.4 mm2) from which we
could measure reflectance. We found that
with a stamp containing a range of
patterns with different densities the imprint
process is hindered by problems with
maintaining an even pressure over the
whole stamp. Therefore, the optical
samples presented here were patterned
using e-beam lithography to create the
metal mask (steps 1-4, Figure 4). The plan
is to select the best performing pattern
from the optical samples and create a
stamp with a patterned area of 1 cm2. This
will eliminate density variation problems
and so enable us to use NIL to pattern the
metal mask. We can directly transfer the
developed etch process because the
metal mask is identical whether patterned
using e-beam or NIL.
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Figure 5. NIL process.
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Examples of the pillar structures of two
such patterns are shown in Figure 6. We
observe that the longer isotropic etch used
for wafer B (Figure 6 (b)) results in a more
tapered pillar profile that more closely
resembles the profile of the previous
reported excellent AR structures shown in
Figure 3. However, the pillars display
concave, hollowed out tips which are in
contrast to the convex, rounded pillar tips
shown in Figure 3. Wafer A (Figure 6 (a))
exhibits pillars with squarer profiles and
flat tops which we predict will lead to
poorer AR properties because light will
experience sharp changes in refractive
index as it passed through a surface
textured with these features.

Optical Characterization
We used the reflectance probe technique
described in [7] to measure reflectance of
near-normal incident light from the
samples shown in Figure 6. The resulting

reflectance spectra are presented in
Figure 7.

Figure 6. Examples of SEMs of samples
made with a metal etch mask (a) wafer A:

iso. etch 3 mins, oxidation 15 mins; (b)
wafer B: iso. etch 12 mins, oxidation 15

mins.

Results and Discussion
Wafer B exhibits good AR properties, with
reflectance reduced to below 2% for the
wavelength range 560-769 nm and below
1% for wavelengths between 572 and 647
nm (Figure 7). We have not yet achieved
AR properties that match the best
achieved using the previous e-beam
technique. However, by developing the
etch process further, we should be able to
achieve pillar profiles, and so reflectance
properties that more closely resemble
those of the sample shown in Figure 3.
This could including altering the isotropic
etch recipe and/or extending the oxidation
time further in an attempt to eliminate the
concave tip features.

Wafer A exhibits poor AR properties, with
various maxima and minima in reflectance
across the wavelength range. Minima in
reflectance comparable to wafer B are
achieved but only over narrow wavelength
ranges (e.g. reflectance is less than 1%
but only over a 10 nm wavelength range 
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around 647 nm). We can reveal a clue as
to the cause of such a reflectance
spectrum using effective medium theory
(EMT). The reflectance spectrum
resembles that of a single layer thin film
coating of sufficient thickness to cause
multiple interference peaks. Treating the
structured region as an effective medium
with the refractive index dependent on the
amount of silicon to air, we notice that for
a square pillar profile, the refractive index
varies little from the base to the peak of
the pillars. Therefore, the structure could
be modelled as a single layer with an
effective refractive index, neff, given by [8]

=7A.2 +

where f is the fraction of silicon to air. We
can calculate f and the nalf by measuring
the radius and period from Figure 6 (a).
We can then calculate the reflectance
spectra expected from a single layer thin
film on silicon with these parameters. The
results of this analysis (Figure 7) show that
the positions of the maxima and minima
predicted with the thin film simulation are
similar to those observed in the
reflectance spectra of wafer A. Differences
will be due to the pillar profiles not exactly
matching the ideal square profile assumed
for the simulation.
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Figure 7. Reflectance probe
measurements on two samples (Figure 6)

etched through a metal mask. The best
result from the previous e-beam technique

is included, as is the EMT single layer
simulation with f= 0.31 and h = 480 nm.

For PV applications, we would like to avoid
moth-eye patterns such as wafer A that
exhibit large variations between
reflectance maxima and minima.

Therefore, we need to avoid square pillar
profiles and develop etch techniques to
produce tapered pillars. In terms of
effective medium theory, tapering has the
effect of grading the refractive index and
so suppressing the interference effect,
resulting in low reflectance over a broad
range of wavelengths.

Conclusions
We are developing a new process, based
on nanoimprint lithography, for the
fabrication of synthetic moth-eye
structures in silicon. The aim is to
reproduce the excellent AR surfaces we
achieved with an e-beam based
technique, but with cheaper and potentially
more scalable NIL technology. We have
demonstrated good AR performance, with
reflectances less that 2% over a 209 nm
wavelength range. The etch development
process has highlighted the importance of
a tapered pillar profile: Square profiles
lead to large reflectance variations over
the spectrum due to interference effects
because the structures behave as a single
layer coating. We aim to optimize the etch
process, and then select the best pattern
to create a 1 cm2 stamp. We can then
produce test solar cells from substrates
patterned with this stamp.

The authors would like to thank NIL
Technology Ltd. for fabricating the test
structures.
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Abstract
Purpose - This paper seeks to describe and discuss the historical development of IR sensors used in thermal imaging and to identify and consider some
recent research trends.
Design/methodology/approach - This paper first considers cooled semiconductor photon detectors and their limitations and then traces the
historical development of un-cooled IR sensing technologies and their commercialisation. It then discusses certain present-day developments and
research trends.
Findings - This paper shows that military-funded research by toe USA in the 1980s led to families of un-cooled IR sensors, pyroelectric detectors and
microbolometers, that have since been widely commercialised. Research continues in the search for a technology that can yield un-cooled sensors
offering the sensitivity of cooled devices, such as Golay cells, microcantilever arrays and biomimetics.
Originality/vaiue - This paper traces the technological evolution of un-cooled thermal imaging sensors and identifies and considers recent research.
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Originally developed for the military during the Korean War.
thermal imagers are used widely by the armed forces and
emergency services and also satisfy many industrial applications
such as equipment fault detection and condition monitoring.
The heart of all thermal imagers is the sensor that detects the
incoming IR radiation and critically these govern the products’
cost and performance. The majority fall into either of two
categories: high-cost, high-resolution devices based on direct
photon detection and less costly, lower resolution devices which
detect thermal energy. The former are fabricated from
compound semiconductors such as mercury cadmium
telluride (HgCdTe), indium antimonide (InSb) and indium
arsenic antimonide (InAsSb). They operate through the
quantum mechanical interactions that occur between the
incident photons and electrons in the detector material. Either
of two specific mechanisms may be exploited: photoconductive
and photovoltaic. In the former, IR photons are absorbed and
elevate an electron from the material’s valence band to the
conduction band, thus changing its conductivity, whilst
photovoltaic detectors absorb the photons to create an
electron-hole pair across a p-n junction which can produce a
small current. Except when working in the short-wave IR region
(i.e. A = I-3p.srs), all IR sensors based on photon detection
must be cryogenically or thermo-electrically cooled to eliminate
noise arising from thermally generated carriers. As a

The current issue and foil text archive of this journal is available at
www.emeraldinsight.com/O260-2288.htm
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consequence, reliability suffers: the MTBF (mean time
between failures) of cooied-sensor imaging systems is typically
3,000-4,000 h but for un-cooled devices the figure is 40,000-
60,000 h. In addition, cooling imposes size, weight, cost and
start-up time limitation, leading to the search for a technology
which could yield un-cooled detectors that are easy to mass-
produce and capable of generating high-quality images.

This has been the topic of military-funded research for several
decades and in tine 1980s the US Department of Defence
(DoD) awarded Honeywell and Raytheon R&D group, then
part of Texas instruments (TI), large, classified contracts
termed high-density array development (HIDAD) to develop
un-cooled IR sensor technology. Both programmes were very
successful: TI developed the pyroelectric sensor and Honeywell
developed the microbolometer and both have since enjoyed
considerable commercial success. In 1992, die US Government
de-classified tine use of IR imaging for commercial products but
maintained dose control over the technology. TI developed
commercial thermal imagers and Honeywell initially licensed
their microbolometers to four companies. These were Loral, the
company that purchased the Honeywell Electro-optics
Division, Santa Barbara Research that was then part of
Huglies, Amber Engineering and Rockwell. Subsequently,
Loral was acquired by Lockheed Martin who later put the
microbolometer activity into their Sanders operation which was
then acquired by British Aerospace; Raytheon acquired Santa
Barbara Research from Hughes and also acquired Amber
Engineering; and Boeing acquired Rockwell’s IR imaging
activity and after a few years sold it to DRS Technologies.
Several farther companies have since acquired licenses,

Pyroelectric detectors are based on ferroelectric ceramic
materials which exhibit the pyroelectric effect, whereby incident
IR radiation falling on the ceramic causes a temperature change
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which generates an electrical charge. A typical array consists of a
number of ceramic dements, effectively pixels, coupled to the
signal read-out electronics. TI patented ferroelectric IR
detectors based on barium strontium titanate in 1978 and first
demonstrated the technology to the military in 1979. Since,
then, several companies have exploited the effect. It is important
to recognise, however, that unless the signals are chopped,
pyroelectric arrays only respond to changes in the IR flux but
this makes them particularly well suited to monitoring the
movements of people in applications such as retail outlets and
safety applications. Figure I shows a people counting product
based on a 16 x 16 element pyroelectric array, produced in the
UK by IRISYS. These respond over the wavelength range 8-
14 pm and are now being used in supermarkets, including
Tesco, the UK’s largest grocery chain. The ceiling-mounted
sensors monitor the number of people entering a store and
queuing and the data are used to determine the number of
check-outs required. The use of this system reduces queuing
times and led to Tesco winning the Retail Week Customer
Service Initiative of the Year Award in 2006. These arrays are
also used in conventional thermal imaging instruments, albeit
with relatively low resolution (Figure 2). The technology is not
static and efforts are underway to enhance performance. Two
notable research themes are the use of alternative pyroelectric
materials with improved characteristics and the fabrication of
arrays based on thin pyroelectric films deposited onto
microengineered silicon substrates.

The bolometer was invented in 1878 by the American
astronomer Samuel Pierpont Langley and microbolometers are
effectively miniaturised versions of these, fabricated by silicon
MEMS technology. They generally respond over the
wavelength range 8-I4p.m and rely on the incident IR
radiation heating a sensing element causing a change in its
electrical resistance. The most widely used sensing materia! is
vanadium pentoxide (V2O5), often termed “VOx”. This is the
preferred material because of its high-thermal coefficient of

Figure 1 The IRISYS people counter is based on a 16 x 16 element
pyroelectric array

Volume 27 • dumber 4 • 2007 ■ 278-28!

Figure 2 Thermal imager based on a pyroelectric array (IRISYS)

T

i

resistance (~3-4 per centidegree). A microbolometer is a two-
layer structure consisting of80,000 or more sensor elements in a
two-dimensional array, where the thermally isolated VOx
elements are deposited over the silicon read-out circuitry.
Figure 3 shows a schematic of a single sensing element. The two
most common sizes are the 320 x 240 array and the less costly
i 60 x 120 array. Both have the same resolution, although the
larger array provides a wider field of view. Larger, 640 X 480
element arrays were announced in 2005. Microbolometer
arrays are used widely in thermal imagers and have become the
technology of choice for un-cooled devices.

A more recent microbolomctcr development uses
amorphous silicon rather than VOx, a material that has the
advantage of being fully compatible with standard IC
processing technology. This technology has the potential for
low-cost devices due to high-processing yields. Operational
Figure 3 Schematic of a VOx-based tnicrabolometer element
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benefits include high-mechanical strength, the ability to
sustain high vibration and shock loads and very low-pixel
thermal time constants which arise from the extremely thin,
thermally isolated suspended membranes. The technology has
been the topic of research at the French Laboratoire
d’Electronique de Technologic de 1 Tn formation (LETI)
since 1992 and has recently been commercialised by ULIS.
Set tsp as an array manufacturer in 2002, the company
announced its i 60 x 120 pixel amorphous silicon array with
a pitch of 35 pm and a spectral response of 8-14 pm in 2004.
Since, then, the range has been expanded and includes arrays
with sizes up to 640 x 490. A packaged array is shown in
Figure 4. These • and other amorphous silicon
microbolometers are now being used in many commercial
thermal imagers.

Whilst pyroelectric detectors and microboiometers operate
a room temperature and some can be fabricated at relatively
low costs, they exhibit lower sensitivities than photon
detectors, leading to the search for a high resolution, un­
cooled technology' continuing during rhe 1990s. One
technique that saw a resurgence of interest during this
period was the Golay cell. Invented by its namesake in 1947
and often termed a “pneumatic” IR detector, a Golay cell is a
highly sensitive device which exploits the simple principle
whereby a confined volume of gas expands when heated.
Early devices used a cavity featuring a flexible membrane
whose expansion was measured with a displacement sensor
but more recent designs aimed at thermal imaging have
exploited silicon MEMS technology’. Notable is the tunnelling
Golay cell developed at the Jet Propulsion Laboratory at the
California Institute of Technology in the early 1990s. Here,
the membrane’s deflection is determined by measuring
variations in a quantum mechanical tunnelling current
between it and a fixed conducting tip. The device is
operated in a force-rebalancc mode, which maintains the
electron tunnelling distance and thus keeps the current
constant, using simple feedback electronics. These devices are 

yet to exert a commercial impact but work continues at
Stanford University on a high-yield wafer-scale process for
fabricating tunnelling Golay detectors. Recently, a group from
the Department of Materials Science and Engineering at Iowa
State University has conducted some innovative but.
preliminary work on micro-miniaturised arrays based
around polymer/inorganic nanocomposite membranes
which, they argue, may offer longer term prospects in the
thermal imaging context by exploiting die Golay principle
(Chew. Maier. 2006, 18, 2632-2634).

A type of IR imaging sensor which exploits MEMS
technology but which has so far enjoyed mixed fortunes is the
microcantilerver array, developed originally by the US Oak
Ridge National Laboratories (ORNL) in the mid-1990s. These
structures have been studied widely in the gas, chemical and
physical sensing contexts and for thermal sensing a bi-materiai
coating on the cantilevers absorb IR and the temperature-
induced deflection (displacement) causes a change in
capacitance which is detected by integrated CMOS
electronics. In other, similar devices the deflection is detected
by integrated piezoresistors. An image of an early cantilever
array is shown in Figure 5. As noted in a previous issue of this
journal (Vol. 23, No. 4, pp. 299-301) Sarcon Microsystems,
inc. unveiled a prototype IR camera based on capacitive
microcantilever technology in 2003. However, the company
encountered technical problems and folded later that year but in
2005, Multispectral Imaging, Inc. (MH) was granted an
exclusive, world-wide licence from ORNL to commercialise the
technology. .Whilst still at the development stage, according to
Mil, the sensor’s calculated conversion sensitivity (foe
percentage change in output per degree rise in temperature) is
10-50 per cent/K, which far exceeds the figures for VOx and
amorphous silicon microbolometers (— 1.5-3 per cent/K) and
pyroelectric detectors (— 2-3 per cent/K).

Whilst cantilever-based sensors appear to offer considerable
potential, they are unlikely to bring to an end the search for a
high-performance un-cooled thermal sensing array. Indeed,

Figure 4 Packaged amorphous silicon microbolometer array
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Figure 5 Electron micrograph of an early microcantilever-based
thermal sensing array

despite the commercial success of microbolometers, research
into these devices continues today, with the dual asms of
improving performance and reducing costs. Some research
themes include novel sensing materials (polymers. high-Tc
superconductors such as YBCO, nanostructured VOx, etc.),
snore sophisticated silicon microstructures with better thermal
isolation and reduced pitch size and advanced material
deposition, processing and fabrication technologies.

A more speculative and intriguing body of research
concerns biomimetics, the development of products or
techniques which mimic die phenomena found in nature.
Several US Government and university labs are investigating
the application of this to thermal imaging. An example of an
organism with a remarkable thermal sensing ability is the
beetle Melariophila acuminata (Figure 6) which is attracted to
fires and smoke up to 50 km away because burned trees
provide the environment for their larvae to develop and hatch
into adults. The fires emit IR radiation that the beetle detects
via a specialised structure known as the pit organ which
contains 60-70 IR sensors termed sensilla. Each sensillum
consists of a minute sphere made from the same material as
the beetle’s outer shell and is connected by nerves to a highly
sensitive mechanoreceptive sensory cell. Incoming IR
radiation is absorbed by the outer sphere and absorption
causes the sphere to expand. This micromechanical event is
measured by the mechanoreceptor and a neuronal signal is
generated. Similar highly sensitive IR pits are also present in
snakes such as pythons. By understanding the mechanism and
die biological processes involved, one could, in principle,
develop new and improved IR materials and sensors.
However, understanding these processes and applying them
to man-made derices is a huge scientific and technological
challenge but researchers at the US Air Force Research
Laboratory’s Materials and Manufacturing Directorate at
Wright-Patterson AFB, Ohio, have successfully created 
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Figure 6 Melanophila acuminate. Could this beetle hold the key to the
next generation of high performance thermal imagers?

7

A

composite polymer films that electronically report changes
in a protein’s structure when stimulated by IR radiation. They
have since built a prototype imaging array based on this
technology, resulting in the world’s first biomimetic thermal
imager. This is understood to be based on a radiant heat­
sensitive biological material embedding in a capacitive
polymer substrate. Current efforts aim to reduce the size
and weight of the array to allow integration with a micro-air
vehicle. A major project dubbed BIRN (Biomimetic Infrared
Nanosystems) commenced at the University of California,
Berkeley, in 2005, which asms to combine MEMS technology
with tire thermo-sensitive organs of the beetle to develop high-
sensitivity thermal imaging sensors.

Whether microbolometcrs, cantilever arrays, biomimetics
or some other technology will ultimately yield an un-cooled
IR detector with performance to match die best cooled
devices remains unclear but st is certain that the search for
such a technology is not over.

To purchase reprints of thia article please e-mail: rcprints@emeraldinsight.com
Or visit our web site for further details: www.emeraMtasight.com/reprints
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A review is presented of the recent advances in the study of oxygen precipitation and of the main
properties of oxide precipitates in silicon. After a general overview of the system “oxygen.in
silicon,” the thermodynamics and the kinetics of the precipitate formation are treated in detail, with
major emphasis on the phenomenology; subsequently, the most important techniques for the
characterization of the precipitates are illustrated together with the most interesting and recent
results. Finally, the' possible influence of oxygen precipitation on technological applications is
stressed, with particular attention to recent results regarding device yield. Actually, the essential
novelty of this review rests on the attempt to give an extended picture of what has been recently
clarified by means of highly sophisticated diagnostic methods and of die influence of precipitation
on the properties of semiconductor devices. © 1995 American Institute of Physics.
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I. INTRODUCTION

Starting from the 1950s, a lot of work has been per­
formed on the behavior of oxygen in silicon. The growing
demand to understand and clarify details concerning various
aspects of this type of impurity-matrix coupling has encour­
aged the use of more and more sophisticated techniques.

The recent developments can be extracted from the enor­
mous amount of scientific articles in the field, which have
been stimulated by the new and wide-range silicon-based
applications, particularly in the direction of very large-scale
integration (VLSI) and the related integrated circuit process­
ing. As a matter of fact, Czochralski (Cz) -grown silicon
single crystals are used to fabricate VLSI devices, due to the
lower cost with respect to the float-zone growth technique. In
the Cz growth process oxygen is incorporated into the silicon
directly from the silica crucible, as an unavoidable impurity.
The presence of oxygen in silicon, however, is not to be
superficially and globally considered just as a drawback,
since it has effects that are also positive (mainly related to
intrinsic gettering properties), in addition to the negative
ones (formation of defects in the active regions related to
oxygen precipitation). In this connection, one might stress
that, aiming at the large-scale applications, fabrication of
dislocation-free single crystals with a low concentration of
contaminants and a not too high level of oxygen is obviously
an important goal to be reached.

As a direct consequence, oxygen in silicon represents a
challenging prototype to study solid-state reactions also from
a fundamental point of view. Oxygen is incorporated as an
interstitial impurity or in complexes. It should be stressed
that at temperatures characteristic of device processing
(=£1200 °C) Cz silicon containing oxygen is a supersaturated
solid solution, since oxygen is incorporated at about
1400 °C. Looking at Fig. 1 it is evident that the amount of
oxygen which, at high temperature, gives rise to a solid so­
lution, at lower temperatures leads to a phase separation be­
tween silicon and silicon oxide. In other words, at tempera­
tures lower than 1400 °C the equilibrium state of the Si-0
system is reached by means of oxygen precipitation, i.e.,
formation of SiO2 particles (oxide precipitates) in the silicon
crystal. The processing temperature (together with other pa­
rameters such as thermal history and initial oxygen concen­
tration) plays an essential role in determining the formation
and the morphology of oxide precipitates: In general, we can
say that while nucleation is favored in the temperature range
600--900 °C, precipitate growth is predominant from about
1000 to 1200 °C. The variety of possible size, shape, orien­
tation, etc., of tire oxide precipitates in silicon imposes the
use of Itigh-performance characterization techniques for an
adequate understanding of the different and multiple details.

In this article we review the recent developments con­
cerning both precipitate formation and characterization, with
the aim of presenting to the reader a picture which, if not

OXYGEN CONCENTRATION
(1017 atoms/cm3)

FIG. 1. Partial phase diagram of the Si-0 system.

complete (unfortunately this could not be avoided due to the
huge quantity of articles published in the last years), should
be (hopefully) rather homogeneous and up to date.

It OXYGEN IN SILICON

To study oxygen behavior in silicon, we briefly review
the current techniques for industrial production of single­
crystal silicon ingots and describe the mechanisms that lead
to oxygen incorporation into the growing crystal, its thermo ­
dynamically stable positions in the lattice, its solubility, and
diffusion mechanism. We also review the most common
techniques used to study isolated oxygen atoms in silicon,

A. Growth processes

1. Flaat-zons growth

In the float-zone (FZ) technique a radio-frequency (rf)
coil is used to melt a narrow zone in a vertically mounted
polycrystalline silicon rod. The molten zone is seeded with
single-crystal silicon and then passed from one end of the
rod to the other. This zoning can be repeated many times to
obtain high-purity crystals. Dopants are introduced either by
melting pills into the molten zone or by gas-phase doping.

Since the container or crucible is not directly in contact
with the molten zone and multiple zone passes are possible,
high crystal purity is readily attainable; however, since the
molten zone is supported, by the lateral surface tension and
solid-liquid interface tension, it is difficult to grow crystals
much larger than 75 mm in diameter. Furthermore, no tech­
niques have been developed to incorporate significant oxy­
gen amounts (oxygen concentration within the bulk is typi­
cally 10i5~5X10!6 atoms/curi), which is a prerequisite for
successful ultralarge-scale-integration (ULSI) device manu­
facture. As a result FZ does not play an important. role in
ULSI silicon application (its applications are limited to about
20% of the market). Therefore, being oxygen free and not
widely used for applications, silicon crystals grown by this
technique are not considered any longer.

4170 J. Appi. Phys., Vol. 77, No. 9,1 May 1995 Appl. Phys. Rev.: Borghesi st al.
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FIG. 2. Cz single-crystal pulling (from Ref. 5).

2. Czochratsffl growth

'Hie experimental setup for the pulling of single crystals
by the Cz method is illustrated in Fig. 2. Molten polycrys­
talline silicon is held in a crucible,, a .single-crystal seed is
first dipped into the melt and then slowly withdrawn verti­
cally to the melt surface, whereby the liquid Si crystallizes
around the seed. The method is named after Czochralski,
who introduced it in 1916 in the framework of the study of
crystallization velocity of metals? For the growth of silicon
and germanium single crystals the Cz method was. first ap­
plied in 1950 by Teal, Little, and Biihler.2,3 The silicon single
crystals of the early years were not dislocation free. In. 1958
Dash4 developed a special pulling technique to obtain
dislocation-free crystals.

Polycrystalline silicon is melted in a crucible that is sup­
ported by a graphite susceptor. While rf heating is sometime
used, all modern Cz crystal pullers use resistance heaters.
The growth chamber is evacuated to ~ 10—20 Torr and main­
tained at this pressure with argon or helium flow during the
growth process.

Molten silicon reacts to a large extent with every cru­
cible material. This is due to its high binding forces for the
light elements and to toe high dissolving, power of toe melt
for most elements. It is. then essential to find a crucible ma­
terial that only slightly reacts with the melt, and in addition
does not affect the crystal quality required for electronic ap­
plications.

Almost all crucible materials, especially metals, and their
alloys, are quickly dissolved by liquid silicon. Only dense
carbon, particularly vitreous carbon, dissolves slowly, so that
a silicon melt can be held in such a crucible over a longer
period, for example, to pull a polycrystalline rod. There are
several compound materials, namely some carbides, nitrides,
and oxides, which also react slowly. All these materials are
dissolved by liquid silicon with an erosion rate of at least
several microns per hour.5 For example, vitreous silica dis­
solves with an erosion rate of 7 /z.m/h at temperatures near 

crystal

i
C, cj

- I g

OXYGEN CONCENTRATIONcrucible

crucible
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C„ C.
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FIG. 3. Diagrams showing oxygen transportation during Cl silicon growth
(left-hand side), and oxygen concentration profile in the melt along i- i'
(right-hand side) (from Ref. 7).

the melting point of silicon in a, 1 bar argon atmosphere. Due
to uninterrupted dissolution, the silicon melt is soon enriched
to higher concentrations of the constituents of the crucible
material. Therefore, materials containing metals or dopants
are not suitable, as, for example, titanium carbide, boron
nitride, or aluminum oxide. Only silicon compounds such as
silicon carbide, nitride, or oxide, are considered as potential
crucible materials.'

Up to now only- vitreous silica has been used in the pro­
duction of Cz silicon crystals, since silicon monoxide pro­
duced in tits reaction between silicon melt and silica crucible
evaporates easily from the melt. Therefore, under the usual
pulling conditions, oxygen concentration in the melt never
reaches the solubility limit and no disturbance of crystal
growth by oversaturation occurs. Under the usual pulling
conditions' less than 1% of the reacting oxygen gets into the
crystal and more than 99% of oxygen evaporate out of the
melt in the form of gaseous SiO.

Oxygen fluxes 'in the Cz silicon growth system are
shown in Fig. 3. Oxygen enters the melt as the silica crucible
dissolves in the liquid silicon. As already mentioned, part of
the dissolved oxygen is incorporated into toe growing crys­
tal, while another part is .lost by evaporation of SiO from the
melt surface. la modem conventional growth systems an ar­
gon purge is usually introduced somewhere above the melt to
help sweep off SiO from the crystal growth area. Due to
strong convective flows, mixing in the melt is virtually com­
plete and significant oxygen concentration differences exist
only at the three boundaries involved:

(1) the crucible/melt interface;
(2) the solid/meit interface; and
(3) the melt/ambjent interface.

At steady state the amount of oxygen leaving the melt
must equal, the amount entering the melt, so that

oxygen in melt=oxygen from crucible

—oxygen evaporated

—oxygen incorporated.

The steady-state conditions have been studied by many
authors.6"9 The results can be briefly summarized as follows.

J. Appl. Phys., Vol 77, No. 9,1 May 1895 * Appl. Phys. Rev.: Borghesi et al. 4171
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(1) At the crucible/melt interface

oxygen flux==McD(Cc--CJ/^, (1)

where Ac is the area of the crucible/melt interface. D is
the diffusion coefficient of oxygen in molten silicon (see
Sec. IIB 4), Cc and Cm axe the oxygen concentrations in
die crucible and in the melt, respectively, and 8C is the
interface thickness.

(2) At the melt/ambient interface

oxygen flux^M/KC^-CJ/^, (2)

where A>5 is the area of the free melt surface, Ca is the
. oxygen concentration in ths ambient, and Ss is the inter­
face thickness.

(3) At the solid/melt interface

oxygen &wt=ARvk.l,Cm, (3)

where A R is the cross-sectional area of the growing crys­
tal, v the linear growth rate, and ke the effective segre­
gation coefficient of oxygen in silicon, (see Sec. IIB 2).

The oxygen fluxes involve, therefore, three diffusion
boundary layers and three surface areas. The thickness of the
boundary layers depends on the convective flows in the melt
and on the purge flow conditions, while the surface areas are
determined by the amount of polycrystalline silicon (charge),
by the crucible size and shape, and by the crystal diameter.

The large silica crucibles used in contemporary growth
systems are approximately cylindrical. During crystal growth
the crucible/melt interface constantly decreases with the melt
volume, while the free melt surface remains unchanged dur­
ing most of the growth process. As a result, less oxygen
enters the melt but evaporation remains constant as the crys­
tal growth proceeds, thus. influencing oxygen distribution
along, the ingot length.

More uniform distributions can.be obtained if the ratio
of the crucible/melt stirface area to the free melt surface area
is maintained constant during crystal, growth. This can be
realized in crucibles of special shape, e.g., a truncated
cone;10 however, the charge size in such crucibles is limited
with respect to conventional crucibles of the same size. h.
much more practical solution is the continuously recharged
system in which feed is continuously supplied during the
crystal growth. In this way, the ratio crucible/melt surface
area to free surface area can be maintained constant. The
uniformity of oxygen axial distribution obtained in such a
way was first described by Fiegl.n

In general, the oxygen distribution within the silicon in­
got on microscopic as well as on macroscopic scale does not
correspond to the distribution of the other elements. The ef­
fective segregation coefficient of oxygen is close to one and
depends only a little on the growth rate .(see Sec. IIB 2). On
the other hand, the incorporation of oxygen into the growing
crystal strongly depends on the pattern of the convective
flows in the melt. Figure 4 illustrates a few melt flow char­
acteristics in Cz silicon melts .for isorotation of crystal and
crucible. Clearly, unsteady melt flow's cause .unsteady supply
of oxygen and. oxygen striations in fee crystals which are
thicker .than the dopant striations. It is difficult to measure

SO, cffiaft

(SxQ)

iSij I' 133

(ti*. small

FIG. 4. Melt flow characteristics in Cz silicon melts for isorotation of crys­
tal and crucible (from Ref. 5).

the oxygen striations straightforwardly, but there are ways to
visualize them indirectly. For example, one possibility is to
generate oxygen-related thermal donors by annealing at
450 °C when their formation takes place with a strict corre­
lation with oxygen concentration. A second possibility is to
induce oxygen precipitation and to make fee precipitates vis­
ible by preferential etching.

The flow patterns in the melt are by far the dominant
factor in determining oxygen content and distribution in the
crystal. Figure 5 shows the axial oxygen distribution for
eight Cz crystals grown from silica crucibles. All crystals
have the same length, diameter (50 mm), orientation, and
doping, while crystal and crucible rotation during pulling
were different. All other pulling and growing parameters
were held constant. As shown in the figure, variations'of
oxygen content in Cz crystals by a factor of about 10 was
achieved by simply adjusting crystal and crucible rotation;
however, a very good axial homogeneity was obtained. Mod­
ern pulling techniques allow one to obtain a nicely flat radial
oxygen distribution, as shown in Fig. 6.

Tb control and/or modify oxygen incorporation in the
silicon lattice a new method of Cz growth in magnetic field
(MCz) has been developed.

16

10

5

50 100

CRYSTAL LENGTH (%)' .

05

0-
0

FIG. 5. Axial oxygen distribution for eight Cz crystals grown in the same
conditions with different crystal and crucible rotations (from Ref. 5).
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HG. 6. Radial oxygen distribution in Cz single crystal at three different
axial lengths. The higher oxygen concentration values correspond to the
seed-end and the lower ones to the tail- end of the crystal (front Ref. 5).

It has been established that a magnetic field can suppress
the convection of electrically conductive fluids. In 1966
Chedzey and Hurle12 and in 1970 Utech and Flemings13
pointed out that a magnetic field can be used to obtain high-
quality InSb crystals by means of a horizontal crystal-growth
method. Soon Cz JhSb crystal growth in a magnetic field
transversal with respect to the growth direction was
presented?4 Recently a transversal magnetic field was ap­
plied for Cz silicon crystal growth15 to improve the quality of
the crystals. More specifically, the convection flows are sup­
pressed when a magnetic field of more than 0.15 T is applied
to molten silicon, which has an electrical conductivity com­
parable to that of mercury'. Therefore, the applied magnetic
field suppresses convection, reduces the growth of striations,
and allows to control oxygen concentration in the silicon
crystal.

Figure 7 shows the experimental results15 of the effect of
magnetic field on the concentration of oxygen atoms incor­
porated into a crystal. A substantial amount of oxygen is
eliminated from crystals grown under the effect csf a mag­
netic field of 0.15 T. A smooth melt surface was observed
with small temperature fluctuations. The suppression of con- 

1018

0.2 0.4

MAGNETIC FIELD (T)

8 diameter
(center o f the wafer)

i
IO17,.

0

FIG. 7. Effect of magnetic-field strength on the oxygen concentration in
silicon crystal (from Ref. 15).

FIG. 8. Two Sat coil configurations for magneto-Cz silicon single-crystal
growth. Vertical or axial configuration (left-hand side) and horizontal or
transversal configuration (right-hand side) (from Ref. 16).

vectiou in the melt causes a decrease iu decomposed oxygen
atoms moving from the silica crucible to the growth inter­
face.

The magnetic field was applied in ths two configura­
tions, vertical and horizontal, shown in Fig. g. The results
obtained by comparing16 vertical and horizontal MCz can be
summarized as follows.

For vertical field configuration it is easy to get crystals
with an oxygen concentration over 2X1018 atoms/cm3 and
eliminate the striations caused by temperature variation un­
der lower, magnetic field, that is, less than 0.1 T.

For horizontal, field configuration it is easy to get crystals
with an oxygen content lower than 1X1018 atoms/cm3, with
high pulling speed. A magnetic field of about 0.25-0.3 T is
required to reduce temperature variations.

The oxygen content in MCz crystals can be controlled
by adjusting the applied magnetic field, or, at fixed value of
the magnetic field, by varying the crucible rotation rate dur­
ing the crystal growth, similar to what is done for the con­
ventional Cz growth. ■

Figure 9 shows longitudinal oxygen profiles m crystals
grown with the MCz method, .and typical “low-oxygen”
range (shaded area) obtainable with the standard Cz
technique.11

12
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o o o

4

1008020 60

CRYSTAL LENGTH (%)

ft
1

§89 a
o .J,

0 40

FIG. 9. Longitudinal profiles of oxygen concentration in low-oxygen crys­
tals grown with the MCz method. Circles and squares refer to 6 and 4 in.
ingot diameter, respectively. Shaded area on the top of the figure represents
the typical low-oxygen range obtainable with the standard Cz technique
(from Ref. 17).
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FIG. 10. Interstitial position of oxygen. atom in silicon lattice, covalently
bonded with two neighboring silicon atoms The equivalent interstitial posi­
tions ar© indicated (1-6).

B. Fundamental properties of isolated oxygen atoms
in silicon

The fundamental properties of isolated oxygen atoms
placed in a silicon crystal, such as their lattice position, seg­
regation, solubility, and diffusivity, as a prerequisite for its
more complex behavior, have been studied for almost 4 de­
cades. It is widely accepted nowadays that oxygen is thermo­
dynamically stable at interstitial sites. Recent studies on the
solubility and diffusivity yield convergent indications in a
wider temperature range; however, the agreement among
data concerning segregation and anomalous diffusion mecha­
nism at lower temperatures is less satisfactory.

1. Position of isolated oxygen atoms in silioon

Infrared (ER) measurements on oxygen-doped silicon led
Kaiser, Keck, and Lange18,19 to conclude that oxygen is
placed interstitially in silicon lattice and is covalently bonded
with two neighboring silicon atoms (see Fig. 10). Such inter­
stitial oxygen is electrically inactive.

Oxygen interstitial position was further confirmed by
x-ray-diffraction measurements of the silicon lattice param­
eter as a function of the oxygen concentration.'10 Corbett,
McDonald, and Watkins21 by measuring stress-induced di­
chroism of the IR band at 1107 cm"1, and Stavola22 for the
bands at 1107 and 515 cm"1, confirmed this model as well.
Besides this model O’Mara23 proposed, on the basis of the
IR data by Bosomworth et al.}4 that oxygen can be present
simultaneously at interstitial and substitutional sites. The key
for such a proposal was the observation that the 515 cm'1
band does not fit in the band scheme given by Bosomworth
et al.24 In the O’Mara model substitutional oxygen manifests
double donor activity. This would explain fee donor behavior
of oxygen (see Sec. Ill D) as well as the segregation coeffi­
cient larger than one, as observed by Yatsurugi et al}5 How­
ever, there is no general agreement on the existence of oxy­
gen on substitutional sites, and furthermore Stavola22 has
shown, from stress-induced IR dichroism ’data, that the 515
cm'1 band is not due to substitutional oxygen, but to the
symmetric stretching vibration of interstitial silicon, i.e., of
the Si-O-Si quasimolecules.

Recently, Chen et aid6 proposed a new model predicting
that most of the oxygen atoms in Si are at. interstitial sites in
bonded Si2O configuration, with a binding energy
Ej-'O.S--1.0 eV, for temperatures up to 600 K. At higher
temperatures a new “quasifree interstitial oxygen” and the
bonded Si2O configuration coexist. In the quasifree intersti­
tial oxygen state She Si—O bonds are broken, but oxygen
migration is hindered by the lattice with a potential barrier
£f,~L5—1.6 eV. With this model they explained the en­
hanced oxygen diffusivity (see Sec. IIB 4).

It can be concluded that at room temperature the inter­
stitial position of isolated oxygen atoms dissolved in silicon.
is nowadays widely accepted.

2, Oxygen segregation

The behavior of oxygen in silicon upon various thermal
treatments is strictly dependent on the processes leading to
its incorporation into the crystal during growth. The distribu­
tion. of impurities into the solid phase of the crystal growing
from the melt is related to its segregation. The equilibrium
segregation coefficient kQ of oxygen in silicon is defined as

C?
*0“, (4)

"-nt

where Cs and. Cm are the oxygen concentrations in fee solid.
and in the melt, respectively.

The above equation holds for equilibrium processes. Al­
though the Cz growth process is rather slow (the maximum
growth speed is a few mm/min), it is still far from equilib­
rium; therefore, segregation is described by the effective seg­
regation coefficient ke. A detailed analysis of the phenomena
at the growth interface shows that they are related to the
thickness 5 of the diffusion boundary layer and growth speed
v. By using these parameters, Burton, .Prim, and Slichter27’28
could write ke as a function of 8.

[A04-(l-~k0)exp( —®

where 8 is given by

5=1.6D1/3vj/6®"'1/2. (6)

D is fee diffusion coefficient of oxygen in the melt, v the
kinematic viscosity of the melt, -and the rotation rate of the
crystal. This theory' gave a satisfactory explanation of the
actual impurity distribution along tire growth direction for
several dopants in Cz crystals.29

According to Eq. (5), fc0-= 1 implies that the oxygen, in­
corporation is not dependent on the growth rate variations,
i.e., that the oxygen redistribution within fee ingot is uni­
form. 'This is, however, in disagreement with experimental
findings, which give values of kQ different from unity.

Several attempts have been made to determine , which
displays values in the range from 0.25 to 1.48, as shown in
Table I, Such large discrepancies in the experimentally de­
termined values for kQ ate due to tire fact that oxygen behav­
ior in the silicon, melt is driven by dynamic processes and,
therefore, is not simply related to the equilibrium segregation
coefficient.

4174 J. Appt Phys., Vol. 77, No. 9, 1 May 1995 Appt Phys. Rev.: Borghssi et at

Downloaded 21 Apr 2008 to 146.186.238.16. Redistribution subject to ASP license or copyright: see http://jap.aip.org/jap/copyright.jsp

SIONYX1403000026.0037

SAMSUNG EX. 1002 - 2502/4148

http://jap.aip.org/jap/copyright.jsp


TABLE I. Comparison of £0 values for oxygen in silicon, as determined by
different techniques, .FUR, CPAA, SIMS, and SRP denote Pourier transform
infrared spectroscopy, charged particle activation analysis, secondary-ion-
mass spectrometry, and spreading resistance probe, respectively.

£<3 Method Ref.

1.48 growth rate-IR 30
1.25 + 0.17 CPAA 31

1 + 0.25 FTIR 23
1.0 + 0.1 growth rate 31

1 . growth rate-IR, 32
SIMS, SRP

~1 FTIR 9
0.36-0.9 calculated 34

0.5 vacuum fusion 35
0.3 growth rate-IR 36
0.25 growth rate 37

One of the difficulties for the determination of the seg­
regation coefficient is the continuous supply of oxygen from
the crucible walls and the evaporation of SiO from the melt
surface. The balance between supply and evaporation fluctu­
ates so that oxygen concentration in the crystal varies. Con­
sequently, many researchers gave scattered values of the
ecjuilibrium segregation coefficient for oxygen in
silicon.9,30"37 Harada et al32 took into account these effects
and furthermore suppressed oxygen evaporation by encapsu­
lation, i.e., they increased the ingot diameter up to the inner
diameter of the crucible, to completely cover the melt sur­
face. From the uniform distribution of the oxygen through
the P and Sb striations they concluded that the segregation
coefficient is equal to unity. Lin. and Hill3/ and Lin and
Stavola36 have grown small-diameter silicon crystals under
constant growth rate conditions trying to reach equilibrium
conditions by keeping the area of the melt in contact with the
crucible and of the melt surface nearly constant. By compar­
ing the axial distribution of oxygen and of the doping atoms,
they found a value of 0.25 for the segregation coefficient;37
from the comparison of microscopic arsenic and oxygen
striations, a value of 0.3 was found.36 In similar crystal pull­
ing experiments Series and Barraciough31 kept the tempera­
ture of the melt constant during the crystal growth, thus
avoiding changes of the oxygen concentration in the melt.
This experiment resulted m a segregation coefficient equal to
L0±0.1.

Attempts to determine the segregation coefficient from
IR measurements9,23”50"’36 are limited by the presence of oxy­
gen complexes and other IR inactive species. Therefore the
use of complementary techniques is required to determine
the total amount of incorporated oxygen.

From the analysis of the phase diagram Sosman3* deter­
mined a segregation coefficient smaller than one. However,
the accuracy of the available phase diagrams for oxygen in
silicon is far from, being satisfactory, since they were deter­
mined in the early days of- silicon pulling.

Recently Kim and Langlois39 developed a model for
oxygen segregation in Cz and MCz crystals. This model
takes into account the oxygen source (ablation of the silica
crucible), the transport in the melt, and the segregation at the

TABLE II. Literature data for the constant C01 and the dissolution enthalpy
Et. SIMS, SRP, IR, CPAA, and XRD denote secondary-ion-mass spectrom­
etry, spreading resistance probe, infrared spectroscopy, charged particle ac­
tivation analysis, and x-ray dif&action, respectively. ■

ri.;)
(IO22 atoms/cm3)

E,
(eV) Method

Temperature
co Ren

0.14 2.53. SIMS, 700-1160 42
outdiffusiou

0.13 2.50 SIMS, 700-1100 43
implanted O

1100 2.3 ±0.3 SRP 1250-1400 44
6.3 t.65 ±0.17 IR 1100-1200 45
9 1.52 SIMS, 800-1400 40

CPAA, IE.
3.2 1.4 IR 850-1050 41
9.1 1.20+0.13 CPAA (!6O) 1000-1375 46
0.27 . 1.10 XRB 1100-1200 47

1.08+0.02 CPAA (!6O) 1000-1280 48
0.10. 1.03 IR 950-1350 49
0.13 0.95+0.1 IR. 1000-1250 50
0.055 . 0.89 IR 460-900 51

growth interface. The sink is represented by evaporation of
SiO from the free surface of the melt, which is a fast process
compared to O diffusion through the melt and incorporation
in the growing crystal. The equilibrium segregation coeffi­
cient was set to 1.25, i.e., the melt under the interface is
depleted of oxygen. The comparison between simulations
and experimental results for the radial oxygen profiles and
the ablation of the crucible shows excellent agreement.

3. Oxygen solubility

Oxygen incorporated from the melt into the growing Cz
crystals is frozen in during the cooling of the ingots and
gives rise to a solid solution. Therefore, in Cz wafers oxygen
is present in a supersaturated state for all temperatures of
standard processing. At the melting point oxygen solubility
in silicon C'JS was shown to be 2.75+0.15 X1OIS atomsfan3,
as shown bv Yatsurugi et al.*5 The temperature dependence
of C* is expected to have the form

C*(T)-C0IeXp (7)

where COi is a constant and Es is the dissolution enthalpy.
Oxygen solubility at various temperatures has been studied
by means of various techniques: Table II shows the data from
the literature, scattered up to an order of magnitude. A best fit
of the experimental results from different groups is given by
Mikkelse.n,40 who found Cot=9X1022 atoms/cnr5 and
Et= 1.5 2'eV. Figure 11 gives an overview of the most im­
portant experimental results and the line represents Eq. (7).
Tire discrepancies are related to the different analytical, tech­
niques used.

Let us first consider the IR solubility measurements. The
wide scattering in the published data has been recently dis­
cussed by Livingston et al41 in conjunction with their study
of oxygen precipitation in silicon, devoting a particular at­
tention to the different calibration procedures. They have
also shown that since the reported IR measurements were not
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FIG. 11. Oxygen solubility in silicon as determined by SIMS (circles); IR
(solid squares), and CPAA (triangles); the solid line represents the best fit
(from Ref. 40).
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FIG. 12. Oxygen diffusivity in silicon measured by SIMS (circles), CPAA
(squares), dichroism (triangles up), and kinetic data (triangles down); solid
line: best fit (from Ref. 40).

all performed at 4.2 K, it would be extremely difficult to
separate the absorption.due to precipitates from that of dis­
solved oxygen. The data in Table II are recalibrated with the
3.03 calibration constant. A more, detailed discussion about
calibration factors is given in the next paragraphs. Further­
more, they noticed that most authors have limited the times
of heat treatment in precipitation experiments to less than
200 h, apparently too short for the- low-temperature anneals.
'These problems were avoided in she experiments of
Craven,49 who studied silicon wafers doped by nuclear trans­
mutation, thus having high density of heterogeneous nucle­
ation sites. The results of Craven are in close agreement with
those of Hrostowski and Kaiser50 obtained by IR spectros­
copy and of Takano and Maki47 obtained by x-ray diffrac­
tion.

Other analytical methods such as secondary-ion-mass
spectrometry (SIMS), charged particle activation analysis
(CPAA), and x-ray diffraction evaluate the oxygen solubility
from the surface oxygen concentration and diffusion profiles.
It is assumed that this concentration is established by the
intrinsic solubility as a boundary condition for normal (Fick-
ian) diffusion. It is, however, critical to ensure that no oxy­
gen precipitation and/or complexing took place during the
thermal treatment, since neither SIMS nor CPAA can distin­
guish the various forms of oxygen in silicon. Precipitation, is
likely to greatly affect, the x-ray measurements of lattice di­
latation, too.

For temperatures above 1000 °C, the oxygen solubility
values determined by different techniques are comparable.
Significant differences, however, affect the results at low
temperatures. Livingston et al.*1 have shown that below
850 °C tire solubility is enhanced. An increase in oxygen
solubility below 650 °C, compared to the exponential depen­
dence given in Eq. (7), was evidenced by Messoloras et al.52
This was attributed to the changes in the structure or in the
morphology of tire SiOz precipitates. However, Vanhelle-
mont and Claeys53 recently attributed (his effect to the pres­

ence of a high self-interstitial supersaturation and to the
higher interface and strain energy of precipitates at these low
temperatures, making precipitation more. difficult than at
higher temperatures.

Mikkelsen54,55 investigated the influence of oxidizing
annealing ambients on the oxygen solubility, which was
found much higher than that measured under vacuum anneal­
ing conditions. Similar results were obtained both with oxi­
dation in O2 and in H2O, but it should be pointed out that
these treatments did not lead to equilibrium. Furthermore,
they found that oxygen solubility is a factor of 2 higher for
steam, than for dry ambients and is also a factor of 2 larger
for (111) than for (100)-oriented wafers. A.similar result was
obtained by Lee and Nichols42 from SIMS analysis of the
oxygen out-diffusion profile; The observed effect is ex­
plained by the increase of the oxygen steady-state, solubility
in the presence of the high silicon self-interstitial concentra­
tions induced by the oxidation, process.54

■ The influence of other chemical impurities on tire solu­
bility of oxygen in silicon is not clear. Gass etal.** showed
that the oxygen solubility limit does not depend on B and P
doping. Instead, zll and Ga seem to influence the solubility,
but this may depend on sample preparation. Mikkelsen4^ re­
ported that silicon crystals heavily doped with As tend to
show defect regions which attract oxygen in excess with re­
spect to the solubility limit, but the presence of precipitated
oxygen, cannot be ruled out. In the case of heavy' P doping,
both Heck, Tressler, and Monkowski56 and Lee and
Nichols42 observed that the concentration of oxygen in-
diffirsion profiles was somewhat lower than that obtained
under inert ambient annealing. These results are difficult to
interpret due to very complex processes occuring at the sur­
face.

4. Oxygen diffusivity
a. Intrinsic oxygen diffusivity. Different techniques,

such as, e.g., x-ray diffraction,47 CPAA,48 and Cs* ion-beam
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TABLE BL Oxygen diffusivity and activation energy ED as deduced by
CPAA, SIMS, IR, SANS (small-angle neutron scattering), and XRD mea­
surements,

Do
fcra2/s) (eV) Method

Temperature
' (°C) - ' Ref.

22.6 3.15 CPAA (S3O) ' 1100-1280’ 48
3.2 2.9 CPAA (!6O) ' 1150-1375 46
0.23 2.56 stress-iadnced -

dichroism
1100-1280. ' 21,63

0.7 2.54 stress-induced .
dichroism

330-1240,. 57 -

0.14 2.53 SIMS,
O out-diff.

700-1150 . 42

0.13 2.53 SIMS,'
CPAA, IR

330-1280 40

0.11 2.51 IR, SANS 650-1050 41
0.11 2.51 stress-induced

dichroism
330-1200.. 64

0.07 2.44 SIMS, '
O in-diff. -'

700-1240 65

0.091 2.4 lattice parameter 1100-1280' 47
XRD

SIMS depth profiling,40,54 have been used to study oxygen
diffusivity in silicon in the. high-temperature range (700-
1200 °C). The agreement among the results obtained by the
different techniques is excellent, as shown in Fig. 12; On the
other hand, in the low-temperature range (220-360 °C). IR
spectroscopy was used to study oxygen diffusivity by means
of stress-induced dichroism measurements.23,57,58 Oxygen
diffusivity in the silicon crystal Do is related to. .values of ~
through the relation , .

D0-a2/(8T), ' ' ■ (8)

where a is the silicon lattice parameter and r is the relaxation
time.

SIMS measurements have been performed at different
experimental conditions. £*0 in-diffusion in FZ silicon wa­
fers, as well as 16O out-diffusion from supersaturated Gt
crystals were considered.40,42:43,56,59 It has been shown that
oxygen diffusivity does not depend on wafer orientation
((100) or (111)), annealing ambient (dry or wet oxidizing, or
inert), doping concentrations, nor pulling technique/®’42

On the other hand, Gass’ et al,^ have shown by CPAA
that B or P doping has no influence on oxygen-diffusion,
which,-however, might be somewhat affected by Al and Ga
doping. It has .been also suggested that 'complexing of As
may influence the O diffusion.60 The influence of heavy Sb
doping on oxygen diffusivity has been investigated,60-62 and
no effect.has been found. Wijaranakula and co-workers60
studied oxygen diffusivity in a wider range ’of Sb doping
concentrations, concluding that poifit defects, such as-silicon
self-interstitials or vacancies, have little or no effect on oxy­
gen diffusion. ’ ’ •

The temperature dependence of the diffusion, coefficient
D is expected to have toe form - • 

where £>0 is diffusivity, and ED is toe activation energy of
diffusion process. Diffusion coefficient data .have been ob­
tained in a wide range of temperatures as shown in Table III,
and it- is now well understood over twelve orders of magni­
tude (see Fig. 12). Fitting toe results of both low and high
temperatures Mikkelsen40 has shown that the values for Do
and. Ejy are 0.13 cm2/s and 2.53 eV, respectively. The inter­
stitial oxygen diffusivity under thermal equilibrium condi­
tions is dominated by the process of jumping from one inter­
stitial site to another.43,57,63

• Heck and co-workers56 found differences concerning dif­
fusivity at 1100 °C during steam and HQ oxidation, suggest­
ing that oxygen diffuses via a vacancy-dominant mechanism.
/According to this model oxygen hopping takes place via a
substitutional site previously occupied by a vacancy. This
model implies that oxygen hopping directly from one to an­
other interstitial site should involve a too large lattice distor-
sion; therefore, it is suggested that oxygen atoms hop
through an intermediate substitutional position. On the other
hand, Lee and Nichols42,4,5 measured oxygen diffusivity in
the temperature range 700--1160 °C, under the various con­
ditions known to lead to a large supersaturation of point de­
fects. They found tfiat over more than two orders of magni­
tude in' point defect concentration oxygen diffusivity is not
affected by the variations of such conditions. Their findings
clearly indicate that the oxygen diffusion above 700 °C is
dominated by an interstitial hop mechanism.

b. Anomalous oxygen diffusivity. The phenomenon of
enhanced oxygen diffusivity has been the object of several
studies and attributed to different causes. Oates et al*6 found
that electron irradiation induced an enhanced oxygen diffu­
sion, while other groups found its dependence on thermal
history,5'’67"09 on the presence of metallic contamination,®
and on interactions with carbon70,7’* or hydrogen.54,72,73 En­
hanced oxygen diffusion is also invoked to explain the for­
mation of thermal donors and rodlike precipitates at low tem­
peratures.

Enhanced oxygen diffusivity observed on electron-
irradiated samples was studied by stress-induced
dichroism 66 The effect was explained with the formation of
oxygen-vacancy complexes (A centers), or dioxygen vacancy
complexes.74 The capture of.silicon interstitials by these
complexes results in emission of oxygen interstitials. Such a
process, i.e., successive capture and emission of vacancies, is
assumed to occur faster than the normal oxygen hop, and it
dominates the oxygen diffusion process above 300 °C. On
the other hand, no evidence of interaction between silicon
self-interstitials and oxygen atoms in the temperature range
25-500 °C has been given.

Stavola et al."1 found that the oxygen hopping time is

I ed\D==D0 exp; - --L (9)

two, orders of magnitude shorter in crystals subjected to an
“oxygen stabilization” heat treatment (900 °C for 2 h), as
compared to crystals in which oxygen has been well dis­
persed (heated at 1350 °C for 20 h). This suggests that ther­
mal history of silicon wafers may significantly influence
oxygen diffusivity.6'’75

■ The presence of metallic contaminants (Fe, Cu) can en­
hance oxygen diffusion69 up to two orders of magnitude.

J. Appl. Phys., Vo!. 77, No. 9,1 May 1995
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This effect is also explained by the presence of vacancies due
to metallic contaminants.

Enhancement of oxygen diffusion was observed64 upon
treatment in a hydrogen plasma at low temperatures. At
300 °C an increase of the diffusivity by a factor of 300 is
reported. Such an effect was not observed with other kinds of
plasma treatments and, therefore, is not related to ion dam­
age. More recently, Newman et al.'2 extended these mea­
surements to the temperature range 225-350 °C. They re­
vealed oxygen profiles by measuring the ER. dichroism ratio
as a function of the depth by grinding the surface after each
measurement. It was found that oxygen hopping is favored
by collision with diffusing hydrogen atoms, thus causing the
enhancement of oxygen diffusion. Very recently, Zhong and
Shimura73 showed, by means of SIMS measurements; that
even at higher temperatures (>1000 °C) annealing in hydro­
gen atmosphere produces an enhanced oxygen diffusion.
They interpreted the results with a model based on the direct
interaction between hydrogen and interstitial oxygen.

Shimura and co-workers70 studied the outdiffasion be­
havior of oxygen and carbon in carbon-doped Cz silicon wa­
fers by SIMS. They showed that the diffusion of both oxygen
and carbon is greatly enhanced at 750 °C, but is significantly
slowed down at 1000 °C. Enhanced oxygen diffusion is- at­
tributed to fast diffusing moleculartike O-C complexes.
Wijaranakula'1 found also that at temperatures below 690 °C
oxygen diffusion in silicon doped with carbon is enhanced.
This phenomenon is attributed to C^O, complexes, ■ which
could act either as a mobile species or as an activated state.

A possible explanation of thermal donor formation is
based on an enhancement of the oxygen'diffusivity at 250-
500 °C of 3-4 orders of magnitude;76 however, such en­
hancement is no longer a necessary requirement in a recently
proposed model in which thermal donors are described as
silicon self-interstitial agglomerates.38-68’74

Thermal, treatment of silicon supersaturated with oxygen
in the temperature range 500-625 °C produces rodlike de­
fects. 'Transmission electron microscopy ('FEM) studies of
such defects lead to the conclusion’ that they contain coesite,
i.e.,  the high-pressure phase of SiO2.  This requires, how­77
ever, that oxygen diffusion be enhanced by four orders of
magnitude.78 Recently, Bourret showed that the concentra­
tion of oxygen in the “coesite” particles was, in fact, very
low.79 Such features were reinterpreted as hexagonal silicon
inclusions, presumably produced by tire stress fields set MP
by the local condensation of silicon self-interstitial atoms;
similar features were found in irradiated silicon. Ths fact that
the defects have not been revealed by small-angle neutron
scattering (SANS) measurements provides additional evi­
dence that they do not. contain significant amounts of oxygen
and the local density of silicon atoms is not very different
from that of fee matrix. The new interpretation immediately
eliminates the need for enhanced oxygen diffusion.

Several models have been proposed to explain enhanced
oxygen diffusion in silicon, and are briefly reviewed here.

Gosele and Tan80 proposed a model that explains en­
hanced oxygen diffusivity by the fast diffusion of molecular
oxygen. Gaslike O2 quasimolecules oriented along the (111)
direction and centered at a tetrahedral site were studied by 

Needels et al.,S1 with evidence of just a small buildup of
charge between the silicon and oxygen atoms, indicating that
the Si-O interaction is extremely weak, thus , supporting the
model of a very mobile O2 molecule. However, Oehrlein and
Corbett82 showed that the assumption of gaslike molecular
oxygen diffusion leads to unrealistic values for oxygen dif­
fusivity around and slightly above room temperature.

An alternative model for a fast 'gaslike oxygen dimer
(Os) with C2t> symmetry is proposed by Snyder el al.Z2,u
From their theoretical modeling they conclude that the diffu­
sivity of oxygen dimers is eight orders.,of magnitude higher
than that of interstitial oxygen atoms.'

Several authors proposed models that include complexes
formed with point defects such as vacancies or self­
interstitials to explain enhanced diffusivity. Oates et at­
tributed enhanced oxygen diffusion under electron irradiation
at room temperature to the formation of V-0 complexes
which capture silicon self-interstitials so that the O atoms are
reinjected in the lattice as interstitials, but at a much higher
rate. Furthermore, Newman proposed the- following

, 74 • ’ -reaction:

Of+Ot->[OrOry] + Z, (10)

where V is the vacant site occupied originally by a Si atom.
/ defects would be mobile and it seems likely that [OrO(- V]
complexes would be more mobile than single O; atoms, pos­
sibly by repeated emission and recapture of I atoms.

Ourmazd, Schroter, and'Bourret85 proposed that lite fast
diffusing species are oxygen-silicon self-interstitial com­
plexes.’ In heavily carbon-doped Cz silicon, however, New­
man et al.72 showed that the reduction of [OJ concentration
is not distinguishable from that in carbon-free samples,
where self-interstitials are expected to have a longer lifetime.
Thus, there is no evidence that the presence. of self­
interstitials enhances oxygen diffusivity.

Molecule]! k.e CrOf complexes or perturbed C(3) centers
have been proposed by Shimura and co-workers!0 to explain
enhanced oxygen diffusion in carbon-doped Cz silicon; how­
ever, from the variations in carbon and oxygen concentra­
tions upon thermal treatment, Wijaranakula71 deduced that
such C.-O/ complexes may contain more than 35 oxygen
atoms. This result is not compatible with two or three oxygen
atoms as proposed by Shimura and co-workers.70 It. implies
that an enhanced oxygen diffusion could involve several
mechanisms, and therefore an alternative model was pro­
posed. The local strain field surrounding an isolated oxygen
is compressive along the (111) axis, while that csf the inter­
stitial carbon is tensile along the (110) axis. If the CrOs
complexes are activated, the local strain field surrounding the
complex would lower the energy barrier so that jumping of
oxygen atoms is favored. Thus, enhanced oxygen, diffusion
could be a result of a strain field effect.

Recent reports that oxygen diffusion is enhanced by the
presence of hydrogen72,73 confirmed the. model proposed by
Estreicher,86 according to which rapidly diffusing H atoms
form complexes with Of impurities as a transient species, and
an oxygen diffusion jump may occur when a complex disso­
ciates.
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Not only enhanced, but also retarded oxygen diffusivity
has been measured on several occasions. Heck and
co-workers56 reported that under oxidizing conditions at
1100 °C oxygen diffusion is retarded, and this retardation is'
found to be larger for steam titan for dry oxidation. The
observed difference was taken as evidence that oxygen dif­
fuses via a vacancy dominant mechanism.

A variation in oxygen diffusivity was also reported by
Shimma and co-workers?0 From SIMS measurements on
carbon-free and caxbon-doped Cz silicon annealed at 750 °C,
where precipitation is small, a good correspondence with the
expected profile was obtained. On the other hand, results for
annealing at 1000 °C show a strong retardation of oxygen
diffusion, and a much stronger retardation in heavily carbon-
doped samples. This additional retardation can be related pri­
marily to the stronger oxygen precipitation, resulting in
higher densities of silicon self-interstitials in the near-surface
region. Consequently, this result suggests that oxygen diffu­
sion is retarded by the presence of silicon self-interstitials
and, in turn, supports a vacancy-dominant diffusion mecha­
nism for oxygen in silicon.’

C. Techniques for oxygen content determination in
silicon

IR spectroscopy, with grating or with Fourier transform
infrared (FHR) spectrometers, is widely accepted_and used
as a nondestructive technique for routine measurements of
interstitial oxygen concentration in silicon. It should be
pointed out that IR spectroscopy is the only technique that
can discriminate between interstitially dissolved oxygen and
oxygen in complexes or precipitates. Other techniques'such
as SIM’S, CPAA, photon activation analysis, x-ray diffrac­
tion, and gas fusion analysis are used to detect the total oxy­
gen concentration in the bulk. It has also been shown tliat
low-temperature IR spectroscopy could be used to detect
oxygen in Fz or crucibleless-grown silicon crystals, where
the oxygen concentration can be 3-4 orders of magnitude
less than in Cz crystals.8' IR spectroscopy can be employed
for quantitative analysis after comparison with the results
obtained by means of other techniques, as is discussed later.
We briefly describe these techniques and underline their
main characteristics, relevant for the measurements of oxy­
gen in silicon.

1. Infrared speefmsetw
a. Room-temperature measurements. There are three

absorption bands in the mid-IR spectral range observable at
room temperature, one at 1205 one at 1107 cm"1, and
the third one at 515 cm-3. Hrostowskl and Kaiser88 origi­
nally assigned these bands to symmetric and antisymmetric
stretching and bending vibrations of the triatomic Si-O-Si
“defect molecule,” respectively (see Fig. 13). 'Hie 1107
cm”1 is the strongest and has been used for many years to
measure the concentration of interstitial oxygen in silicon.
This band is broad (—30 cm-1) at room temperature and
splits into a number of features at low temperatures: The
assignment to an antisymmetric vibration (v3 in Fig. 13) is
well established.21,89 The assignment of the 515 cm”’ band is
much more uncertain. Bosomworth et al.24 have left this
band unassigned .and suggested that it is due either to a sym­
metric motion or to impurity-induced lattice absorption. The
feet that this .band looses intensity more quickly than the
band at 1107 cm-1 upon oxygen precipitation heat
treatments,23’90,91 as observed by measuring stress-induced
IR dichroism, offers a variety of possible interpretations;
however, Stavola22 showed that such a band is due to sym­
metric vibrations of interstitial oxygen.

Hie transmittance T, i.e., the ratio of the transmitted to
the incident light intensity, depends on the. wavelength X. For
accurate measurements the influence of multiple reflections
on the wafer surfaces has to be taken into account. This is
particularly important when both surfaces are polished. At
normal incidence on a plane-parallel plate with polished sur­
faces the transmittance T is given by92

(l~R)2e~ad
T~i ~1—R2e'"2ad ’ (ID

where Ji is the reflectivity which is related to the refractive
index fi (when extinction coefficient -"-0) by

/n-112

«=Ur ■ (12)

For silicon »ss3.42 in fee wavelength range from 5 to 50
/rm, i.e., R=0.3.

From Eq. (11) the absorption coefficient a can be de­
rived,

2T2T
(13)

(i-r)2i2V/2-i /1 r -(i—r)2 r ,

The absorption coefficient measured at 1107 cm-1 is the sum
of three contributions due to interstitial oxygen a0, free car­
riers ®FC, and multiphonon lattice absorption . Urns,

«=«o+«Fc+«r.- (14)

For. lattice absorption at 1107 cm-1 the value aL — 0.85
cm-1 can be used.93 This value was measured directly at the
National Institute of Standards and Technology from the
spectrum of a 4.7-mm-thick polished FZ silicon crystal. Nev­
ertheless, the calculation, of the absorption coefficient a is
not much affected by this value. For example, a change of
10% in this parameter would result in a change of 0.25% in
the calculated value of the absorption coefficient.
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The term describing the free-carrier absorption stfc de­
pends on the resistivity of the analyzed sample. It is well
known that free-carrier absorption can be neglected for con­
centrations below 10i5 atoms/cm5. Above that value, how­
ever, (he absorption coefficient increases drastically.94 For
highly doped silicon with resistivities, in the range of mfl cm
the free-carrier absorption becomes high enough to hide
oilier contributions. Schomann and Graff94 studied samples
with different resistivities and they found that the sum of
absorption coefficients aL+aPC at 1107 cia"1 can be given
as a function of the free-carrier concentration x (in 10i5
atoms/cm3),

a=0.825e°-°7x (cm'1), • ' (15)

with 1 sax5* 20.
The problem of free-carrier absorption in a highly doped

material has been circumvented by Tsuya et al?5 by high-
flux electron irradiation, which results in trapping of the free
carriers. Oates and Lin96 have proposed a “short baseline
technique” which takes into account the effects of the free
earners for the measurements of interstitial oxygen in
heavily doped silicon. Recently, Borghesi etal?7 have dis­
cussed an alternative method which uses a curved baseline. It
was shown that their technique, which gives results equiva­
lent to those of Oates and Lin, requires a simpler analytical
procedure and is quite suitable for computerised routine
measurements.

In order to obtain interstitial oxygen concentration CM
(in atoms/cm3) the absorption coefficient ao (in cm” *) has to
be multiplied by the calibration constant x (hi atoms/cm2),

Cox=x«o- (16)

The exact determination of the calibration constant has been
a matter of long studies and iirterlaboratory round-robin ex­
periments: A wide range of values differing up to a factor of
2.5 is reported. A recent worldwide interlaboratory calibra­
tion yields the IOC-88 standard,93

.y = (3.14±0.09)X101/ atoms/cm2. (17)

This calibration factor is in close agreement with the JEIDA
value of 3.03X IO17 atoms/cm2 (lizuki et al??. On ths other
hand, it deviates a lot from the value of the ASTM F 121-83
and the DIN 50”438/l standards of 2.45 X 10!7 atoms/cm2 and
the old ASTM F 121-79 standard of 4.81X1017. atoms/cm2
used previously. A full compilation of ail reported calibration
factors is given by Baghdadi et al.9,5 The optimum wafer
thickness that results in the best accuracy for aQ is given by
d~ l/tt0. Therefore, a slice with thickness of 2 mm is rec­
ommended for measurement of Cox in Cz silicon. Commer­
cially produced wafers are much thinner (typically of the
order of 700 /un for -wafers of 150 mm in diameter): This
causes a lower accuracy of the measurements of oxygen con­
tent. An additional difficulty with measurements of standard
wafers is their backside roughness that results in the loss of
intensity' due to light scattering. This effect can reduce the
transmittance, of wafers when both surfaces are rough by
approximately 40% with respect to that of double-side-
polished wafers and by only few percent with respect to
single-side-polished wafers.
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FIG. 14. Absorption coefficient of the antisymmetric vibration mode of
Si-O-Si moiecule at different temperatures (from Ref. 88).

Schomann and Graft94 discussed the factors influencing
the accuracy of measurements of oxygen content, in silicon.
They showed that the highest error comes from surface
roughness which is important also in single-side-polished
wafers. Both the sample temperature during measurement
and the free-carrier absorption are also important, white the
thickness variations, spectral resolution, and instrumental er­
rors are less significant

Usually, for the determination of oxygen content, FZ
oxygen- and carbon-free silicon wafers are used as reference
samples. Optimum measurement conditions require the same
doping level, backside polishing, and precisely determined
thickness both of the unknown and the reference wafer. Re­
cently, a new method to- determine precisely the O{- concen­
tration in. single-side-polished wafers was proposed." The
method is based on IR transmission measurements per­
formed with p-polarized light impinging on the sample at the
Brewster, angle.. In tills case the 1107 cm”1 absorption band
is easily distinguishable from the contribution due to light
scattering at the backside surface from, the difference be­
tween absorbance spectra of single-side- and double-side-
polished wafers. 'This is due to the lack of multiple reflec­
tions for measurements with p-polarized light at the
Brewster angle on single-side-polished wafers.

b. Low-temperature measurements. Under progressive
cooling from room temperature, the 1107 cm-1 band gets
distorted and shifts toward higher energies, as shown in Fig.
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14. At 77 K there are three bands at 1121.4, 1127.5, and at
1135.8 cm"1 and the most intense one is centered at 1127.5
cm"'1 with a full width at half-maximum (FWHM) of about 5
cm"1. In, tills case, the ratio <tu27j(77 K)/a[5O7(3OO K) is
2.56±0.02, therefore the calibration factors found for room­
temperature measurements are no more valid. New calibra­
tion constant values were proposed by Pajot92 to obtain the
O{ concentration (in atoms/cm3) at 77 K,

Qx”a77 Ka1 127.5 » (IS)

where

J77 K“l.l±0.1X10n atoms/cm2. (19)

aii27.5 lhe absorption, coefficient (in cm"1) of the 1127.5
cm"1 band measured with a resolution equal or better than 1
cm"1 to avoid instrumental distorsion.

At liquid-heliurn temperature the bands at 1121.4 and
1127.5 cm"5 disappear.24 The 1135.8 cm"1 line shifts to
1136.4 cm-1 getting sharp and prominent with two weaker
satellites at 1134.5 and 1132.7 cm”1, due to the silicon iso­
topes with mass 29 and 30 (see Ref. 22). The FWHM of the
1136.4 cm"'1 is only 0.6 cm"1 and, as the integrated intensity
of the band is nearly the same at room temperature and at 8
K, the maximum absorption coefficient rises strongly so feat
a1{364(8 K)/an07(300 K)~-30. This fact allows one to detect
this band even in FZ silicon at 8 K.

Low-temperature measurements can also be used'to
measure oxygen absorption' in very thin Cz samples: The
limit of the sample thickness for observing O2- is calculated to
be about 0.2 /xm for 8 K transmission measurements. "For
thicker Cz silicon samples fee huge increase of the Of ab­
sorption band at 8 K leads to a saturation of the 1136.4 cm’”1
band preventing accurate measurements. In this case, room­
temperature measurements are more favorable. The detection
limit for the Of concentration reachable with the liquid-He
temperature measurements, for a 1-cm-thick silicon sample,
with a reasonable integration time, is about 3X1013
atoms/cm3.

To determine the conversion factor for measurements at
temperatures near liquid He some difficulties rise, due to the
sharpness of the 1136.4 cm"1 band. In fact, only by measur­
ing the band profile with an instrumental resolution ’eight
times lower than the FWHM of the band can it be reasonably
inferred that the measured profile is free of instrumental dis­
tortion. In this case, the maximum absorption coefficient is
independent of the instrumental resolution and proportional
to the integrated intensity. When the above conditions are not
fulfilled, the maximum absorption coefficient measured de­
creases with the ratio between the FWHM of the band and
the instrumental resolution, strongly depending on the latter.
Then, for comparative measurements the spectral resolution
used must be specified.

Since it is very difficult to measure the profile of. the
1136.4 cm"1 band with the appropriate instrumental resolu­
tion, Pajot9z proposed a conversion coefficient to determine
the Of concentration from liquid-He measurements, which
takes into account Au>obs, the observed FWHM of the 1136.4
cm"1 band. The proposed calibration coefficient to obtain
Cox in atoms/cm3 is

aWith 1 cm'1 resolution.

TABLE IV. Conversion factors x the determination of interstitial oxygen
concentration (to atoms/cm3) from IR-absorption measurements at dif­
ferent temperatures.

Band position
(cm'!)

X
(1017 atoms/cm2)

T
(K) Ref.

1107 3.14+0.09 300 93
1127.5 1.1 ±0.1 77 92
1136.4 0.14±0.02A<bo!>s 8 92
1136 0.169s 4 100
515 ■ ■■ 1 300 100

Xg k=1-4±0.2X10!6 A<wobs atoms/cm2. . (20)

It should be pointed out that the measurements of this band
at low temperatures are very sensitive to the temperature of
the sample and to the resolution of the instrument; therefore,
the exact calibration, strongly depends on the experimental
conditions.

Recently Wagner100 discussed the influence of fee
sample temperature on the absorption coefficient: for a reso­
lution of 1 cm"1 he gave the calibration factor to determine
the Oj concentration in atoms/cm3, for temperatures close to
4 K, to be

1.69 X 1016 atoms/cm2. (21)

Low-temperature measurements of interstitial oxygen con­
centration are of particular importance if oxygen precipitates
exist within the bulk, giving rise to the broad band close to
1107 cm"1 at room temperature, which significantly hides
the real signal. In fact, measurements at low temperature
have no influence on this broad band but strongly enhance
the interstitial oxygen absorption band, so that precise mea­
surements are possible.

Another approach is based on using the 515 cm"1 band,
which has no underlying precipitate response, as a measure
of interstitial oxygen concentration. The calibration factor for
this band is100

Xs 15 ~ 1x 5- 0! 7 atoms/cm2, (22)

which is temperature independent. This coefficient gives Cox
in atoms/cm3 wife a in cm'1. The 515 cm"1 band, however,
is much weaker than the 1107 cm"1 band and disappears
much more quickly, so that it can be used only for samples
with very high concentration of interstitial oxygen.

In silicon samples stressed along the (110) directions, the
interstitial oxygen atoms are preferentially situated along the
(111) directions, where lattice stress is minimized. By reduc­
ing fee temperature while maintaining fee stress, the prefer­
ential orientation can be frozen in. The temperature depen­
dence of the reduction rate of the resulting dichroism of the
1.107 cm"1 absorption band25,22,58 yields information on the
hop frequency of the interstitial atoms. Table IV summarizes
tire X values for different temperatures for the 1107 and 515
cm"’1 absorption bands.
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FIG. 15. Oxygen evolution from a silicon sample vs time. The first peak
evidences surface contamination, the second one surface oxide, and the third
one bulk oxygen (from Ref. 104).

2. Gas fusion analysis

Gas fusion analysis (GFA) is a well established method
in metallurgy for the analysis of several gases (e,g., oxygen,
nitrogen, and hydrogen) in solids. In the case of silicon, the
samples are heated to above the melting point (up to 1500-
1700 °C) in a special graphite, crucible where the dissolved
oxygen reacts with the carbon, producing CO. The developed
CO gas is carried by flowing helium through a CuO bed
heated at 400 °C where the reaction is completed, so that. CO
is converted into CO2. The amount of tins gas is subse­
quently detected by IR-absorption measurements, with a sen­
sitivity about four times higher for the CO2 than for the CO
gas. Before reaching the samples the high-purity He carrier
gas is purified by drying agents and by exposure to Cu turn­
ings at 600 °C to remove the oxygen traces. ”

A different procedure is also possible where tire CO gas
is extracted into a vacuum system (vacuum fusion analysis)
and then analyzed.

Baker, in 1970,101 used GFA as a comparative tool in. the
quantitative determination of oxygen in silicon by IR spec­
troscopy (see Sec. H C 1). Later on it was used to a limited
extent?02-104 GFA has been developed primarily for measur­
ing the oxygen content in heavily doped silicon, since it is
suitable for any type or concentration of the doping material,
while other methods (e.g., IR spectroscopy) are not suitable
for heavily doped samples. The GFA method detects the
whole oxygen content, hence, it cannot distinguish between
interstitial and precipitated oxygen.

Prior to the measurement the samples are degreased,
etched to remove the contaminated area close to the surface
(typically in CP 4 etchant), then rinsed in de-ionized water,
and etched in HF (40%) to remove any surface oxide. Fi­
nally, they are rinsed again and dried at 100 °C at a pressure
lower than 5 Torr.

A typical GFA spectrum/04 i.e., oxygen signal plotted vs
time, is illustrated in Fig. 15. The three partially separated
peaks indicate three sources of oxygen evolution from toe
sample. The first peak, occurring after about 15 s, is made up
of various easily liberated oxygen-containing species from
surface contaminants. The second and third ones are due
primarily to surface oxide and bulk oxygen, respectively, al-.
though they may have other components. These two peaks
can be well separated from each other by appropriate pro­
gram of power inputs. The third peak is due primarily to bulk
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HG. !6. Correlation of GFA relative oxygen concentration results with (a)
FTIR. data and (h) SIMS data (ftom Ref. 105). The continuous line repre­
sents the linear regression results.

oxygen but it could also be affected by. the oxidation at the
surface, Shaw and co-workers104 demonstrated that such in­
fluence could be of the order of 10.% of the ty pical oxygen
level in Cz silicon. Such an effect is tentatively attributed to
a very stable surface or near-surface oxide. Nonoxidized
samples show excellent correlation between SIMS and GFA
measurements.

Tire GFA technique needs calibration which is usually
performed in two steps. For precalibration measurements
standard steel samples are used. Basic elements of the second
step are’ standard gas mixtures and silicon slices cut from
selected ingot positions and measured with FUR. Hie bulk
oxygen content of the silicon sample is calculated in /zg/g or
atoms/cm3. The correlation factor to convert: /rg/g. to
atoms/cm3 is 0.877 X1017. The detection limit for a typical
instrument can be <1X1O16 atoms/cm3 with a reproducibil­
ity of.<±2% for 5—10 jtig/g and ±3%-4% for 2-3 /rg/g.

Figure. 16. shows the correlation of GFA results with
FTIR [Fig. 16(a)] and SIMS [Fig. 16(b)] data in the range
from 0 to 12 /zg/g. Correlation factors of 0.997 and 0.994 are
found with FUR and SIMS, respectively?05

3, Ssconcfery-ton mass spectrometry

SIMS has become a very versatile analytical technique
in the semiconductor industry aimed at bulk impurity mea­
surements. -Determination of oxygen in silicon samples by
SIMS is possible independently of doping type and concen­
tration. Generally, the primary ion beam used to bombard the
sample surface is constituted, by a noble gas; however, the
secondary ion yield can be increased through the use of oxy­
gen or cesium primary ion beams. Electropositive gas such
as cesium can enhance negative secondary ion yield of elec­
tronegative- -species?66407 Williams et al?06 showed the fea­
sibility of using Cs+ bombardment combined.'with the detec­
tion of negative secondary' ions in a depth profiling mode. It

4182 J. Appl. Phys., Vol. 77, Nd. 9,1 May 1995 Appl. Phys. Rev.-. Borghesr et al.
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HG, 17. Regression straight-line fit for oxygen concentration measured by
FOR and SIMS fa highly doped silicon samples. The lowest point corre­
sponds to undoped FZ silicon (from Ref. 97).

has been demonstrated that a high sensitivity can be obtained
in the detection of oxygen in silicon. Typically, 1.0 niA/cm2
of primary current density is used, which yields an oxygen
background limit corresponding to !X10i? atoms/cm3 as
calibrated using ion-implanted samples. Usually SIMS in­
struments use lower current density, implying a worse back­
ground limit for oxygen detection. In fact, the detection limit
for oxygen in silicon is controlled by the balance established
between the adsorption rate of oxygen from the residual gas
of the vacuum system, and the rate of sample erosion during
sputtering with primary ion beam. Thus, ultra high-vacuum
(UHV). conditions are necessary in order to obtain reliable
results. A further increase in sensitivity is possible using a
very high sputter rate. Wittmaack107 demonstrated the impor­
tance of highly focused primary ion beam and UHV condi­
tions in determining the background levels of oxygen in sili­
con. Moreover, the background level can be farther lowered
by using a secondary ion optics designed to preferentially
extract ions from the central area of the rastered crater.

Bleiler etal.i0S developed a methodology for accurate
and reproducible measurements of oxygen in heavily doped
silicon wafers. Prior to measurements the samples were.
baked for approximately 30 min at 100 °C to remove ad­
sorbed water. A proper vacuum system and a liquid-nitrogen-
cooled shroud surrounds the sample holder ensuring about
2-3X10”9 Torr pressure during the analysis. Another factor
influencing the detection limit can be the natural abundance
of different oxygen isotopes. While for i6O resolution limit
is 1X1017 atoms/cm3, for 18O, in-diffused from H2 18O or
1SO2 ambients, a detection limit approximately 500 times
better can be obtained.

In addition, it is well known that the SIMS secondary
ion yield varies quite drastically for different elements and
for the same element in different materials (matrix effect).109
To obtain quantitative SIMS data is thus not straightforward,
and a careful calibration for an accurate comparison with
other techniques is essential. Calibration of the oxygen yield
by means of a known oxygen-ion implantation profile results
in. an accuracy of about 30%, while the depth scale calibrated
with a profile measurement of the sputter crater gives an
accuracy of about 10%. The precision of tine method is ±2%
on a routine basis.110

The comparison between SIMS analysis and FTIR trans­
mission measurements performed by Borghesi el al?1 is 

given in Fig. 17. The figure shows OFnR vs OSIMS straight-
line fits. The correlation between the two sets of data is sat­
isfactory, as indicated by the high value of the linear corre­
lation coefficient (0.97) and by the low standard deviation
(0.37X1017 atoms/cm3) of the fits.

4. Other ins-thods

In CPAA a silicon crystal doped with 18O is irradiated
with a 4.6 MeV proton beam or with a particles of 18-23
MeV, to produce the nuclear reactions ’

!8O(p,«) isF (23)

or

i6O(3He,p) iSF, (24)

respectively. Both reactions produce the unstable fluorine
isotope iaF, which decays into i8O with half-lifetime of
109.7 min by emitting a @+ particle.

Oxygen content, depth profiling is possible by repeated
measurements after sequential etching of the surface layer.

The presence of the surface native oxide layer interferes
with the signal of the oxygen in silicon. Therefore, care has
to' be taken in completely removing this oxide and the oxy­
gen adsorbed during the measurement (this is usually per­
formed by the in situ sputtering with a beam of argon ions).
With reaction (24) this problem could be overcome by using
highly l8O-enriched oxides as diffusion sources and by etch­
ing back this oxide before the measurements, so that a native
oxide with the normal low 18O abundance is formed. The
detection limit of CPAA is 1X IO3" atoms/cm3 and the accu­
racy about 20%. .

The total oxygen content in silicon can also be measured
by activation with high-energy photons, generated by bom-
bardmentof a tungsten target with 30 MeV electrons with a
maximum of bremsstrahlung in the range of about 20 MeV.
Illis technique is known as photon activation analysis
(PAA). The mentioned energy range yields a giant resonance
for the nuclear reaction102

160(%rt) 1SO, (25)

with half-lifetime of 2.03 min. During the irradiation the
sample rotates, in order to be homogeneously activated. Af­
ter irradiation the samples are etched with the solution nitric
acid/hydroflnoric acid (1:1) in order to remove the activated
surface oxide and to eliminate background problems. GFA
(see Sec. IIC 2) is then performed with iron as a metallic
bath. The sample is completely dissolved at 2000 °C under
helium gas flux. The sample collection efficiency is about
100%.

The determination of the activated oxygen is based on
the annihilation radiation, generated by /?+ radiation of
15O, which reacts with an electron under emission of two y
rays of 511 keV. that are further measured with two detectors
in coincidence fa detenmne oxygen decay curve and content.

Figure 18 shows a comparison of oxygen concentrations
determined by PAA versus absorption coefficient of IR oxy­
gen band at 1107 cm"1. The accuracy of the method is typi­
cally better than ±15% and the detection limit is 5X1015
atoms/cm3.
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FIG. 18. Least-mean-squares fit of oxygen concentration data obtained by
IE. spectroscopy and PAA (from Ref. 102).

Two indirect methods of measuring oxygen in silicon
also exist: ■ ■. .

(1) determination of the lattice dilatation due to interstitial
oxygen atoms by x-ray diffraction analysis;

(2) spreading resistance profiling of thermal donors, whose
concentration is considered proportional to a power of
starting interstitial oxygen concentration.

Takano and Maki47 quantified, the lattice dilatation due to
the presence of interstitial oxygen atoms within .the silicon
lattice, considering the value of oxygen concentration as de­
termined using IR-absorbance measurements. By? stepwise
removal of silicon from the surface they.obtained dilatation
profiles that were subsequently converted in oxygen diffu­
sion profile. The sensitivity limit of this method is. 1X1017
atoms/cm3, on the basis of .the determination of the diffusivi­
ties and solubilities only for a temperature range from 1100
to 1200 °C. Nevertheless, these measurements are in excel­
lent agreement with those obtained by means of other meth­
ods.

The thermal donor profiling by spreading resistance
measurements relies on the formation of thermal donors aris­
ing from oxygen related complexes. The rate of formation is
proportional to the starting oxygen concentration to the third
or fourth power. Thus, the gradient of oxygen concentration
is converted in gradient Of thermal donor concentration;
however, such a correlation would require the comprehen­
sion of donor formation process, which has not yet been
achieved.

Ill, THERMODYNAMICS AND KINETICS OF
PRECIPITATE FORMATION

A. Nucleation

The first stage of oxygen precipitation in silicon is nucle­
ation, a process leading to the formation of aggregates of a
few O atoms, the so-called nuclei or precipitate embryos,
within the silicon lattice. Once formed, precipitation nuclei
can either further grow and form oxide precipitates or dis­
solve, depending on the characteristics of silicon crystals and 

on the thermal treatments performed. The fundamental pa­
rameter for nucleation (and, therefore, precipitation) is the
degree of supersaturation, of the solid solution constituted by
fee Si crystal (solvent) and the interstitial oxygen (solute),
i.e., the ratio between fee concentration of oxygen present in
the Si crystal. Cox and its solubility limit C*x (which is a
function of temperature).

Nucleation.can occur at ciystal lattice sites where few
interstitial oxygen atoms are close to each other (homoge­
neous nucleation111-117), or at lattice defects (heterogeneous
nucleation118-128). Both processes lead to the formation of
nuclei having different distributions and size.

In this subsection a general discussion about nucleation
theory and related experimental results is reported, describ­
ing both homogeneous and heterogeneous processes. More­
over, some nucleation models124 are illustrated and the
mechanisms of nucleus dissolution, occurring during particu­
lar thermal treatments of silicon wafers, are described.125

1. Homogeneous strain-free nucleation

A very important parameter in the theory of nucleation is
file critical radius rc, distinguishing the nuclei which upon
thermal treatment grow further from those which are
going to dissolve (r<rc). It depends on several characteris­
tics of the silicon crystal such as, for example, self-interstitial
and vacancy concentrations, impurity type and content, elas­
tic properties, and temperature.114,115 . ■ .

As a first step a theory for strain-free nucleation is illus­
trated, i.e., a theory that describes.nucleation by completely
neglecting the strain energy related id. the structural differ­
ence between silicon and the oxide composing the nuclei.
Under this assumption, the free energy AG required to form
a spherical nucleus with radius r is given by the sum of two
contributions: -The particle-matrix interface, energy and the
chemical energy of supersaturation. The first term is positive
since energy' is needed to increase fee nucleus surface, while
fee second one is negative since chemical energy of super­
saturation decreases when solute atoms (oxygen) ’ are re­
moved from- the solution and incorporated into the nucleus.
The total free energy AG is therefore

AG=47rr2-y—, (26)

where yis the interface energy per unit area and AG0 is. the
volume free energy, related to the variation of fee chemical
energy of supersaturation per unit volume after oxygen atom
removing from the solution. AG„ can be written as

ksT ‘ Cox
AG^-^-In~f, ' .. (27)

where kB is the Boltzmann constant, T is the absolute tem­
perature, and vP is the particle volume per oxygen atom (i.e.,
volume per oxygen atom in the silicon oxide SiOx compos­
ing the nuclei).

. The critical 'radius is defined as the value r ~rc for
which d(AG)^=0 (equilibrium): in the case of strain-free
nucleation it can be derived from Eq. (26),

2yvP
- (2S)
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FIG. 19. Temperature dependence of fee critical radius as determined from
Eq. f28). Tg is the temperature at which the actual C0I should equal. C*
{from Ref. 113).

When the nucleus radius r is smaller than rc the volume free
energy is lower than the surface free energy and, therefore,
the nucleus dissolves. On the contrary, when r>rc the sur­
face free energy is the smaller term in Eq. (26) and a pre­
cipitate can grow. From the expression of rc it is clear that
high temperatures and high oxygen concentrations enhance
precipitate growth, reducing the nucleus critical radius. On
the other hand, low temperatures correspond to low C*K,
which also causes rc to decrease. These trends lead to a
monotonically increasing function rc(T). Figure 19 reports
the plot of rc(T) as deduced from Eq. (28), considering
y==410 erg/cm2, u?=37l66 A3, and Cox= 11X1017
atoms/cm3. TE in the figure is the temperature at which the
actual value Cox should equal C*x.

In the classical theory of nucleation118 the number N' of
nuclei of radius r per unit volume follows a Boltzmann dis- ■
tribution,

I AG\ .
A(r)=c exp|(29)

where c is the number of nucleation sites per unit volume.
The nucleation rate J0~Nlt, where i is the time, is given by

JQ~4Trr^c(D/d)Zn(rc), (30)

where D is oxygen diffusion coefficient, d is the so-called
atomic jump distance of oxygen, and Z is the Zeldovich fac­
tor (Z=«10“2)5 corresponding to the fraction of oxygen at­
oms which are included in the precipitate nuclei inunediately
after nucleation. The nucleation rate dependence on the in­
terstitial oxygen content and on the temperature as deduced
from a best fit of experimental data129 with Eq. (30) is re­
ported in Figs. 20(a) and 20(b) respectively.115

In Fig. 20(a) the experimental data fit very well with the
calculated line, while in. Fig. 20(b) the agreement is less sat­
isfactory, probably because of the neglected dependence of Z
on the temperature. Figure 20(c) reports the- function J(T)
for different interstitial oxygen contents and shows that for
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FIG. 20. Dependence of the nucleation rate on (a) the oxygen content and
(b) the temperature. Opens circles indicate the experimental data, solid
circles show the detectability limit for two temperatures, and the lines are
fee. best fit (from Ref. 115). (c) Dependence of the nucleation rate J on the
temperature for crystals with different interstitial oxygen content (indicated
in 10” atomsfen3 units).

typical Cz wafers (COX~7--10X1017 atoms/cm3) the opti­
mum temperature range for nucleation is from 650 to 850 °C.

zMl the relations derived up to this point disregard the
possible time dependence of the thermodynamic state of the
solid solution. A nonsteady-state theory of nucleation can be
used to describe she process occurring after a sudden cooling
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atoms/cm3 annealed for JO h at 1000 °C as a function of the duration of the
nucleation annealing at 750 °C (from Ref. 129).

of the Si crystal, where a supersaturation state suddenly de­
velops. Such a theory can be particularly interesting for the
comparison with experimental results regarding precipitation
rate, being more adequate to the real process. In the
nonsteady-state the nucleation rate is

J(rWo exp^ - yJ> ■ (31)

where Jo is the steady-state nucleation rate of Eq. (30) and
7* is catted the nucleation time (or induction time). Figure
21, which reports the plot of J(t), shows that the nucleation
rate reaches its steady-state value as f approaches infinity
(7* is also explicitly indicated). Hie nucleation time can be
written as

H2
7*=y, (32)

where n ~ ^'jrr^.N is the number- of oxygen atoms in the
nucleus (N is the atomic concentration in the precipitates)
and / the frequency of atom stickirig to a critical nucleus. r*
decreases with increasing the temperature, as shown in Fig.
22,115 which reports t*(T) for different Cox values (indi­
cated in unite of 1017 atoms/cm3) obtained by using the same
best-fit parameters as in Fig. 20. Higher temperature, as al­
ready pointed out and shown in Fig. 19, leads to smaller rc
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FIG. 22. Temperature dependence of induction time. Each curve is labeled
by the Cm value in 10n atoms/cm3 units (from Ref. 115). 

values and, therefore, to a r* decrease. Moreover, at high
temperatures the oxygen atomic diffusivity is high and also /
increases, leading in torn to low t*.

can be obtained both from Eq. (31) and experimen­
tally from the increase of precipitate density with. time. The
two evaluations lead to r*—1 h and ri^lO2 h,
respectively,115 but this discrepancy can be ascribed to the
fact, that probably not all the oxygen atoms reaching a
nucleus remain there.

The nucleation rate has been deduced by Inoue and
co-workers129 to slow down, reselling a saturation value, as
the duration of the nucleation annealing increases. Figure 23
shows the precipitate density as a function of nucleation an­
nealing time for samples annealed at 750 °C (nucleation) and
then for 10 h at 1000 °C (precipitation). The precipitate den­
sity has been measured12' by the surface etching technique
(see Sec. IV A) after the second annealing. The authors pro­
pose an explanation for the described saturation. It can take
place when the diffusion layers surrounding each nucleus
overlap, so that further oxygen diffusion leads to the growth
of the existing nuclei more likely than, to the creation of new
ones. The diffusion layer has been assumed as spherical, with
radhfs yDt, where D is the diffusion coefficient of oxygen
in silicon and t is the nucleation time. Saturation occurs
when the average distance between two adjacent nuclei is of
the order of yZH. The following relation between the num­
ber density of nuclei N and yDt is therefore assumed

AT us = (jrr)~ i/3 (33)

Then .the time t,. when saturation begins and the saturation
number density of nuclei Ns can be determined,

(34)

and

A(,.=J3/5(f7r£>3/2)"2''5. (35)

This model for the saturation in nucleation is well confirmed
by the good agreement between experimental and calculated
N(t) values, shown in Fig. 24 for various annealing tempera­
tures, for a silicon crystal with Cox=llX1017 atoms/cm3.

4186 J. Appi. Phys., Vo!. 77, No. 9, 1 May 1995 Appt. Phys. Rev.: Borghesi et al.
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Homogeneous nucleation has been reported115,125 as re­
sponsible for a phenomenon called time lag in precipitate
growth, which is considered the experimental evidence of the
time dependence of Eq. (31). Time lag consists in a “delay”
of precipitation detected in samples subjected to a short high-
temperature preannealing (e.g., 5 min at 1200 °C) before the
precipitation treatment (several hours at low temperature).
Considering Eq. (31) (or looking at Fig. 21), time lag can
simply be related to the initial transient At=?3~4r*, when
J(i) is still noticeably different from the steady-state value

Some authors112 disagree, considering time lag a piece of
evidence for heterogeneous nucleation (see Sec. Ill A 3).

Figure 25115 reports experimental data regarding time lag
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FIG. 25. Time dependence of precipitate density during anneal at 800 °C for
two samples subjected to preanneal at 1200 °C for 5 min. Tfce upper curve
refers to a slowly cooled sample, the lower one to a quenched sample (from
Ref. 115).
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in precipitation, i.e., the precipitate density detected in sili­
con wafers subjected to different thermal treatments, which
is directly related to the initial concentration of nuclei. Hie
precipitate density in the sample subjected to a short prean­
nealing and then quenched is initially very low, abruptly in­
creasing after about 70 h. This initial delay has been related
to the nucleation time.

2. Homogerteot/s mrc/eatfon w/fft strain

The assumption of nucleation as a strain-free process
imposes a serious limit for tlie theory outlined in Sec.
HI A 1, even if it results in qualitatively good agreement
with experimental data and partially includes (implicitly) the
lattice strain when considering the interface energy y. More
adequate models have been proposed114,116,130,131 to explic­
itly take into account tire, strain-energy contribution, to the
total free-energy variation AG. Indeed, the difference be­
tween the volume per Si atom in the precipitate VF and in the
silicon crystal (volume misfit) causes an increase of pre­
cipitate strain energy during growth (in particular for the
case of SiO2 in Si, VF>V'Si). Absorption of nv vacancies
from the bulk of silicon and/or emission of nf seif-interstitial
atoms release part of this strain.116,117 Consideration of this
last contribution leads us to include intrinsic point defects in
the nucleation process, although the term homogeneous
nucleation is still used to distinguish this case from that
which involves extrinsic defect contribution or intrinsic de­
fects, as the main constituents of the nuclei.

On die basis.of these arguments about, strain, it is clear
that Eq. (26) has to be modified. According to Hu,114 it is
useful to describe the volume variation of a precipitate, when
its radius r increases by dr, in terms of elastic properties of
silicon. When a few Si atoms are included in a precipitate
nucleus, they leave a cavity in .the bulk of the silicon. Such a
cavity can be described as a sphere of radius r0 to compare
with the growing particle. At the same time the growing
particle has a different radius r=(l + <5)r0, where <5 is the
linear misfit between Si and SiOx lattices (<£~0.3 for SiOj).
To reach a common radius rP (the actual nucleus radius) the
cavity must be expanded, while the nucleus must be com­
pressed. The final radius rP falls between r0 and r, i.e.,
rP=r0(l + €)> where 0<£<<£ Considering the shear modu­
lus of silicon p, and the bulk compressibility of SiOx K and
assuming e,5^1, the strain e compressing the precipitate is

S'.
l+4^/3K‘ 06'

The final radius rP can also be written as

(1 + c)
r?~r(l + ^ (37)

Then, AG of a S1OX spherical precipitate, considering an
increase dr of the radius r, is

.. xrkol I (3] Cy riox
(1 + S+ e)J In riy In -rx— inVP \ ' . Cf 1 Cf C*.

(38)+ 2'y+6(U<5er|4rn" dr,

App!. Phys. Rev.: Borghesi at al. 4187
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where n.g and nv are the numbers of interstitials and vacan­
cies emitted and absorbed, respectively, Q and C-/ are the
concentration of interstitials and vacancies, respectively, and
C* and C* are the solubility limits of these defects in sili­
con, The term (6^5er)4n-r d.r~{6p,8e)dV is the change.
in the total elastic energy of a spherical nucleus related to a
volume variation dV.

From Eq. (38) a more complete expression for the criti­
cal radius rc that also considers strain energy is obtained,

VP

(l + 8--e)3xkBT Cox
m

Ct
(39)

Besides the strain-related contribution, this expression also
illustrates the role of interstitial Si atoms and vacancies in
strain relief. It is important to note that in the case of strain-
free nucleation, i.e., e=<5=0, Eq. (39) is identical to Eq. (28).

Equation (39) can be rewritten in a useful form using fee
following expressions for Cox, Cjx, Cz, C*, Cv, and
r*.

/ Tx
expj --- p (40a)

and

/ T *
c*=Cx exp[ - -y h (40b)

where cx is a constant and X—I, V, ox. Tx is the character­
istic temperature derived from the heat of solution
Hx~ksTx and Zf is the temperature at which fee actual X
content should be soluble (7^x = TE in Fig. 19). By substi­
tuting Eqs. (40) in Eq. (39) we obtain

=2w __
rc"' xkgf (41)

where

/ yT y
£=(1. + 1 + —------

\ & mt

W/Tm 6p.SeuP
Tox ] xksT0X

and

X — (1 + <5~* e) nr* 'T5^ •tt 'T’/* >
* s $ s' /

In intrinsic thermal equilibrium conditions (T= T!s~Tf), the
critical radius becomes

„..2w JT-
fc' 'xkBf

where

(42)

r=(i+^-e)-
(y/xSevp
xkj^(Sk ’

Equation (42) relates the critical radius rc to the temperature
at which she actual interstitial oxygen content should be
soluble 7XX. This is very interesting because the initial oxy­
gen concentration is usually a known parameter and can be
controlled.

AnoSher interesting model for homogeneous nucleation
involves thermal donors, considered as aggregates of several
oxygen atoms.132 Assuming that only one type of thermal
donors dominates carrier increase during thermal donor for­
mation and considering the results of the classical nucleation,
theory about the concentration of nuclei and the nucleation
rate [see Eqs. (29) and (30)], the dominant thermal donors
are deduced to act as nuclei for oxygen precipitation in Cz
silicon above 600 °C. ’This result allows one to predict the
nucleation rate dependence on initial' oxygen concentration,
annealing temperature, and carrier concentration, which are
found to well reproduce the experimental findings. Neverthe­
less, in Ref. 132 the authors underline that there is also some
experimental evidence of heterogeneous nucleation which
they believe to simultaneously occur and compete with ho­
mogeneous nucleation.

Other nucleation models including intrinsic poirti defects'
as active elements have been proposed112,119,U0 and are illus­
trated in the following subsection as heterogeneous nucle­
ation models.

3. Heterogeneous nucleation

Nucleation of oxide precipitates can occur on lattice de­
fects, mainly substitutional carbon atoms, carbon-oxygen
complexes, and point defects. A clear description of the
mechanisms involved in this phenomenon is not yet avail­
able, but some general trends have been
evidenced119-123,125-127 from the analysis of a lot of experi­
mental data.

Regarding the influence of carbon, several phenomena
enhancing oxygen nucleation dhd precipitation are widely
accepted to occur. First of all, in C-rich samples the variation
of interstitial oxygen concentration, usually related to pre­
cipitation, has been shown to increase. At the same time,
substitutional carbon concentration, measured through the IR
absorption of Si—C bonds, decreases. Probably, oxygen ag­
gregating on carbon atoms during precipitate nucleation
makes C undetectable, due to fee variation of fee vibrational
properties of Si---C-~-Si bonds.

Carbon atomsJn the silicon lattice can. form SiC par­
ticles, which, produce a volume contraction of about 50%.
Therefore, C presence can cause the formation of free vol­
ume in the silicon crystal, available for nuclei and precipi­
tates. Moreover, this free volume leads to a Q decrease and,
therefore, also to a rc decrease [see Eq. (39)].

Besides single C atoms, carbon-oxygen complexes have
also been proposed to act as heterogeneous nuclei for oxygen
precipitation in Cz silicon.i22,133-lj6 The same experimental
data reported in support of the assumption of nucleation re­
lated to substitutional C atoms might also lead to the hypoth­
esis of a significant role of C-0 complexes. The variation of
IR-absorption bands related to C-O complexes has been con­
nected to changes in the interstitial-oxygen peak due- to pre­
cipitation. Therefore, C-0 complexes are deduced to be in­
volved in precipitation as the most probable nuclei. On the
basis of these findings heterogeneous nucleation is indicated
as predominant at low temperatures, while the homogeneous
mechanism predominates at higher temperatures. In Fig. 26
the IR spectra of samples annealed at 900 °C for different

4188 J. Appi. Phys., Vol. 77, No. 9, 1 May 1995 Appl. Phys. Rev.: Borghesi et at.
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FIG. 27. X-ray topography (left-hand side) of a longitudinal section of a
quenched silicon crystal pulled at t mm/aiin and annealed at 1000 °C for 16
h. Region A contains swirl defects, while region B is defect free. Interstitial
oxygen concentration vs annealing time at 1000 °C (right-hand side) mea­
sured at crystal axis in regions A and B (from Ref. 120).

times are reported.131 The absorption bands present in the
spectrum of the as-received sample related to C-0 complexes
decrease with the interstitial-oxygen band as tire annealing
time is increased and precipitation takes place. After 110 h
annealing, the intensity of all these bands is below the detec­
tion limits.

Intrinsic point defects, in particular vacancy clusters
formed in the silicon crystal during growth and including
also solute atoms, have been assumed to be possible
nuclei112,119,137 (modified homogeneous nucleation). One of
the main arguments supporting this hypothesis is the role of
the clusters in releasing die volume misfit associated with
precipitate growth. At high temperatures these centers can
also dissolve, due to the self-interstitial generation in the Si
crystal. This phenomenon has been indicated132 as respon­
sible for tire above-mentioned time lag in precipitation, in­
stead of the explanation based on fee homogeneous model
for nucleation. Moreover, the hypothesis that clusters of va­
cancies can be part of the nuclei is supported by the experi­
mental data about precipitation reduction in samples treated
in oxidizing ambient,113,114 where vacancy clusters are
known to annihilate. On fee basis of (he hypothesis of het­
erogeneous nucleation occurring at vacancy-solute atom
clusters, Ravi119 suggested two possible models for nucle­
ation, which can also explain fee Si crystal faceting observed
on the sample surface after precipitation. The first one pos­
tulates a direct nucleation of SiO2 at vacancy clusters. . The
second one is a multistep mechanism, involving stacking
faults. Indeed, extrinsic stacking faults can nucleate at va­
cancy clusters during heat treatments, then becoming .nucle­
ation sites for SiO2 precipitates during further annealing. The
mentioned faceting of the Si crystal surface arises from the
inhibition of oxidation at the precipitate sites.

Other possible centers for heterogeneous nucleation have
been indicated in fee so-called swirl defects,120,lzl whose na­
ture is not clear, but in any case related to the condensation
of self-interstitials. High concentrations of these defects re­

duce precipitation, while silicon crystal doping can enhance
the process. Indeed, doping reduces swirl-defect concentra­
tion, thus preventing their detrimental effect on precipitation..
Figure 27 (left-hand side) shows the x-ray topography of a
longitudinal section of an undoped Si ingot annealed at
1000 °C for 16 h.120 Region A is rich in swid defects, while
region. B is defect free. In Fig. 27 (right-hand side) fee
interstitiaf-oxygen concentration at different stages of fee an­
nealing is also reported.120 In region B the decrease'of Of
concentration, connected with precipitation, is much more
evident, confirming the retardation role of swirl defects. ■

On the other hand, self-interstitials seem to help precipi­
tation. of oxygen, acting as nuclei, when fee oxygen super­
saturation ratio s (Cox/Cjx) is smaller than 5. If < is in­
creased their influence decreases and becomes negligible for
s = 20. Also.the mentioned retardation of precipitation in
samples treated, in oxidizing ambients has been related111,114
to - (lie decreased self-interstitial concentration in such
samples. ..

Retardation of precipitation, experimentally observed us­
ing IR spectroscopy in samples subjected to prolonged
nucleation treatments (2-16 h), has also been related325 to
fee possible dissolution, of the nuclei, described by an inter­
esting model. According to that model, dissolution takes
place 'at the onset stage of the precipitate-growth annealing,
due to the large supersaturation of silicon self-interstitials.
Indeed, this increases rc and a. large fraction of nuclei dis­
solve, because the reaction

(1 +y)Si+2O,-^SiO2 + yZ (43)

is driven to the left-hand side. The. generation of self­
interstitials, also taking place at fee initial stage of fee
growth annealing, is essentially due to the need of an accom­
modation volume for the precipitates (remember that

To complete this overview on heterogeneous nucleation
it is worth mentioning the findings of Wada et who
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deduced nucleation in as-grown silicon crystals to be hetero­
geneous from the characteristic nucleation temperature ob­
served (1000-1250 °C), which is higher than those predicted
for the homogeneous process. Moreover, they related pre­
cipitation to thermal fluctuations in the crystal during
growth, causing the formation of the heterogeneous nucle­
ation centers.

4. Nucleation in as-grown crystals

Oxygen precipitation in as-grown silicon crystals is a
very important process, being characteristic of the starting
conditions for further precipitation. Several experimental
works153,12'’128,131,138 deal with this subject and some models
for nucleation in these samples have been proposed.

In the framework of a growth model for precipitates in
as-grown crystals,113 essentially developed using the concept
of critical radius, nucleation is assumed to be homogeneous
and to proceed at the same rate as during nucleation anneal­
ing (about IO17 nuclei/cm3 s at 750 °C).139 It takes place dur­
ing tiie crystal cooling after heating cutoff, which is faster
(about 100 °C/h) than crystal seed-end cooling during
growth.

Another mechanism of nucleation leading to the forma­
tion of precipitates in as-grown silicon crystals has been
proposed123 on the basis of TEM observation and crystal
cooling measurements. From the experimental results about
precipitate shape, dimensions, and density in as-grown sili­
con samples the authors deduce that nucleation occurs via an
heterogeneous mechanism, at temperatures from 1250 to
1000 °C during crystal cooling.

An interesting nucleation model including both homoge­
neous and heterogeneous.' processes has been recently
developed128 on the basis of experimental findings on par­
ticular samples. After halting tire crystal growth for well-
specified time intervals, therefore annealing the. growth part
of the crystal, the authors studied oxygen precipitation in
as-grown samples.'Precipitate density was found higher in
the regions where the temperature during pulling halt was
below 800 °C or above 1200 °C and this inhomogeneity of
precipitate distribution was related to a different nucleation
rate. Regarding the first regions, nuclei are assumed to be
homogeneous, while the nuclei responsible for the high-
temperature precipitation are assumed to be heterogeneous,
probably clusters of point defects, because at such high tem­
perature (s® 1200 °C) Cj, was higher than Cox. Moreover,
when the temperature during the halt of pulling is high the
density of heterogeneous nuclei depends on C content in the
silicon, crystal. On foe basis of these experimental findings,
nucleation is deduced to proceed as follows. First, some nu­
clei are formed at 7’>1200 °C, remaining essentially inac­
tive (unless the crystal is annealed at low temperature, as
during cooling). Then, between 1100 and 900 °C the nuclei
can incorporate C atoms and, finally, below 800 °C they be­
come active as centers for precipitation (at. this stage nucle­
ation is heterogeneous).

Recently. Puzanov and Eidenzau131 proposed that the
formation of oxygen precipitation nuclei during crystal
growth proceeds through the following stages, which depend
on the crystal growth regime:

4190 J. Appi. Phys., Vol 77, No. 9, 1 May 1995

(i) recombination of intrinsic point defects near the
crystal-melt interface, which determinates the type and con­
centration of surviving point defects in tire growing crystal;

(ii) redistribution of intrinsic point defects, their an­
nealing at the crystal lateral surface and smoothing of con­
centration profile (diffusion stage);

(ill) agglomeration of impurities arid intrinsic point de­
fects:

(a) vacancy regime: A-defect (V’-O complex) nucleation as
a result of vacancy-oxygen interaction;

(b) interstitial regime: B-defect generation as a result of
coaggregation of self-interstitials and carbon atoms;

(iv) growth and transformation of agglomerates in­
volving consumption of intrinsic point defects:

(a) vacancy regime: transformation of A-defect nuclei and
reduction in vacancy concentration;

(b) interstitial regime: transformation of some B-defects '
into A-defects; reduction in self-interstitial concentra­
tion;

(v)

(a) vacancy regime: formation of secondary (low-
temperature) nuclei;

(b) interstitial regime: transformation of residual B-defects
into centers of oxygen precipitation.

In this model each stage may depend not only upon its
conditions, but also upon the .results of al! previous stages.
Vacancy or interstitial regimes depend on the type and con­
centration of intrinsic point defects remaining in the crystal
after recombination, depending on the ratio <- = V!Go, where
Go is the longitudinal temperature gradient near the interface
arid V is the growth rate,. For f<f,==3.3X 10~s
cm2s~!K~5 the remaining defects are self-interstitials and
for they are vacancies. As a rule, crystals produced
commercially are grown in. the vacancy regime.

B. Precipitation

Oxygen precipitation in silicon, is a phenomenon of ag­
gregation of oxygen atoms, normally unifotmely distributed
within the Si crystal. As a consequence, small particles of
SiOj., form within the silicon crystal. Nowadays it
is widely accepted that precipitation is driven, in a wide tem­
perature' range, by the diffusion kinetics.

In 1958 Ham proposed140 a general theory to explain the
kinetics of precipitation in a supersaturated solution by con­
sidering the phenomenon as diffusion limited. The validity of
tins model has been checked by different authors and experi­
mentally confirmed. In particular, Patrick et aL-,141 using a
combination of TEM and IR measurements, showed that the
growth of precipitates at about 1000 °C in a dislocation-free
matrix fits very well the Ham kinetics. Wada et al.,123,142 on
the basis of TEM observation, extended the validity of the
model to the temperature range from 750 to 1050 °C. A de­
tailed. analysis and more extended experimental results were
reported for the temperature range from 650 to 1050 °C us­
ing different techniques (see Sec. IV) such as chemical etch­
ing, optical scattering, cold neutron scattering, and infrared'

Appl. Phys. Rev.: Borghesi et al. 
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absorption by Newman et a/.143 and by Binns et rd?44 Oxy­
gen precipitation below 650 °C follows a kinetics that no
longer agrees with Haw’s theory since a negligible fraction
of atoms is involved in the oxide precipitates.68 ■

The starting hypotheses to develop Ham precipitation
model are as follows.

(1) Hie silicon lattice is defect free (iLe., without any ex­
tended defects such as dislocations, besides precipitation
nuclei).

(2) The initial interstitial oxygen concentration Co
(atoms/cm3) hi the as-grown crystal is uniform.

(3) The concentration of nuclei N (cm-3) remains constant
during the heat treatment. This means that nucleation
already occurred in as-grown material, in practice during
crystal growth.

(4) In the silicon lattice spherical precipitate nuclei having
the same radius r0 much smaller than their distances are
present.

(5) The precipitates (oxygen sinks) are made of a form of
silica with oxygen concentration CP. The oxygen con­
centration in the silicon matrix immediately adjacent to
the precipitates C is the equilibrium solubility limit
Cj. (see Sec. IIB 3) at the considered temperature (after
an infinite time). The variation of C during precipitate
growth is neglected.

Assuming the particles are arranged in a simple cubic
lattice and dividing the lattice into equivalent symmetrical
cubic cells, each one centered at one precipitate nucleus, no
oxygen flux is expected to cross the cubic cell boundaries if
the distribution of nuclei is uniform.

It is worth noting that the assumption of spatially uni­
form distribution is not necessary, provided any crystal inho­
mogeneities are absent. In fact, oxygen atoms follow three-
dimensional random walks and only a small probability of
sticking to growing particles exists, due to the presence of
oxygen concentration gradient only close to the precipitate,
as is shown later.

The oxygen concentration profile Cox(r,r) as a function
of the distance r from the center of the precipitate and time t
fulfills the Fick equation,

<5CQX(r,t)
DV2C0X(r,r), (44)

where D is the oxygen, diffusion coefficient, which is as­
sumed to be independent of time, oxygen concentration, and
position (see Sec. Il B 4). Tins equation has to fulfill two
boundary conditions:

(i) At the precipitate/matrix interface (r-=r0) the oxygen
concentration is equal to C';

(ii)" no solute flux can cross the cell boundary, due to sym­
metry'.

We note that, taking into account the above-mentioned
boundary conditions, it is sufficient to solve the Fick, equa­
tion only for a single cubic ceil.

To find the solution of Eq. (44) we first consider spheri­
cal precipitates with the value r0 of precipitate radius con­

ic (R-ro)

FIG, 28. ^lustration indicating the solutions of tan[X(X---r0)3 = XR.

slant and equal to its final value r0(<») (steady-state value,
i.e., the value after infinite annealing time) and then we study
the general case of increasing precipitate radius. Finally, the
case of disk-shaped precipitates with increasing thickness is
considered.

1. Spherical precipitates with fixed radius

In order to solve tire Fick equation in this case, it is
useful to expand Cox(r,i) - C' in terms of the eigenfunctions
of the equation

V2^(r) + X2^„(r)==0, (45)

obtaining

X 'UW.W- (46)
n—0

(47)

To satisfy the boundary' condition (i), ?A«(ro) has to be zero
Vu. Then, substituting Eq. (46) into Eq. (44) and considering
Eq. (45), we obtain

riaB(r)~-^==--DXX(t).

Therefore, a„(t) can be written as

exp(-DX2r)=A„ expl -~-j, (48)

where An are normalizing constants and rn = 1/DX2. From
Eqs. (46) and (47) the solution of Eq. (44) expressed as
Cox(r,r) — Cl follows, '

«■

Cox(r,/)“C' expi
n —0

t
tAf,(r). (49)

Now using the Wigner-Seitz approximation we can re­
place file cubic cell surrounding each particle by a spheri­
cally symmetric region of equal volume with radius R- satis­
fying the relation

frr«3N=l, (50)

where IV (cm-3) is the average number of precipitates per
unit volume, which has been .assumed to be constant during
annealing. Therefore. Eq. (49) in spherical polar coordinates
is
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HG. 29. Hot of interstitial oxygen concentration in the vicinity of • oxide
precipitate of radius r0 as deduced from Eq. (55).

•ct sin[k„(r—rc,)] /. t \Cox(r,f)“C'::;S -------- -------------exp[”~~i- (51)
n-0 \ n,

The boundary.. condition (ii) can be written as
[<i[C0X(r,r) ——0, i.e., from Eq. (51) as

tan[X„(/?-r0)] = Xn/?. (52)

The coefficients k:n have the dimensions of a reciprocal
length .and can. have infinite positive values (see Fig. 28).

The first solution of- Eq. (52), considering that the pre­
cipitates usually occupy only a small fraction of the whole
sphere with radius i? (i.e., typically r0/jR—0,025), is ap­
proximated as

X 2
rt (53)

and then

J?3 
(54)

where l/r0 is the precipitation rate.
It is possible to show that after a short initial transient,

when all the solutions of Eq. (52) are significant, Xo gives the
most important contribution to the variations of CDX(r,r).
Therefore, after a time interval. Ar?= r0 a pseudosteady state
is reached. In that case, from Eq. (51), the concentration of
oxygen remaining in the solution as a function of the dis­
tance r from, the precipitate center and of the annealing time
can be considered equal to

Cox(r,f) “ C’ =A0X0| 1 - ~ exp!
t

to
(55)

where AoX.0 is a constant, with the dimension of a concentra­
tion, equal to about Co— C'. This equation leads to interest­
ing considerations. Fixing the annealing time t the spatial
oxygen concentration profile can be obtained. In this case, as
shown in Fig. 29, the oxygen concentration remaining in the
solution is almost constant in the whole sphere of radius R
(i?“40r0), except for a central spherical region with radius
of about 5 r0. At a given distance from the precipitate, oxy­
gen concentration decays exponentially to the equilibrium
value C’ with a time constant r0 given by Eq. (54).

The spatial average of oxygen concentration remaining
in the solution , usually measured by IR absorption, veri­
fies this relation,

(56)

(57)

“7r-r7r7-" = expi,
Cg C \ Tq /

which allows one to determine the value of C from the
intensity of the 1107 cm”1 absorption band, which is propor­
tional to Cra(t). For long annealing time (/—>«>), with
C0>C', Eq. (56) becomes

limCm(t)==C'.

Taking into account that the total oxygen content is con­
served, we have

- M3[C0-Cm(f)]-^[Cp-Cm(t)]. (58)

From this equation and considering Eq. (50), we obtain

Co-Cm(r)-HMG-Qt)]. (59)

Since for/■—>«’ = , Eq. (58) gives

i? Cp-C'p3

Co-C'/ (60)

Then, substituting this expression into Eq. (54) we can write

~ R2

Vq-Cz/ (61)

From Eqs. (61) and (50) the precipitate density N can be
deduced,

3 /CP-C?\3/2
(3Dto) ■ ’ (62)

..4-zr \ Cq~ G /

A comparison between Ham’s theoretical predictions and
experimental data has been reported in Refs. 143 and 144.
The authors studied dislocation-free Cz silicon samples, an­
nealed for a very long time, with interstitial oxygen concen­
tration Co—7±0'.7 X 101? aioms/cm3, as determined by IR-
absorption measurements. Oxide precipitates were assumed
to be' constituted by SiO2 with oxygen concentration
Cp—4.6X1022 atoms/cm3.

.The direct measurement of C' is not always possible,
since it requires stunpies annealed for a very long time, nec­
essary for oxygen to reach the equilibrium concentration
value. Furthermore, duration of the suitable annealing de­
pends on die temperature. For example, after 850 °C anneal­
ing the value of C was not yet reached after 800 h heating.
For lower temperatures (below 750 °C), even. 2000 h were
not enough to reach'the equilibrium concentration value.
This problem can be overcome by measuring at different
times the amount of oxygen Cm(t) remaining in the solution
after the annealing time r, and extrapolating the value of
Cm(«>) which is equal to C according to Eq. (57).

Figure 30 (crosses) reports Cm(r) normalized to the ini­
tial oxygen concentration Co after different annealing times
at 850 °C. The figure clearly shows that, after an initial tran­
sient (about 50-100 h) where a rapid reduction of oxygen in
the solution" occurs, the O concentration slowly'decreases,
thus approaching the equilibrium value C’. Once C' is de-
tenu.in.ed, the value of r0 can also be easily deduced, taking
into account Eq. (56), from the plot of
[Cm(r) - C']/(C0—C') as a function of time after the initial
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FIG. 30. Hl absorption at 1107 cm"’ normalized to initial oxygen concen­
tration Cm(f)/C(i (crosses) and [Cra(r) —C']/(C0-“C') (triangles) for dif­
ferent annealing times (from Ref. 144).

transient (see triangles in Fig. 30). The values of r0 obtained
by Newman et al)*3 are reported for different temperatures
in Fig. 31. From the values of r0 the precipitate density N'
can then be calculated via Eq. (62) using a known value for
the diffusion coefficient D. A comparison between the values
of N calculated in ■ this way (open circles) using
D—0,07 exp(—2.44/k7’) (where kT is in eV, as proposed
by Mikkelsen54’65) and those obtained from etch-pit (crosses)
and SANS measurements (open squares) are reported in Fig.
32. The very good agreement among the N values obtained
with different experimental techniques (considering also
their uncertainty) gives an important confirmation of the va­
lidity of the diffusion-limited kinetic model used to derive
Eq. (62).

The radius of precipitates r0 can be deduced from Eq.
(59) using the obtained N values. Figure 33 shows r0 as a
function of the annealing temperature after a long heating
time. Furthermore, the figure reports for comparison the ra­

TEMPERATURE (°C)
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0.0 C.-T-T--T--T—T-T----- 1-------- 1-------- 1------------
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7~~8

10W (K-1)

FIG. 31. 'rime constant ';:i as a function of annealing temperature (from Ref.
143).

■ TEMPERATURE (°C)

■ 1000 700
T 1015 f----- ,----- , . ...... ..............

® 10u -
I :
g 1013 s-

g i(M- « 8

g i o s
£ io11 p " s
O - : §
g IQio j. «

CQ. :■ »
g 1Q9 ----
0 7 8 9 10 11

" ' 10W(K-l)

FIG. 32. Density of precipitates as a function of annealing temperature, as
determined byetch-pit cows (crosses), kinetic model (circles), and SANS
results (squares) (from Ref. 41).'

dius of precipitates derived for the same samples by different
techniques,. such as neutron scattering, etch-pit measure­
ments, and optical scattering (see Sec. IV). It is interesting to
underline that the agreement among the values of.rQ obtained
by different techniques is remarkably good.

In alternative to calculating of N from the kinetic data
using D taken from Ref. 54, one can use the experimental N
values obtained from etch-pit measurements together with
the kinetic data to obtain tire diffusion coefficient £>. Trie

100016s

co 102

l()i

87 9

10W (K-i)

800 700

10 11

FIG. 33. Temperature dependence of precipitate radius derived from IR data
and kinetic model (circles), SANS (crosses), etch-pit density (squares), and
optical scattering (+). The solid line represents the best fit (from Ref. 145).
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value for D obtained in such a way, for temperatures down to
650 °C, is

D-0,02 exp(-2.42/fcT), (63)

where kT is measured in eV. A comparison between the val­
ues of D obtained from the kinetic data and those reported in.
the literature is shown in Fig. 12. A more complete analysis
of available experimental data over 12 orders of magnitude
has been presented in Ref. 145 (see Sec. H B 4).

2. Spherical precipitates with increasing radius

The above-reported analysis which gives important re­
sults on the precipitation mechanism is strongly limited by
the hypothesis that the precipitate radius r0 is constant dur­
ing annealing and is equal to the steady-state value. This
limitation was overcome by an extension of Ham’s theosy
taking into account the growth of the radius of precipitates as
a function of annealing time.140 Tire analysis can. be limited
to spherical particles since for the ellipsoidal ones only mi­
nor differences in. the results are expected.. This allows
Ham’s theory to be applied also to samples subjected to
long-time heat treatment, where, as it is well known, precipi­
tates are ellipsoidal. The assumptions for this more general
model are:

(i) The precipitates form and grow as identical spheres
with r0<R, arranged in a simple cubic lattice, and

(ii) the concentration of precipitates TV and the diffusion
coefficient of oxygen D remain constant with the an­
nealing time.

Following the same procedure as in Sec. Ill B 1., the solution
of Eq. (44) for growing precipitate radius is given by the
relation140

1 ( E^(t) + M(0 + l][u2(.0)~2a(0) 4-1
Kt '6 ln(t [w'2(t)--2w(t) + Fi[?(6) + «(0) + 1 ]/

1 J2u(t) + 1\ - 1 _,/2k(0)+1
fem 1 ------ ......... + --7“ tan 1 ------ t——

'3 \ d3 / -s/3 I J3

(64)

where

D ^-~C')(1+Z)V'3
A P I, —j :

^(0)(Q--Cf)
R^C^C7)""

i p(t) V'3
“a)-\! p(0)(l+Z)/ ’

(65)

(66)

(67)

and

(68)

The parameter Z, known as the Zeldovich factor, is the frac­
tion of oxygen, atoms in the precipitate at r = 0 (i.e„ imme­
diately after nucleation). The value of Z in this case is 0.01
arid may be assumed zero without any significant errors.

Equation (64) gives therefore the kinetics of oxygen pre­
cipitation as predicted by the diffusion-limited model. The

1

a)

10-1

10-2 ...

10’3

IO’4
0 1.0 3.02.0

Kt

so

- JSxQsX
*vW'8

FIG. 34. (a) IhJersdtial oxygen concentration as a function of the reduced
parameter Kt for different temperatures: 650 °C (open circles); 700 °C
(closed triangles); 750 °C (+); 800 °C (open triangles up); 850 °C (open
triangles down); 900 °C (closed squares); 950 °C (open squares); 1000 °C
(solid circles), and 1050 °C (crosses) (from Ref. 41): (b) precipitated oxygen
concentration as a function of Kt.

solid line in Fig. 34(a) illustrates the quantity
(Cm-~ C')/(C0—C) as a function of Ki, as obtained from
this equation, while the quantity C’)1(Cq~ C),
giving, the concentration of oxygen precipitated, is shown in
Fig. 34(b). The behavior of '(Cm--C!)/(Cr.~C) vs Kt
clearly shows two different regions. In the first one, where
(CCT-“C')/(C'O---C')>0.5 (i.e., for very short annealing
times), Eq. (64) can be approximated by the simple relation

^r = exp(-^t3/2),
C0"C

(69)

where

/2Dl3/2f C0 -C')i/2
(70)

In the second one. where (Cm~C!)/(CQ—C')«s0.5 (i.e.,
for long annealing times), Eq. (64) can be approximated by a
straight line,

£<-£
Co-C'

== exp;
t

(71)
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TABLE V. Values of the constant K and the oxygen concentration C’ as
determined by a fitting procedure, on the basis of IR-absorption data on
samples annealed at different temperatures (from Ref. 41).

■ftrnperature
FC)

K.
(10“3 If =)

c
(1017 cm*3)

650 1.65 0.078
700 2.10 0.H0
750 2.30 0.120
800 2.80 0.128
850 3.50 0.142
900 5.00 0.290
950 6.20 0.510

1000 6.50 0.710
1050 6.80 1.640

where

R1 ICp-C'y3

3D\C0-C(i
(72)

Considering that Z=*Q, from .Eqs. (65) and (72) we obtain

1

It is worth noting that Eq. (71), which gives the long­
time behavior of Cm(f), generalizes Eq. (56), obtained in the
approximation of constant precipitate radius. Indeed, apply­
ing the condition of .Eq. (60) to the definition of r [Eq. (72)],
the relation T=R3/3DrQ is obtained, which is exactly the
quantity r0 defined in Eq. (54). From the analysis performed
on the basis of Ham theory the evolution of the precipitate
radius r as a function of time can also be deduced,

dr(t) D
dt Cp-C' r(tY

Considering Eq. (71), Eq. (74) becomes

Jr(t)_C0(t)-C' D l~t\
”5r ~~~ exp! —j,

and integrating this expression r(r) can be found,

r2(t)=2rDl -Arrrtj

For t,
[CQ-C!\

r2(t)=*2.D -- - - - j t.
\ C- p t_- /

I “I\
l--exp^---| .

(74)

(75)

(76)

(77)

Therefore, in the early stages of precipitation the particle
volume increases as t3i2.

Comparing the experimental results with the predictions
of Hani’s theory, Livingston el a/.’1 determined by a fitting
procedure the values of K and C at different temperatures
from Eq. (64), the value of initial interstitial oxygen concen­
tration Co, and the average concentration of oxygen remain­
ing in the solution Cm(t) after different annealing treatments
when measured by IR absorption. The results are reported in
Table V. From K and C the quantity [Cm(j)~Cr]/
(C0-“C') can also be determined as a function of Kt from
IR experimental data. These data [experimental points in Fig.

T=950°C
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20 r
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10 -

1008' '10 100
TIME (h)

cog

FIG. 35. Time dependence of precipitate radius for different annealing tem­
peratures derived from Eq. (74) (from Ref. 41).

34(a)] for different temperatures are in very good agreement
with those- predicted by the Ham’s theoretical model [solid
line in Fig. 34(a)], thus confirming the validity of the model.
Tire spread of some data can be related to the errors affecting
Co and Cm(i) measurements. The broken lines in Fig. 34(a)
take into account the uncertainty of about 10% in these con­
centration values.

The knowledge of the values of K and C! allows one to
calculate the radius of precipitates for different annealing
times and temperatures from Eq. (74). As an-example, in Fig.
35 the results taken from Ref. 41 for 750, 850, and 950 °C
annealing temperatures are shown. It is possible to see that
the value of r(r) increases in the early stages of the precipi­
tation process, becoming almost constant for annealing times
as long as 200-300 h depending on the temperature.

The experimental assessment of the diffusion-limited
model for oxygen precipitation in silicon is very convincing.
Nevertheless, an analysis of tine data reported in Fig. 34(a)
reveals that some values of [CfK(f)--C']/(C'0--C7) for Kt
in the range from 0.5 to 1 and for heating temperatures from
750 to 900 °C are lower than the values predicted by Ham’s
theory. This enhanced precipitation has been explained by a
systematic decrease of the precipitate concentration N with
increasing annealing temperature, whereas Ham’s theory as­
sumes N to be constant. This reduction, confirmed by SANS
measurements,146 may be due to the fact that as precipitation

^proceeds some' of the smaller particles dissolve while the
larger particles continue to grow. Another possible explana­
tion comes from the fact that the precipitates can assume
shapes different from the sphere, as confirmed by TEM and
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3. Disk precipitates with varying thickness

The study of the growth of platelet-shaped oxygen pre­
cipitates in silicon is of particular interest, since that shape is
favored when the Si wafers are heated in the temperature
range of device processing. Here the analysis carried out by
Huil4-I4/ by applying the diffusion-limited growth model is
reported.

The author starts from the hypothesis that the thickness
h of the precipitates is not constant during the growth and^
that foe rim of the disk is a perfect sink: for the excess oxygen
atoms. In this case the total diffusion flux through the disk
surface giving the rate of volume change is

io1
10°

ANNEALING TIME (min)

FIG. 36. Time dependence of precipitate volume for different annealing
temperatures as determined from Ham theory (solid lines) and from experi­
mental data (solid circles). Annealing temperatures are indicated in °C (from
Ref. 123).

SANS results41 and widely accepted, which are not consid­
ered in the model.

Wada et al., who studied silicon samples annealed for
different times at the temperatures of 750, 850, and 1050 °C
by TEM,1/'3,f42 found that oxide precipitates grow in two
dimensions with constant thickness of about 40 A. The pre­
cipitate density ranges from 10b cm”3 at 750 °C to 108 cm”3
at 1050 °C. On the basis of these data and assuming that Site
results of the diffusion-limited theory of precipitation are
valid also for the actual square-shaped platelet precipitates,
they' compared experimental values of the precipitate volume
to the predicted function V(T,t) derived from Eq. (77). Fig­
ure 36 shows the results of Ham’s theory (solid lines) and'
experimental values (solid circles). In spite ■ of the good
agreement, the extension of the model to platelet precipitates
has not been justified. Furthermore, the two main assump­
tions made in Refs. 123 and 142, i,e., that the thickness of
precipitates remains constant during growth and that, the rate
of volume change of a platelet precipitate is equal to that of
a sphere, have been considered to be incorrect.526,147 A model
for the growth of platelets has been developed and is illus­
trated in the following subsection.

10 2 ; -

10 1 L.J....IJJ .I n.i ....1.. j... Li
10 1 10 2 1.0 8

NORMALIZED DISC RADIUS R/L

FIG. 37. Dependence of the aspect ratio Rihs on normalized disk radius
(from Ref. 147).

yw{8AV)[Ccf;(»)~Cox(0)]}= | (rrr2A), (78)

where R is the radius of the disk, V,n is foe precipitate vol­
ume per oxygen atom, in it, Cox(°°) and Cox(0)=C' are oxy­
gen concentrations far from and on foe Si/precipitate inter­
face, respectively. Considering that at a given volume the
disk is the shape which minimizes the strain energy
(see Fig. 40 in Sec. Ill C) while the interface energy AGy is
maximized (see Fig. 39 in Sec. Ill C), foe equilibrium exists
only for one particular value of the ratio Rih, which may
vary with /i. This value can be found by minimizing the total
free energy of precipitates, obtaining the following implicit
relation between R and Rih,

(.Rihs)2
R/L"" ln(i?/A5) + In(87?’)’ (79)

where L is a constant that in our case is equal to 0.89 A and
s is the lattice displacement per unit thickness of the disk
(about 0.24 for SiO2 in silicon). Equation (79) is plotted in
Fig. 37 which reports the aspect ratio Risk vs R/L, i.e., the
variation of foe precipitate thickness at different disc radii.
Relation (79) can be written explicitly if the logarithmic fac­
tor is regarded as a weak power function of Rih. Introducing
foe average quantity {Rihs) Eq. (79) can be written as

h~s~l(L/p)l~mRm, ' (80)

where

1 2 In(/t/As) + ln 64-6
m2 2 ln(^iy+ln 64-5 ’

and

+ 8-2]. (82)

For . precipitates with radius very large with, respect to foe
thickness m is about 1/2.

From Eq. (80) an interesting result of foe analysis can be
obtained. Substituting that expression for h in the total free
energy of foe platelet precipitates, under the assumption of
precipitates with very large Rih (therefore m=*0.5) and in­
tegrating, one obtains

ficz.ri/o.---KJ)==z2n! (83)

which is exactly the time dependence found in the previous
subsection.
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C. Precipitate morphology

Aa interesting feature of precipitate morphology is its
dependence on the annealing temperature. Three temperature
ranges have been related7'1”4,148-150 to the three typical pre­
cipitate shapes, i.e., the needle, the disk, and tine polyhedron.

At low temperatures (about 400-650 °C) precipitates
grow as needles1 l4’E16,!27,j50 made of a high-pressure SiO2
poiimorph, which is coesite. In this temperature range the
strain-energy contribution to tee precipitate total free energy
dominates, since tee stress-relieving processes (which be­
come important at higher temperatures) play a minor role.

At intermediate temperatures (about 650-950 °C) disk­
shaped precipitates are typical20,41,45 (although they can be
formed also by short high-temperature annealing). Self­
interstitial emission and dislocation-loop formation can par­
tially release the surface strain, therefore making the strain
energy less important for shape determination. Moreover,
strain energy is further diminished by the decrease of pre­
cipitate thickness, with the concomitant increase of surface
energy.

At high temperatures (above 950 °C) strain is completely
released and the precipitates take the shape with minimum
surface energy.114,323,150,1^ j-jue t0 anjS0tr0py of interface
energy, such a preferential shape is the octahedron with eight
equivalent {111} faces (surface energy of silicon is minimum
in the {111} planes) instead of the sphere.

A lot of experimental results, mainly obtained from TEM
investigations, confinn these trends (see Sec. IV B). In the
following a qualitative description of the factors determining
precipitate morphology is presented and some interesting
conclusions derived.

1. Precipitate free energy

The general features of precipitate morphology can be
justified on tee basis of thermodynamics, considering the dif­
ferent contributions to the total free energy AG.ot associated
with the oxygen precipitation process and their dependence
on precipitate shape, annealing time, and temperature. As­
suming tee precipitates to be far apart, i.e., neglecting their
possible interactions, and studying precipitate formation in
regions of the silicon crystal far away from other defects,
AGtot can be considered as tee volume free energy available
for SiOx formation in the regions far from tee growing pre-
cipitates and as u

AGtot™ AG^fo AG$+AGg, (84)

where AG# is tee free-energy contribution associated with
the phase change at the siiicon/precipitate interface, &.GS is
the free-energy contribution related to the oxygen transport,
and AG£ is the excess free energy. This last term is associ­
ated with the creation of interface energy AGy, strain energy

and interstitial-related energy AGf and can be ex­
pressed as their sum, ■

AGe^AG^+AG^+AG/. (85)

In the following tee various contributions to AGtoE are dis­
cussed in detail.

Little is known about the energy required for tee growth
of the Si-SiOj interface. The phase-change free energy AG^ 

FIG. 38. Dependence of energy contribution of O; transport on y/R for two
precipitate growth vetocities asid for short annealing times (from Ref. 150),

can be considered proportional to the rate of silicon oxida­
tion and only slightly dependent on crystal orientation. AG#
gives in general a small contribution to AG.ot, because the
precipitate growth velocity is small.

'The energy required for oxygen transport to the precipi­
tate surface is a function of the precipitate shape because also
the dependence of Cox on the distance from tee. precipitate
varies with the precipitate shape. AGS can be expressed as a
function of precipitate shape aspect ratio ylR, where the gen­
eral precipitate shape is a spheroid having axes 2R
—27? A 2y, and therefore y/R — 0 results in a disk, y/R ~ 1 in
a sphere and y/R~^ in a needle. Figure 38 shows the AGS
dependence on y/R in the case of two precipitate growth
velocities and for short annealing times. Spherical precipi­
tates clearly dominate, leading to the minimum in AGS. For
long times foe AGS contribution is minimum for the needle
shape, which is therefore favored. - -

The first contribution to AGe, interracial energy AGy,
depends on the surface area as well as on the degree of
coherence of the Si/SiO2 interface. Considering a coherent
interface, with free energy per unit area y constant and iso­
tropic, at a fixed particle volume AGy is minimum for the
sphere, and this maximizes the volume/surface ratio. Never­
theless, since perfect coherence only rarely is achieved, the
interfacial free energy is usually higher with respect to the
ideal case. For semicoherent precipitate interfaces y is modi­
fied as

-y' = y+s, . (86)

71

"fe

DISC SPHERE NEEDLE

0 1
y/R.

AGV

FIG. 39. Interfacial energy dependence on ylR for a coherent (■^) and for
an incoherent (-/j) interface (from Ref. 150).
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FIG. 40. Strain energy dependence on y/R (from Ref. 150).
FIG. 42. Time dependence of the different contributions
a—K,S,or,I,-y and their sum (from Ref. i.50).

where g depends on the crystal elastic constants and on the
interface degree of coherence, while the AGy dependence on
y/R, illustrated in Fig. 39 for both cases, is qualitatively
preserved.

Interface coherence also influences the strain energy
contribution AGff, together with the degree of elastic isot­
ropy of silicon and silicon oxide. Given these factors, the
precipitate shape is the only parameter affecting AGO.. In
Fig. 40 the dependence, of AGff on the aspect ratio y/R is
illustrated and clearly demonstrates that this contribution to
the total free energy favors disk-shaped precipitates.

The last contribution to AGE is the free energy of inter­
stitial point defect formation AGZ. In the case of constant
growth velocity, seif-interstitial concentration Cj is maxi­
mum close to.the precipitate (i.e., at r=rP) and reaches a
constant value for very large distances from the precipitate
(r—Use value C/(.rP) is maximum for diskoidal par­
ticles, lower for needles, and minimum for spheres, although
the differences are very small. Therefore, the A Gz follows
the same tend, as shown iff Fig. 41 for two values of the
parameter Dztz, where Dt is the diffusion coefficient for
self-interstitials and Tj their diffusion time. In any case, AGZ
is small compared to the other contributions to AGtoS.

Z Influence of annealing temperature and time

The analysis of the time dependence of the free-energy
contributions described in the previous subsection gives in-
formation about the most probable precipitate shape during
annealing, while their temperature dependence allows one to 

predict the precipitate shape after a particular annealing. On
this basis a significant comparison with experimental results
can be made, although only qualitative arguments are pro­
posed.

In Fig. 42 the time dependence of the free energy per
interstitial O atom &^a-d(&Ga)/dCw, a=K, S, % <r, /,
tot, is. reported. A/xff is proportional to the growth velocity,
which reaches a maximum and then slows down for
when .0 transport is limited. Moreover, Uris long-time limit
of oxygen transport makes the contribution A/ry increase
with time, as shown in the figure. A/z.? is inversely propor­
tional to the spheroid axis length R which increases wife
time, so that it decreases with increasing time. Finally, At­
tends to saturate for long times as self-interstitials are cre­
ated. From Fig. 42 the shape of oxygen precipitates in the
early stages of precipitation turns out to be the sphere, which
minimizes the dominant contribution A/.4y. This conclusion,
confirmed by TEM observations, supports the hypothesis of
the Ham precipitation theory about the shape.of precipitation
nuclei,

To study precipitate shapes after long-time treatments,
i.e., in the equilibrium state, the temperature dependence of
the. free energy per interstitial O atom also has to be ana­
lyzed. The general trend of all A/q^ terms is to increase with
decreasing T, while only A/xz shows an opposite behavior.
At low temperatures the growth velocity decreases, conse­
quently the rate of self-interstitial emission decreases as does
A/r.z. Figure 43 shows all the terms A/q* as function of 1IT.
Looking at this figure, at low T &GS and AG^ turn out to be
the most important contributions to the total precipitate free-
energy. From Figs. 38 and 40 AGS appears to give needles.

AGy

0 1
y/R —►

DISC SPHERE NEEDLE

FIG. 41, Dependence of She energy required for self-interstitial creation on
y/R for two values of Dfry (D; is the diffusion coefficient for self-
interstitials; rf is the interstitial diffusion time) (from Ref. 150).

a=tot ,

log(Ap,a)

1/T

a=K.,
<s=y

0=0'
- cx.=S

FIG. 43. Temperature dependence of the different contributions &fia,
a= K,S,a,I,y and their sum (from Ref. 150). 
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and disks. Nevertheless, the disk shape is related to a
low stress and coesite, which has been found to compose the
precipitates grown at low temperatures and which is a high-
pressure oxide polimorph, cannot be stable. Considering Fig.
38, the sphere should be even more probable than the needle,
but. it should not be favored by &,GS for long annealing times
(see Fig. 42). Therefore, the needle shape is the most likely
one for the coesite precipitates, grown at low temperatures.

At intermediate temperatures promotes the forma­
tion of needlelike precipitates. On the other hand, &.Ga. is
minimum for the disks, while AGy is high (see Fig. 39).
Nonetheless, this last contribution can be lowered by a good
coherence of tire interface, achievable along {100} planes by
both cristobalite and amorphous SiO2. Therefore, amorphous
SiO2 disks lying along {100} planes are the most probable
precipitates after i'itermediate-temperature annealing.

. Finally, at high temperatures the precipitates are usually
octahedra with {111} and {10'0} faces. Due to the high oxygen
diffusivity and solubility limit at high T, &GS is very' small.
Moreover, stress is almost completely released, i.e., AGff is
also small, and interface coherence is no more critical.
Therefore, AGy is the only contribution to take into consid­
eration. This contribution is minimum for the spherical shape
when the surface energy y is isotropic, while a faceting of
the sphere occurs when y is anisotropic (as in the case of
silicon). The planes with minimum surface energy in Si are
the {111} and {100}, therefore, the octahedron resulting from
faceting presents faces along those planes. These arguments
are completely in agreement with the experimental findings.

D. Phenomenology

Oxygen precipitation in dislocation-free single-crystal
silicon can. be influenced by many factors. Both crystal char­
acteristics and annealing treatments performed on the wafers
during device processing are important in determining oxy­
gen precipitation. The main factors to be considered are: in­
terstitial- oxygen concentration, interstitial oxygen distribu­
tion, preannealing conditions, annealing temperature,
annealing time, annealing sequence, annealing ambient, im­
purity and dopant concentration, impurity and dopant distri­
bution, point defect concentration, extended structural crystal
defects (dislocations, twins, etc.), and wafer surface condi­
tions.

The earliest studies of defect generation during low-
temperature (450-1000 °C) annealing of Cz-grown wafers
were based on electrical measurements19,152,153 ’ and IR
spectroscopy.19,154,155 At the beginning the major interest was
devoted to oxygen-related donor states formed upon anneal­
ing. Structural characterization of foe lattice defects formed
during single-step thermal treatments started to be important
at. the end of the 1970s. During the 1980s, a much more
comprehensive study of the oxygen precipitation process oc­
curring upon complex annealing sequences [such as, for ex­
ample, that simulating complementary raetal-oxide-
semiconductor (CMOS) process] was performed by several
authors.156,157

Commercial Cz silicon wafers always undergo a donor
killing treatment by the manufacturer, and even more cooling
of ingots during the crystal pulling corresponds to a low- 

temperature treatment for several hours. All these procedures
differ from one manufacturer to another. Therefore, the ther­
mal history of “as-received” wafers can significantly differ
and this explains the large spread in the results of different
studies.

In spite of the mentioned scattering in the characteriza­
tion results, related to the high number of parameters influ­
encing oxygen precipitation, some general trends have been
found and are worth illustrating as a “phenomenology” of
oxygen precipitation in silicon. We first consider the effects
of thermal treatments and then the effects of different impu­
rities and dopants present in the silicon crystals.

1. Thermal history effect

Device" producers are extremely concerned about the
amount of precipitated oxygen and the rate of precipitation
for a given range of initial oxygen concentration.158 It is
often found that in wafers cut from the same crystal with
equal initial oxygen concentration and subjected to the same
heat treatment oxygen precipitation can take place in differ­
ent ways. Several authors have shown159,160 that oxygen pre­
cipitation is significantly affected by the thermal history of
the sample. The thermal history is generally understood as
tire in situ annealing to which Cz crystals are subjected after
solidification in the crystal puller, varying along the crystal
axis. The temperature variation along a silicon crystal during
pulling is due to the fact that the seed-end portion of a crystal
spends more time at a given temperature than the tang-end
portion. Tins variation in thermal history' along the grown
crystal affects the amount of oxygen which
precipitates,100,161 the formation of microdefects,162 the
minority-carrier lifetime,163 and, therefore, the device
yield164 (see Sec. V). Thermal history of the crystal also
depends on the diameter and the length, of the ingot, the
shape of the ingot bottom, the, puffing rate, the puller type,
the hot-zone configuration, and the time that the ingot re­
mains inside the puller in the course of growth process. An
illustration of the temperature distribution along the ingot
and in the puller during crystal growth is given in Fig. 44 as
obtained by computer simulation of thermal history by Virzi
and Porrini.165 The thermal history effect is always present:
It is often enhanced by the high oxygen content in the seed­
end portion of the ingot, and is influenced by the high tang­
end impurity concentrations. As an example, an ingot with a
higher carbon content may show a lower thermal history
dependence with respect to one with lower carbon content,
due to the fact that carbon is a possible factor of oxygen
precipitation enhancement.135 Whether the thermal history
influences oxygen, precipitation in the wafers after a subse­
quent thermal treatment depends also on the initial interstitial
oxygen content Co, and on the amount of oxygen that pre­
cipitates AC0X during the thermal treatment. In other words,
it depends on the function ACOX-C0 vs Co for the particular
heat cycle.166

In order to reduce the influence of thermal history and
improve the axial homogeneity of oxygen precipitation, sev­
eral different approaches were found and are recommended.
As shown by Fraundorf et al.160 the thermal history effect
can be erased to a large extent by a high-temperature anneal-
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