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Infrared detection using thermally isolated silicon diode

Yong-Pmg Xu, Ruey-Shmg Huang and Graham A Rigby
&W of EteztyiCQ} jEng&s^msg. Unw&ssty &f New South Walest PC? £tox h Kenstngi&n. NSW 2033 (Aus&ahs)
(Reconned June 2, 199X an revised form ^©ssmber 8, 199X s&ctsep&ed December 22, ?W2)

Afestraet

A new silKon-diode-based infrared ihermal detector Isas been developed The silicon diode, as a temperature-sensing
device, is built on a thm cantilever structure tfiat is formed by mswomachsmng The thickness of the cantilever is
about 5 j«u A thia layer of bismuth ts evaporated on the cantilever • as an infrared radiation absorber With
cantilever dsmensions of 264 pm x J12 pm x 5 p.ws and an active area measuring 102 pm x 102 pm, ton fabricated
detector array yields a responsivity of S 3 V/W and a detectivity of 27 x tO'cm Hzip/W An improved sdteon-
diode-bascd infrared thermal detector is <dse proposed, its superior performance has been realized its a discrete form
and will be implemented m an integrated form hi the future

Introduction

Infrared (III) detectors are ^nerahy divided into
two categories IR photon detectors and IR. thermal
detectors The former are based on the interaction
between the mesdent photons, quantized energy
particles, and the electrons m the materials, while
the latter are based on the effect of temperature
change caused by the heat absorbed from incident
radiation upon the detector Although the photon
detector has high sensitivity and fast response, IR
thermal detectors are still popular in some industrial
and commercial applications, since they have a
number of advantages including wide spectral re­
sponse, room-temperature operation, and low cost
There are several types of IR thermal detector’s
available, such as thermopiles [1,2], bolometers [3],
and pyroelectric devices [4] among others Ther­
mopiles are based on the self-generating Seebeck
effect, m which an external power-supply ctrcmt
is not needed and there is no offset in the output
signal However, for thermopiles consisting of metal
elements, generally speaking, a large number of
metal stnps is required to realize a relatively high
sensitivity, since the Seebeck coefficients in metal
materials are very low (typically, 50 pV/K) This will
result m a detector with a large size, m order to
accommodate the large number of strips Although
the Seebeck coefficient in silicon thermopiles is
rather high (typically, 0 5-1 mV/K), it is propor­
tional to the logarithm of the resistivity of silicon

0924-4247/93/36 00

strips [5] So the high sensitivity normally comes
with a high otaffic resistance, which inherently has
a large Johnson noise in the detector

This paper describes a new sslicon-di ode-based
infrared thermal detector (SDITD) array, which
is fabricated by standard IC processes and micro-
madunmg The detector structure and its fabrica­
tion processes are first described, then a theoretical
analysis of the SDITD is given, m which the per­
formance of the detector is calculated The experi­
mental results of the detector are presented with
some discussion Finally, a modified ssfacon-diode-
based infrared thermal detector (MSDITD) is pro­
posed, which has been constructed and tested m a
discrete form This new deiector can be readily
integrated into a monolithic detector array

Detector stewfare and fabrication

The basic structure of the SDITD array is shown
m Fig .1 The cantilever beam is formed to create
a large thermal resistance between its suspended
end and the .silicon supporting nm Bismuth, a
heat-absorptton material, is evaporated on the
cantilever to absorb the incident infrared radiation
and generate a temperature difference between the
cantilever beam and the silicon ran A silicon diode
is fabricated m the cantilever, adjacent to the
absorption area, acting as a temperature-sensing
device When the silicon diode is forward biased at

j 993 — Elsevier Sequoia A3? iighss reserved
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Fig ! Strwsuwc of She SD3TD Array <a) scfecentaftc diagram (b)
cross section

Fig 2 ©f a fabrscated SDFFD »»>

cantilevers, usmg plasma etching with photoresist
as etching mask The wafer is first plasma etched
from the frontside of the wafer to etch grooves
to a depth that determines the thickness of the
cantilever, this is followed by a backside blank
etching to thin down the wafer The etching pro­
ceeds unhl the front grooves are reached and the
cantilevers are formed The final thickness of the
cantilever :•» about 5 pm After the cantilevers are
fabricated, the photoresist is removed, and the
detectors are ready for test A photograph of a
fabricated, detector is shown in Fig 2

a constant current, the voltage developed across the
diode changes as a function of temperature Thus,
the incident infrared radiation can be sensed by
measuring the voltage change across the silicon
diode

The SDiTD array is implemented by standard
IC processes and mieromachining A p-type 8-
15 Si tan (100) silicon wafer is used as the starting
malenal An n-Sype epriayer is grown on the sub­
strate, with a resistivity of 4 Q an and a thickness
of 15 pm Silicon membranes are first formed on
the wafer by KOH anisotropic etching and the
p-n junction stop technique [6] Since the etching
starts from the p-type substrate and stops at the
a-type eptlayer, these membranes, where the detec­
tor arrays will reside, have the same thickness as
the epilayer When the membranes are formed, a
typical IC process is employed to fabricate the
diodes After the metallization, the heat-absorbing
layer of bismuth ss evaporated on the membranes
and defined by hft-off photolithography The final
step of the process is to etch the membranes mto

Theoretical amlysits

(J)

(2)

A thermal detector is typically characterized
by the following parameters responsivity, noise
equivalent power, specific detectivity, noise equiva­
lent temperature difference and tone constant The
responsivity, is defined by

r.

where is the output voltage of the detector and
is the incident radiation power

In the case of the silicon diode detector, the
output voltage is proportional to the temperature
difference, hence eqn (I) can be rewritten as

m a AT
^irs-4,

where a is the temperature coefficient of the silicon
diode voltage, AT is the temperature difference
between cantilever and siteou ran, is the mm-
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lasson

dent radiation power density, and is the active
detector area

Hie temperature difference an the cantilever
can be calculated using a two-dimensional model
The coordinates are arranged as shown in Fig 3
According to the Fourier Law. the basic equation
of beat transfer m a solid is

ps~^K W+O' (3)
dt

where a is the temperature, p is the density of the
material, c is: the specific heat, k is the thermal
conductivity, and is the incident radiation
power per unit volume

For the cantilever structure, if we assume that
(a) there is no heat flow through conduction into
or out of the edges of the cantilever and along the
z direction (52u/3z2 = 0), and (b) the radiative loss
through the air around the cantilever is negligible,
then eqn (3) can be rewritten as
& K 4. 4.

dt pc |_dxa dp2J ped

where <pm is the incident radiation power density
per unit area, rj ss the absorptance of the absorber,
which is defined as the ratio of the absorbed
radiation flux over the incident radiation flux [7],
and d is the thickness of the cantilever In steady
state, dujdt = 0 and eqn (4) becomes

32u .. wK ,~
3x2 Sy2 '""xd 1 ?

For the cantilever with n layers of different materi­
als, the denominator, ted, can be simply replaced
by k,4, where the k, and d, are the thermal
conductivity and the thickness of the sth layer,
respectively, if we assume that there is no tempera­
ture gradient along the z direction By applying
the first central-difference approximation to sec­
ond partial derivatives of temperature with respect
to the distance, we have
S2u ? w, /+1 — 2«, { + a, j_ 3
dx2 aP’ 
and

dy2 by2 ' J

With the coordinates arranged as shown in Fig 3
and the boundary condition w — «<> when x — L,
where u0 is the temperature of the silicon rim and
L ts the length of the cantilever, the equation can
be solved numerically for our detector, which has
a cantilever consisting of two layers, silicon diox­
ide and silicon The thicknesses of the StO2 and
silicon layers are 0 5 and 5 pm, respectively, and
the thermal conductivities of StO2 and silicon are
0 14 [8] and 0 85 W/cm K. [2], respectively- The
size of the cantilever is 264 jim x 112 pm and the
active area is 112 pm x 112 pm The incident radi­
ation power density is 1 W/cm7 The absorptance
of the absorber sp is assumed to be equal to one m
this simulation The result of the simulation is
shown in Fig 4 Obviously, the temperature differ­
ence generated by the incident radiation along the

Fig 4 Simu&ted Umgusratisra dis&rtbuuon the caratitever 
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cantilever is related to th® distance from the silicon
supporting nm the longer the distance, the higher
the temperature difference

Silicon diodes are commonly used as tempera­
ture-sensitive devices, where, for a given current
passing the diode, the forward p--n junction
voltage drop is a measure of temperature The
temperature coefficient of the p-n junction voltage
can be estimated with some measured parameters,
though it depends on the fabrication process The
I- K characteristic of the diode is

/ncn “ 4<n «p(^) (g)

where is the current through the diode, KD is
the voltage across the diode, § is the electron
charge, k is the Boltzmann constant, T is the
absolute temperature, and fe(T) is given by

4(7) - CF3 exp(- (9)

where C is a constant, and is the band-gap
voltage extrapolated to 0 K By substituting eqn
(9) into eqn (8) and solving the diode junction
voltage, we have

kT
Fn(7) - ™ [In 4b(F) - In C - 3 In F]

(10)

The term In C m eqn (10) can be determined by
letting T ~ Tq, the reference temperature, then

In C = In fB(Ta) - 3 In To + ^[Fo(7't)) -

(11)

If we substitute eqn (11) into eqn (10), and
assume that the diode is biased at a constant 4?
which is independent of the temperature, then ¥o
can be expressed by

S'eCF) - Va, --------- ™-------- 7 - ~~ T tat j
L •*<* J 4 \*f>/

(12)

This equation shows that the diode voltage FO(T)
is not linearly dependent on the temperature, but
has higher-order components as well

In the temperature sensor, the higher-order terms
introduce errors m measuring the temperature But,
m the case of a thermal infrared sensor this is less 

significant, as the temperature range to be mea­
sured is rather small, being limited by the thermal
resistance of the structure To estimate the error
introduced by the higher-order components, we
differentiate KD(T) with respect to 7, and obtain

it
Jzoo + 3_^„ rE>{ro)

------------L--------------- 3|h(Z

(B)

If we approximate cqn (13) by th© first three
terms of its Taylor expansion at To, and let 

^4-3—2~Fo(T0)

then eqn (13) becomes

dr q Lra 2\7o/J 

(14)

(15)

where &T ~ T — 7’:-s and « is the linear term of
ihe temperature coefficient, which is typically
about —2 mV/K If the detector is operating at
room temperature ( 300 K) and AT < T®, the error
introduced by the higher-order term is 

«<0 87AF (pV/K) (56)

&T is normally only a few degrees For example, if
,47 = 10 K, the introduced error is only about
8 67 pV, which is less than 0 5% of the linear term
In our case, with a measured of645 mV, the
linear term « of the temperature coefficient is
calculated to be — 1 97 mV/K For an incident
radiation power of 1 W/cm2. AT is 0 9 K, and the
error calculated is only 0 78 pV, or 0 04% of the
teear term Therefore, the temperature coefficient
of diode voltag© Vo can be approximated by the
linear term ®

With the calculated a and AT, the responsivity
of the detector can be found from eqn (2) The
result is shown m Fig 5, where the size of the
cantilever is 264 pm x 112 pm, the active area is
112 pm x 112 pm, the thickness of SiO2 is 0 5 pm,
and the thickness of silicon is 5 pm Th© diode is
located about 112 pm away from the cantilever
tip, so the actual responsivity of the detector is
about 6 5 V/W

The noise equivalent power of a detector
is defined as the required incident radiation power

0NSDOCID: <XP_________ 2S39ieaA _J_>
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Fig 5 Simulated nespemsmSy profile ©f the SD1TD

when the signal-to-noise ratio of the detector equals
one Thus

NEP = VnIRv (17)

where VB is the rms value of the noise voltage of the
detector The detector noise is basically the noise of
the diode, which consists of two noise sources,
Johnson noise and shot noise If we assume that
shot noise dominates the noise response, since the
ohmic resistance, from which the Johnson noise
originates, is usually very small m a diode, then the
noise of the detector can be expressed as

= 2#/e>&f or KJ A/ (18)

where ro — kT}qIo With fD operated at 100 gA,
the calculated noise voltage is 8 5 nV/Hzs/2, and
the NEP of the detector is 23 x 10~i0 W/Hzl/2

The specific detectivity of the detector is defined
by normalizing the NEP to detector active area
and noise bandwidth

D* = (AJ&f) l!2!NEP (19)

With A,, equal to 1 04 x 10~4 an’, D* is 4 4 x
10’cmHz1B/W

The detector time constant can be calculated by
using a one-dimensional model If we assume that
the thermal time constant is dominant, the time
constant can be expressed as - = HfK, where H is
the heat capacity of the cantilever and K is the
thermal conductance from the diode to the silicon
ran In our detector structure

T ==■■ pcLL'jK (20)

TABLE I SDITD perfcrsnaooe

Parameter Unit Saraiiatass Measwed
value

Cantilever dimension ppra2 264 x 112
Cantilever thickness S
Active area 102 x 102
Responsivity,

«, (SOO C. 26Ito> V/W 6S S3
Noise equivalent power

,V£T{5-M"C) W/Hz‘c 23x10-’° 38 x IO-10

Specific detectivity.
D* <500 -C, I Hz> on Hz'^/W 4 4x10’ 2 7 x 19’

Time ccuftslAat, r ms 0 78 I 8

where L is the length of the cantilever, measured as
264 pm, and L’ is the distance between the diode
and the silicon rim, which was measured as 144 pm
For silicon, the density p is 2 33 g/an3, the specific
heat e is 0 75 W s/g K, and k is 0 85 W/cm K, so the
time constant, r, is calculated to be 0 78 ms Note
that the time constant is directly proportional to
the length of the cantilever Thus, m detector design
a compromise must be made between responsivity
and response time constant In the case of a ther­
mopile detector, the nummum size of the detector
is limited by the number of thermopiles, as a large
number of thermocouples in senes is normally
involved It could be difficult to design if a faster
detector is required For the diode-based detector,
the design can be flexible, since the diode only
occupies a small area, therefore, a faster detector
an be achieved compared with the thermopile
detector The calculated performance parameters
of the detector are summarized in Table 1

Experimental results and discussion

Fabneated detector chips are mounted m a DIP
package with an opening window to pass infrared
radiation The detectors are tested using a black­
body (500 °C) radiation source The detector is
positioned 13 6 cm away from the blackbody with­
out using any optical lens A chopper is placed
between the detector and the blackbody The inci­
dent radiation power density is lOmW/cm2, which
is calibrated by an infrared radiometer The actual
incident radiation power upon the detector is
1 04 x 10“® W The typical responsivity measured
for these detectors is 5 3 V/W, which is slightly
lower than the calculated value This is attributed

SIONYX1403000045.0075
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Fsg 6 FircqssffmSf of Kix? ncsgwnsmty of the SDITD

to the heat loss ihrosgh die air, and the fas than
muty absorplanoe of bssmulh Tlic time constant is
characterized by the measurement of the frequency
response of the responsivity, and the result ss
.shown m Fig 6 The comer frequency is estimated
to be 96 Hz, which gives a tone constant of I 8 ms
This is relatively fast for a thermal detector

The wjcasur&d noise of the detector is very
small, and its accuracy is limited by our measuring
instrumentation set-up The estimated wise
voltage of the detector is about 2 The
noise equivalent power, JVEP, is measured to be
3 8 x IO~!0 W/HrJ1'2, which corresponds to the
minimum incident power density of 3 6 x 16 W/
cm2 and the measured specific detectivity is
about 2 7 x 10? cm Hz,,2/W These measured re­
sults are summarized m Table 1

Noise is always a problem m thermal detector
applications, since the output signal of the detector
is normally very small The noise is not only from
the detector itself, but aho from external noise
sottos Therefore, the noise pick-up in the ssgoal-
coadstioning circuit will reduce the signal-to-tsoise
ratio of the whole system, especially when the output
signal of the detector is very small compared to the
noise pick-up One way to solve this problem is to
increase the output signal level of the detector
without losing much of its signal-to-noise ratio A
modified silicon-drode-based infrared thermal de­
tector (MSEdTD) is proposed, as shown in Fig 7,
designed for promoting its output signal level The
detector incorporates a current mirror circuit by 

Fug 7 Schematic: ds&grara of the MSDFTD

adding a transistor to the SDITD, where the detec­
tor diode, D, ss built on the cantilever and the
transistor, Tl, is on the bulk silicon The transistor
here acts as a preamplifier, which amplifies the signal
from the SDITD The advantage of this structure
is that no extra biasing circuit ss needed for the tran­
sistor Thus, the preamplifier is rather ssmpte and
can be readdy integrated m the SDITD The output
voltage at the cotector of the transistor, i e, the
output of the MSDITD, can be expressed simply by

Fe=
where Fs is the output signal of the SDITD
Obviously, in fee MSDITD, the output signal
of the SDITD ss amplified by a factor of
The same amplification factor applies to the re­
sponsivity of the MSDITD. /f„m, which can be
represented as

where equal to is the responsivity of
th® SDITD Thus, th© responsivity of the MS­
DITD is also increased by the same factor

Apart from the responsivity, the additional noise
onginatmg from the transistor T1 also needs to bo
considered Applying a hybnd-ic model to the
transistor, the noise equivalent circuit of the MS-
DI1TJ is drawn m Fig 8, where the circuit on fee
left-hand side of the dotted line represents the
SDITD where Ta is the output signal voltage, r£> =

is the output resistance, E„ =(2$/j>fk,z}8/z
is th© output noise voltag© for unit bandwidth, and
the noise on the ohmic resistance of the SDITD is
neglected At the output, the signa I-to-noise ratio
of the MSDITD can be expressed by
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2
Io2y2----------

___ 5 + _______________
jy'Z v 2 y 2

EJ- + VK2 + gA2 --—A [&v + E^ + I^(ra + rU)2]
fro + J'bb +■ G)

(21)

Fig 8 Noise equw^&rK circus? of the MSDTTD

TABLE 2 ExpenrnwtM rcsults <jf MSDITD

Parameser Vos? SDITD MSDITD

(500X\ 26 Hx)
volugg,

v/w 3 B 40S

K„ {*» 26 Hz) nV/Hz’*2 I 5 ooo

Ntttse tquivateftt power,
nep (5mso

Specific
w/Hzy2 39 x IO-” i - x ie-!®

»• (SOOX. ! Hi) cm Hz,/a/W 2 6 x 10’ 60 x 10s

Time cottsuiat, r ms 1 x 1 8

where £nb2 - ®’4, - *TJ4, E^z ~ 2qlaro2,
f„b2 = 2y/b, 4/ = 2qfc for unit bandwidth The I//
noise is not considered at this stage, and will be
discussed later in this Section If we choose 4 — ZD,
hence ro = re —rz//J, and assume (rD + rU»)
eqn (21) can be rewritten as
»V

No1

(22)

or

J__ _
X2"^.2J7+£U£^2^

k FvJ

(23)

where i/gm-K.; < 1 and (1 + r^fru,)2/^ ■< 1 are as­
sumed, S„ N„ represent the signal and noise at the
input of the transistor, respectively Note that the
factor F,2/2q!oro2 m eqn (22) is the square of the
signal-to-noisc ratio of the SDITD, AV/JV,2 There­
fore, for the MSDITD the maximum signal-to-
noise ratio can be 

'•Sg . ,— (max) %/2 S,
2 Nt

(24)

which is lower than that of the SDITD, since there
is extra noise contributed by the transistor TI This
will reduce the specific detectivity of the MSDITD
According to the above analysis, we can conclude
that compared with the SDITD, the responsivity of 

the MSDITD is increased by a factor of — gm/4»
whereas its specific detectivity is decreased by at
least about 30%

While the expenmental work on integrated
monolithic MSDITD is yet to be pursued, a dis­
crete MSDITD was constructed and tested A
stand-alone SDITD was first measured, then an
external transistor and a resistor were configured
to the SDITD as m Fsg 7 to form the MSDITD,
where JD was set to 10G pA and 4 = 136 pA with
4- ~ 22 kfl Table 2 summarizes the measured re­
sults for the individual SDITD and MSDITD As
expected, the responsivity of the MSDITD is in­
creased by a factor of 107 compared to that of the
SDITD, which is very close to the theoretical value
of (MmAc.-= 115) However, the detectivity is
reduced by 70%, well below the estimated maxi­
mum reduction value (30%) This is believed to be
due mainly to two factors First, the contribution
from the 1// noise m the transistor is not taken
mto account in the above theoretical analysis The
noise measurement shows that the noise at tow
frequency (below 80 Hz) is about twice as much
as that at a frequency above SO Hz, as shown m
Fig 9 Since the transistor used here is not spe­
cially designed for this purpose, the noise feature
of the transistor can be improved by a proper
device layout and processing designed for noise
reduction to minimize the degradation in detectiv­
ity The second factor is the noise pick-up from
the externally connected transistor II, since any
noise pick-up will degrade the noise equivalent
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ever, the specific detectivity was reduced by more
than 7O% The degradation is detectivity is at­
tributed to the 1 //noise associated with the transis­
tor and the noise pick-up from the externally
connected transistor
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power (MET), and hence the specific detectivity
This. can be improved in the integrated MSDITD
The tone constant of the MSDITD remains the same
as that of the SDITD, as it. is essentially detenmned
by the thermal capacity of the cantilever

Ceacfeias?®

A new sihcott-diode-based infrared thermal de­
tector has been developed The theoretical analysis,
design, fabrscation, and test results of the detector
have been presented The detector uses a silicon
diode, built on a cantilever stractwe, to seme the
temperature difference generated by absorption of
the incident IR radiation To ensure good IR
absorption, an evaporated bismuth thin film was
used as a® IR absorption coating Hie detector was
fabricated by standard IC processes and microma-
chming With a diode detector fabricated m a
cantilever rasasurmg 264 pm x 112 gm x S pm, a
responsivity of 5 3 V/W and a specific detectivity of
2 7 x JO’ cm Ifei/2/W were achieved The detector
has a toe constant of 1 8 ms. which is faster than
that of otter types of tteraral detectors In order to
promote the output signal level of the detector, a
modified sihcon-tfaodte-bas&d infrared thermal de­
tector was also constructed and tested m a discrete
form Compared with the simple SDITD, measured
results of the modified detector demonstrate that
while mamtainmg the fast time response, the re­
sponsivity was increased by a factor of 187, how-
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Intensity Enhancement in Textured Optical Sheets
for Solar Cells

ELI YABLONOVITCH and GEORGE D. CODY

A bstnet —We adopt a statistical mechanical approach toward the
optics of textured and inhomogeneous optical sheets. As a general
rule, the local light intensity to such a medium wifi tend to be 2 ns(x)
times greater than the externally incident light intensity, where w (x) ia
the local index of refraction fa the sheet This enhancement can Con­
tribute toward a 4 «2(x) increase in the effective absorption of indirect-
gap semiconductors like crystalline silicon.

I. Introduction

N THE PAST DECADE, there have been a number of sug­
gestions for the use of light trapping by to tal internal reflec­

tion to increase the effective absorption in the indirect-gap
semiconductor, crystalline silicon. The original suggestions
[1], [2] were motivated by the prospect of increasing the
response speed of silicon photodiodes while maintaining high
quantum efficiency in the near-infrared.

Subsequently, it was suggested [3] that light trapping would
have important benefits for solar cells as well. High efficiency
could be maintained while reducing the thickness of semicon­
ductor material required. Additionally, the constraints on the
quality of the silicon could be relaxed since the diffusion
length of minority carriers could be reduced proportionate to
the degree of intensity enhancement. With such important ad­
vantages, interest in this approach has continued, but prog­
ress in this field has been hindered because there was no
method available to calculate the degree of enhancement to be
expected.

For example, St. John [1] mentions that total internal re­
flection will result in two or more passes of the ligiit rays with
a proportionate intensity enhancement. On the other hand,
Redfield [3] regards the number of light passes, or degree of
enhancement, as an adjustable parameter which could vary
anywhere between 1 and 100 and he plots the collection ef­
ficiency as a function of this parameter. In calculating the
ideal efficiency of silicon solar cells, Loferski et al. [4] seemed
to imply that perfect light trapping might be possible, which
corresponds to an infinite degree of enhancement.

It is the purpose of this paper to show that the degree of
intensity enhancement 'to be expected due to total internal
reflection is 2 which for silicon is ^25, In other words,
a light ray in silicon may be expected to make 25 passes on
average before escaping. With a proper angular average of the
longer path length of oblique rays, the “effective” absorption
enhancement factor is 4 n2 over the case of single pass normally

Manuscript received May 25,1981; revised September 28, 1981.
The authors are with tire Corporate Research-Science Laboratories,

Exxon Research and Engineering Co,, Linden, NJ 07036.

8 LACK-BODY
RADIATION

n(x)

Fig. 1. An inhomogeneous and textured optical sheet with position­
dependent index of refraction n (x) immersed in black-body radiation.

incident rays. Also, we will show that the geometrical details
of the silicon shape are relatively unimportant. Whether the
silicon is simply roughened on one side [1], [2] or whether
precisely angled grooves are etched into the surface [3],. [4],
the overriding tendency will be for an enhancement factor of
4«J provided only that the surface is sufficiently strongly tex­
tured. Finally, we will show that in an inhomogeneous sheet,
for example a composite, the enhancement will be given by
the same formula employing the local index of refraction n(x).

Two distinct derivations will be presented in the following
two sections. In Section II, we will give a derivation based on
statistical mechanics. Such an approach is very powerful and
it can be generalized to situations where geometrical optics is
inapplicable (though we will not attempt such a generalization
in this paper). In Section III, a geometrical optics derivation
will be presented. Its simplicity will permit us to better recog­
nize some of the prerequisites and limitations of this type of
intensity enhancement. Finally, in Section IV, we will show
how these considerations are modified in the presence of ab­
sorption. Two specific solar cell structures will be mathemat­
ically analyzed.

II, Statistical Mechanical Derivation

Consider an inhomogeneous optical slab with position­
dependent index of refraction »(x) as illustrated in Fig. 1. Let
the index of refraction vary sufficiently slowly in space, so
that a density of electromagnetic modes may be defined, at
least locally inside the sheet.

Now place the optical medium into a region of space which
is filled with black-body radiation in a frequency band du at
a temperature T. When the electromagnetic radiation inside
the medium approaches equilibrium with the external black­
body radiation, the electromagnetic energy density [51 is

0018-9383/82/0200-0300300.75 © 1982 IEEE
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(b)
Fig. 2. Two optical sheets with qualitatively different surface textures.

(a) Angular randomization and intensity enhancement do occur.
(b) In a plane-parallel slab, there is no angular randomization and no
intensity enhancement.

d£lk2 dk
exp ifiu/kT} ~ 1 (2tr)3 (1)

This is the standard Planck formula for black-body radiation
in a vacuum, but as Landau and Lifshitz show [5], it can be
adapted to any optical medium by making k ~ nw]c. In addi­
tion, the energy density may be changed to an intensity I
(power per unit area), by multiplying (1) by the group velocity

- dtejdk. Making both changes in (1) we obtain

I “ Uv„ ~------------ ;--- ;-----
exp {fiwIkT} - 1

dSln2 w3
"(2?r)3 c2 (2)

This differs from the vacuum black-body intensity simply by
the factor n2. Therefore, the intensity of light in a medium
which is in equilibrium with external black-body (bb) radia­
tion is n2 times greater

Ant («> *) = (w. x) Ztb”t (w). (3)

This factor comes about simply due to the fact that the
density of states in such a medium is proportional to r? and
the equipartition theorem guarantees equal occupation of the
states, internal as well as external.

Now let us decide whether or to what degree the situation
changes when an arbitrary external radiation field replaces the
black-body radiation. Since we are considering a transparent
medium, inelastic events such as absorption and reemission at
another frequency are not permitted. Therefore, each spectral
component may be considered individually. In this circum­
stance, departure of the external field from an exact black­
body frequency distribution will not affect (3), which will
remain valid separately at each frequency <o.

A much more serious question, which, will be the main focus
of this paper, is: What happens when the external radiation
field departs from the isotropic distribution of black-body
radiation? This situation is illustrated in Fig. 2(a), where the
external Light is shown to be collimated. If the surface of the
optical sheet is quite irregular in shape, then the light rays, 

upon entering the medium, will lose all memory of the ex­
ternal incident angle after the first, or at most the second,
scattering from a surface. In other words, all correlation with
the external angle will be lost almost immediately upon refrac­
tion or total internal reflection, especially when averaged over
the illuminated surface of the sheet. If this condition is satis­
fied, then a collimated incident beam of intensity Isxc will pro­
duce, inside the optical, sheet, a random angular distribution of
light, no matter which direction the beam happens to be com­
ing from. Therefore, a collimated beam, when subdivided so
that it illuminates the optical medium equally from all direc­
tions produces identical internal light distributions under those
respective conditions. The condition of isotropic illumination
is, however, equivalent to that of black-body illumination.
Therefore, (3) remains valid whether the external field is iso­
tropic as in the black-body case or whether it is collimated.

Ant (w, x) - «2 (w, x) Zext (w). (4)

Equation (4) will be corrected for certain surface transmis­
sion factors in Section III, but it is a key formula in this paper.
It rests on the assumption that all correlation of the internal
rays with the external angle of incidence is lost almost im­
mediately upon entering the medium and/or upon averaging
over the illuminated surface. Even optical sheets with ordered
surface textures will show the type of randomization we are
discussing here. The reasons are as follows:

a) If light randomization does not occur upon the entering
refraction, it can occur on the first internal reflection.

b) If not on the first reflection, then on the second,
c) If not then, it can still be the result of a spatial average

over the illuminated surface area.
d) If not even then, it can still result from angular averaging

due to motion of the source, like the sun moving through the
sky.

In other words, there is a rather overwhelming tendency
toward randomization in the angular distribution of light and
toward the validity of (4), but it is not always satisfied.

Consider the simple plane-parallel slab shewn in Fig. 2(b).
Clearly, there is no intensity enhancement in that case.1- To
distinguish between the class of geometries for which (4) is
valid and the class of geometries in which it is invalid is a prob­
lem in ergodic theory and in measure theory. We will not at­
tempt in this paper to distinguish between these two classes
mathematically in the measure theory sense. Instead, we will
assume that the statistical approach, is valid except in those
few geometries where a cursory inspection shows that random­
ization cannot occur under any of the circumstances listed
earlier, a) to d). Equation (4) will be valid provided any of
those prerequisites, a) to dj, is satisfied.

Now consider the situation, shown in Fig. 3. In that geom­
etry, the light is confined to a half space by the presence of a
white reflective plane. In effect, the light intensity external to
the optical sheet has been doubled by virtue of reflection from
the white surface. The total intensity enhancement will then
be given by

1 Another situation in which (4) is not valid is an optically thick
turbid sheet illuminated from only one side. In this case, angular
averaging is no problem, but spatial averaging will be incomplete. The
side of the sheet away from the source of fllunsmation Will be dark.

SIONYX1403000045.0081

SAMSUNG EX. 1002 - 1039/4148



UGHi

'0
Zint ™ 2 X 2?r | cos £ sin $ dO
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Wh^e Surface

Fig. 3. A white reflective surface effectively doubles the external in-
tensity and increases the enhancement factor to 2n.

Fig. 4. The balance between incoming and outgoint radiation deter­
mines the internal intensity Zint,

(5)

where Iinc (w) ,is the incident light intensity.
One of the key implicit assumptions that we have not em­

phasized earlier is that there be no absorption, either within
the volume or on the surface of the medium . Optical absorp­
tion effects will be treated in Section IV.

The main conclusion of this section is that a.statistical me­
chanical approach results in the intensity enhancement given
in (5), The factor 2 n2 can be quite substantial; i.e., approxi­
mately 25 for silicon and approximately 15 forTiO2. Even
conventional glass with an index of 1.5 has an enhancement
factor equal to 4.5. In view of the importance of lids result,
we give an alternative derivation based on geometrical optics
in the next section.

III. Geometrical Optics Derivation

Our approach is based on “Detailed Balancing” of the light
which is incident on a small area element dA, and the light in
the loss cone which escapes from it. Consider the geometry
shown in Fig. 4. Let Zinc be the incident radiation power per
area element dA. A fraction Anc(0) of this light will be
transmitted through the incoming interface, where <p is the
angle of incidence. This must be balanced by the internal
radiation which escapes. Let us assume that the internal radia­
tion is isotropic due to the randomizing influence of refraction
and reflection from the textured interfaces as discussed in the
previous section. Let Bint be the internal intensity per unit
internal- solid angle. The internal intensity on both sides
of an area element dA is given by

Zilit " pAnt cos & dll,

where cos 0 is the reduction of intensity on the area element
due to oblique incidence. In this paper we will follow the con­
vection that internal intensity Zint is bidirectional while the in­

Ant 27r5jnj.
Only a small fraction of this power per unit area will escape,

since the loss cone solid angle is much less than 4ir steradians.
The intensity which escapes is

f V-
Zesc-2tr |

- a
Ant
2ir r^fd) cos 6 sin 9 d6 (6)

where n sin 9C = 1 and 8 is the internal angle of incidence. If
we substitute a weighted average transmission factor for
the angle-dependent surface transmission factor 7^(0), then
the integral in (6) may be easily computed

r - r 2nz-

If we now apply the principle of “Detailed Balancing,” the en­
tering intensity is made equal to the escaping intensity

jT™

Ar® A .W: “ Am X ~~~ .

Therefore

Anc(0)Ant“2«2X-^-XZinc. (7)

As (7) shows, the enhancement may be increased beyond
2n? if Fine ($), the transmission factor into the medium, is
greater than T8ge, the average transmission factor out of the
medium. Of course, time-reversal invariance guarantees that
Anc(9)~ Tssc(6). If the incident radiation is isotropic then
the ratio Anc/Assc “ 1 would appear in (7), ensuring that the
enhancement factor is 2 n2 as it must be for black-body radia­
tion. For collimated radiation, an additional small enhance­
ment Tjne (^/Tesc is possible, but this comes at the expense of
angular selectivity, This is fully consistent with the ordinary
“Brightness Theorem” of geometrical optics [6], which states
that intensity increases must come at the expense of angular
selectivity. .Because of the tendencies toward angular averag­
ing described in Section II, the factor Anc(0)/Assc will be
approximated as unity and, for most purposes, (7) can be
rewritten

4rt = 2«2 XZinc. (8)

It is interesting that (8) itself could also have been derived
directly from the “Brightness Theorem” [6] by taking note of
the fact that the brightness defined in a medium differs from
that in a vacuum simply by the factor n*.

The intensity increases discussed thus far in this paper do
not necessarily translate directly into absorption enhance­
ments, This will be the subject of the following section.

IV. Absorption Enhancement

Two types of absorption can modify the results we have pre­
sented thus far; volume absorption in the textured optical
sheet and surface absorption. In general, both types may be
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expected to be present. For exampie, in a semiconductor solar
cell material, there would be absorption in the semiconductor
itself and also at the surfaces due to absorption in the “trans­
parent” electrodes, and due to imperfect reflectors at the rear
surface. In this section, we will model the intensity-enhance­
ment effects allowing for absorption. First we will set up a
general method. Then we will model two specific geometries
that might be of interest for solar cells.

The approach we will follow is to balance the input of light
from external sources with the loss of light from the optical
medium by absorption and refraction through the escape cone.
The light input is AincZinc Tiric, where >linc is the surface area
on which light is incident and the other symbols have the same
meaning as before. To estimate the ioss of light, we will pro­
ceed along the same lines as in Section III. We will assume
that the light internal to the medium is isotropic due to the
randomizing influence of refraction and reflection. There will
be three contributions to light which is lost:

1) Light will escape through the escape cone at the rate

“W” "

where ^4esc is the surface area from which light can escape,
which is not necessarily equal to Ajjlc, and the other symbols
have the same meaning as before.

2) Ligiit may be absorbed due to imperfect reflection from
the boundaries

x r „ - „r?.4reflf!nt cos ® sin 9 aS =---- ™----- -

where r? is the fractional absorption due to imperfect reflec­
tion at the boundaries and?lref! is the surface area of imper­
fect reflection.

3) Finally, there may be absorption within the bulk

dVdSl alItntAiao | sin 8 = 2aZZintAlnc (9)

where aV is a volume element in the bulk, a is the absorption
coefficient, and (9) may be regarded as a definition of the ef­
fective thickness I. This will be approximately the mean thick­
ness of the sheet. Equation (9) implicitly assumes that the
bulk absorption is sufficiently weak that Zint is uniform
throughout the volume.

Equating the light gained to the light lost

a T’ r -J ^'esc J. . I ,
........ * incline 2 J Ant? (W)..

Regarding Zint as the unknown, the expression may be re­
written

r „ ^incAnc■*int ™ -----«—--------------------------------- .-------------„
{WescMinc)(^Sc/2«2) + (h/2)(/irrfiMinc) + 2a/} ‘

(U)
Although (11) is much more complex than (7) and (8), there
are many realistic situations where the simpler expressions are
adequate approximations.

One of the main questions we have in this paper is the ex­
tent to which the effects we have been discussing will act to

2??

LIGHT

SILICON WAFER

WHITE
SURFACE

INTEGRATING
SPHERE

Fig. 5. The integrating sphere was used to determine the light absorbed
in the silicon wafer. A comparison is made between the reflectivity
of a wafer with a rough ground rear surface (as shown} and with a
polished rear surface. In the former case, there was some light lost
out the edges of the silicon wafer as well as by absorption.

enhance volume absorption. Using (11) the volume absorption
may be written.
2oj/Aj!ieZjn{

_ __________ _____2o:fi4jac TjneZ|ne_______  ______
{(J escMinc) (tQ27?) + (77/2) (-4refiMinc) + 2<W} ■

The fraction of the incoming light which is absorbed in the
volume is

J vol ~ A T ~

2alTinc- ---------------------- ------------ “12------------------- —, ho)
{(^escMinc) (resc/2n3) + (t?/2) (Arefi/Jino) + 2al}

This reduces simply to the transmission factor Tinc of the in­
coming light in the limit of very high absorption coefficient a.

A corresponding expression may be written for the total'
fraction absorbed, including absorption due to imperfect re­
flection at the surfaces

. 2cU + (r?/2) C4refl/A}m,) ________
•tot (AescMinc) (Z^/2«a) 1 (fl/2) C4reflMinc) f 2al inc’

(13)
The absorption enhancement in (12) and (13) is of direct

interest for weakly absorbing indirect-gap semiconductors like
crystalline silicon. As (12) shows, volume absorption can be
very substantial even when oil is only 1/4 which is 1/50 for
silicon. The absorption enhancement factor is twice the in­
tensity enhancement factor due to angle averaging effects.
The use of these formulas is best illustrated by some specific
examples.

Consider the reflectivity of a silicon wafer as measured on
an integrating sphere, which is shown in Fig. 5. For these mea­
surements, a white reflective medium was placed behind the
wafer. The front surface of the wafer was polished! The main
idea is to compare the overall reflectivity when the rear sur­
face is either ground rough or polished smooth. The compari­
son is made in Fig. 6. With both surfaces polished, we have a
plane parallel plate, the situation described in Fig. 2(b) where
angular randomization within the silicon does not occur. The
light simply makes a round trip in the wafer.

On the other hand, if the rear surface of the silicon is ground
rough, internal angular randomization does occur. We may
apply (12) and (13) to this situation. The Fresnel transmission
of the silicon front surface is about 0.68. The areas A&;x
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Fig. 6. The reflectivity of a silicon wafer whose rear surface is either
ground rough or smoothly polished. Smooth lines are experiment.
The dashed lines are theory. The theory for the rough ground surface
is (13) in the text. The theory for the smooth polished surface as­
sumes simple round-trip absorption.
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and Ainc are the same and’ equal to the front surface area. The
rear surface was covered with MgCO3 an almost perfect white
reflector, which is frequently used as a reference of whiteness.
In the geometry of Fig. 5,. the edges of the silicon wafer are
actually external to the integrating sphere. Some of the in­
ternally trapped light, therefore, escapes across the cylindrical
surface defined by the periphery of the round opening in the
integrating sphere. This cylindrical surface in the silicon can be
regarded as an imperfect reflector of area .4^1 ” 2?rrZ where r
is the radius of the opening in the integrating sphere. There­
fore

AeflMinc 2-strlir^ ~ 2l/r.

The parameters in this experiment were r ~ 1 cm and I ~
0.025 cm. The quantity p which represents the departure
from unit reflectivity at this edge is difficult to estimate a
priori. since it depends on the details of the roughness. The
value r? = 0.82 describes well the wavelength-independent
backscattered light in Fig. 6 in the transparent region between'
1.2 and 1.35 With these values for parameters and the
known wavelength-dependent [7] absorption coefficient, a
fairly good fit is obtained between (1 -■ ftot) from (13) and
experiment through the band-edge transition wavelengths
(dashed and smooth lines, respectively, in Fig. 6).

The geometry described in Figs. 5 and 6 is a very favorable
one for solar cells and was first described [1], [2] some time
ago. Fig. 6 shows clearly the shift of the effective absorption
edge toward the infrared for the light-trapping case.

Another geometry which has received some interest [8],
consists of grains of silicon embedded in a glass sheet as shown
in Fig. 7. It has already been recognized that the light which
fails in the glass between the grains is not wasted. It tends to
be trapped and eventually find its way into the silicon grains.
We may analyze that situation in a similar way as previously.
Let us denote the quantities pertaining to the incident light by
the subscript 1, those pertaining to the silicon by the subscript

LIGHT
GLASS

WHITE BACKING

Fig. 7. A composite sheet consisting of silicon grains in a glass matrix.
The theory in the text shows that even the light which falls between
the grains will tend to be absorbed ultimately by the silicon,

2, and those pertaining to the glass by subscript 3. Let us also
assume that the white backing layer is perfectly reflective.
The energy balance for the glass may be written

•423r23I3 _ MisTij 423T23\ ....-—^^,,7,,/,-^- (14)

where the first expression on the left-hand side is the light
escaping from the silicon into the glass and the second expres­
sion is the incident light. On the’ right-hand side are the two
terms describing the escape of light into the air and into the
silicon, respectively, A similar energy balance may be written
for the silicon

A12 Tn , -4 2 3 3

2(«2/n3)2
+ 2alA i5 IS. (15)

Here there is a,n additional term due to absorption and I rep­
resents a typical absorption thickness of the silicon grain.
Equations (14) and (15) should' be regarded as two simulta­
neous equations in the two unknowns J2 and Z3. A specific
numerical solution would be helpful in estimating the extent
to which light falling between the grains tends to be wasted.
For this purpose, let us assume that the area of the sheet oc­
cupied by the silicon grains-412 equals the area AI3 filled in
by the glass. For numerical simplicity, let us assume also that
zij3 is also the same area. For the indices of refraction take
n3 =3.53 in the silicon and n3 = 1,5 in the glass. For the
transmission factor T23 of the glass-silicon interface, take
the normal incidence Fresnel reflectivity, 1 - (n2 - n3)3/
(»2 + h3)2 =0.84. Let us assume there is an antireflection
coating for the incident rays into the silicon so that T12
0.96 which is the same as the transmission coefficient into the
glass. With these values of parameters, the simultaneous equa­
tions (14) and (15) can be solved

h -
1 0.8316 \
^J + 0.0319/

0.961, (16)

where 0.96Zt is the transmitted incident intensity, and the
quantity in parentheses is a type of enhancement factor. The
important implications of (16) become apparent only upon ex­
amination of its various limits. Consider, for example, the sit­
uation in the region of wavelengths within the bandgap of
silicon where a = 0. Then

_ 0.8316 X 0.96
2 ~ " 0.0319" 1

which just happens to be 25Ij = 2 n2 . This, of course, must
be according to the considerations of Section II.
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The most important parameter we are interested in is the
absorption in the silicon. This may be expressed as

1.6632 al (17)

when normalized to the area of the silicon grains.
In the limit of very small al the enhancement factor is 2

as before. In the limit of large al, i.e,, in the visible wave­
length range for silicon

lim 2cdZs == 1.6632 X 0.9611. (18)££--> 03

According to (18), .the power absorbed by the silicon exceeds
the power actually falling on the silicon by a factor 1.6632
This is because the silicon collects not only those rays which it
intercepts directly, but also a major fraction of those inter­
cepted by the glass. Since only a fraction of the incident light
will tend to escape the glass, the balance (*®0.66) will tend to
be collected by the adjacent silicon grains. In other words, 83
percent of the light which enters the sheet will end up being
used, in spite of the fact that the area coverage of the silicon
grains is only 50 percent. If the surface area ratios were more
favorable than the conservative assumptions in this calculation,
then an even greater fraction of the light would end up in the
silicon. The extraordinary utility of the structure described in
Fig. 7 is doubly confirmed when it is also realized that because
of the enhancement in the low-absorption regime, the thick­
ness of the layer of grains can be reduced by 50. Therefore, all
the advantages of a thin solar cell, mentioned in the Introduc­
tion of this paper would accrue to the structure in Fig. 7. Not
the least of which is the likelihood of that structure being
cheaper to fabricate than conventional, silicon solar cells.

The methods described in this section are meant to suggest
the approach which can be used for intensity enhancement in
the presence of absorption. Refinements are still needed for
the high-absorption case. The formulas given here tend to 

underestimate the absorption in that instance, since they as­
sume randomization; but the absorption may be complete
before randomization sets in.

In this paper, we have shown the utility of a statistical me­
chanical approach toward the optics of textured and inho­
mogeneous sheets. This work was mainly motivated by its
applicability toward solar cells and other types of solar col­
lectors.. The basic enhancement factor for intensity of 2 it2
becomes 4r?s for bulk absorption and r? for surface absorp­
tion, due to angle averaging effects. It is because many semi­
conductors tend to have large indices of refraction n, that
these effects are particularly important in those materials.

Acknowledgment

The authors would like to thank Prof. R. M. Swanson for
pointing out an error in the original manuscript.

References

fl] A. E. St. John, “Multiple internal reflection structure in a silicon
detector which is obtained by sandblasting,” U.S. Patent 3 487 223,
1969.

[2] O. Krumpholz and S. Mastowski, “Schnelle photodioden Mit Wel-
lenlangen unabhangigen Demodulationseigenschaften,” Z Angew.
Phys,, vol. 25, p, 156, 1968,

[3] D. Redfield, “Multipie-pass thin-film silicon solar cell,” Appl.
Phys. Lett., vol. 25, p. 647,1974.

[4] M. Spitzer, J. Shewchun, E. S. Vera, and J. J. Loferski, “Ultra-high
■ efficiency thin silicon p-n junction solar cells using reflective sur­

faces,” in Pros. 14th IEEE Photovoltaic Specialists Conf. (San
Diego, CA, 1980), p. 375.

(5] L. D. Landau and E. M. Lifshitz, Electrodynamics of Continuous
Media. New York: Pergamon, 1969.

[6] M. Born and E. Wolf, Principles of Optics. New York: Macmillan,
1964.

[7] M. Neuberger and S. J. Welles, Silicon. Springfield, VA: Clearing­
house for Federal Scientific and Technical Information, 1969,
p. 113. -

[8] J. S. Kilby, J. W. Lathrop, and W. A. Porter, “Light energy conver-
■ sion,” U.S. Patent 4 136 436, 1979. T.S.T. Velde, “Electrical

monograin layers and method for making same,” U.S. Patent
3 625 688,1971.

SIONYX1403000045.0085

SAMSUNG EX. 1002 - 1043/4148



Nuclear Instruments and Methods in Physics Research A 624 (2010) 520-523

Nuclear Instruments and Methods in
Physics Research A

NIR sensitivity enhancement by laser treatment for Si detectors

K. Yamamoto3, A. Sakamoto3*,  T. Nagano3, K. Fukumitsub

* Corresponding author.
E-mail address: akira-s@ssd.hpk.co.jp (A. Sakamoto).

0168-9002/S-see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.nima.2010.03.128

a Solid State Division, Hamamatsu Photonics K.K., 1126-1, Ichino-cho, Higashi-ku, Hamamatsu City, Japan
b Electron Tube Division, Hamamatsu Photonics K.K., 314-5, Shimokanzo, Iwata City, Japan

ARTICLE INFO

Available online 31 March 2010

Keyword:
NIR sensitivity enhancement

ABSTRACT

The light absorption coefficient of silicon is high in the short wavelengths, but much lower in the long
wavelengths (longer than 900 nm). Thus it is necessary to use thicker silicon wafers to manufacture
high-sensitivity light sensors for long wavelength applications. However, this imposes constraints on
applied voltage, dark current, response speed, and cost. This then leads to limitations on device
characteristics and possible applications.

As an alternative to using thicker silicon wafers to enhance the NIR sensitivity of silicon
photodiodes, we used an ultra-short pulse laser to form “black silicon" structures on the surface of
silicon photodiodes. At 1064 nm, QE was improved from 25% to 72%. Future research will determine
how this technology can also be applied to enhancing the NIR sensitivity of image sensors such
as CCDs.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The light absorption coefficient of silicon is high at short
wavelengths, so ultraviolet and visible light are fully absorbed. On
the other hand, most near-infrared light is not absorbed because
of the extremely low absorption coefficient, so the NIR sensitivity
of a silicon detector is relatively lower. Fig. 1 shows absorption
length and coefficient for silicon. Absorption length is the length
at which incident light attenuates to 1/e (37%) by absorption. It is
more than 250 pm for 1064 nm wavelength light, though only
10 |im for approx. 830 nm wavelength light. Therefore, thicker
silicon wafers must be used to enhance NIR sensitivity [ 1 ].

Currently, most photodetectors for NIR applications - such as
photodiodes (PD), avalanche photodiodes (APD), charge-coupled
devices (CCD), complementary metal oxide semiconductor
(CMOS) devices - are manufactured from thicker wafers.
Although this improves NIR sensitivity, it leads to some other
difficulties. For instance, response speed becomes slower due to
long carrier drift time and large resistance for detectors that have
a long active layer. Also, it becomes necessary to apply a higher
voltage for full depletion (Fig. 2). This is especially a concern with
APDs, which use high voltage to produce high gain. Devices must
be designed in such a way that the higher voltage requirement
does not significantly increase dark current. The relation between
response speed and sensitivity is a trade-off, making NIR silicon
detectors inconvenient.

In our search to improve NIR sensitivity and response speed at
the same time, we examined the “black silicon" structure.
Microstructures of wavelength order were created on the surface
of silicon by using an ultra-short pulse laser (Fig. 3). Such
microstructures were intended to capture the long wavelength
light that escapes normal silicon. In theory, this would increase
the possibility of absorption, and thus produce enhanced
sensitivity [2,3],

2. Surface treatment by ultra-short pulse laser

When materials are irradiated by a short-pulse laser (msec to
nsec), they evaporate and the heated part melts and is removed.
The size of the processed part is more than a micron. However,
when an ultra-short pulse laser (psec to fsec) is used, the
irradiation ends before generating heat and it enables formation
of nanometer-sized microstructures.

Fig. 4 shows microscopic images of irradiated titanium
samples by (a) nsec and (b) psec lasers. The laser wavelength
was 1064 nm (ND:YAG laser) with a spot size diameter of 100 pm.
Fig. 4(a) shows that the surface melted and only the processing of
the spot size was obtained. By comparison, Fig. 4(b) shows
microstructures smaller than the laser wavelength. It is surmised
that these microstructures are formed by the interference
between the incident light and scattering waves/plasma waves
on the surface of the material, and the minimal thermal effects
thereof. This principle was applied to the formation of black
silicon structures in our research [4,5j.
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Fig. 3. SEM image of black silicon structure.
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Fig. 4. Laser irradiation on Ti.

are related by the following equation:

A Ti:Sapphire laser (800 nm, 1 kHz) was used to process the
silicon surface. First, we investigated the relation between the
microstructure and transmittance. Absorption and transmittance

A = l-T-R

where A, T, and R are the absorption, transmittance, and reflection,
respectively. Black silicon structure was formed on the backside
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Table 1
Typical laser conditions.

Sample 1 Sample 2 Sample 3

Laser;
Wavelength
Frequency
Energy
Microstructure size

TkSapphire i
800 nm
1 kHz
300 pj 400 pj

Sample 3

30

25
as

20

15
I

10

5

1.0 3.0 3.51.5 2.0 2.5
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Fig. 5. SEM images of microstructures.
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Fig. 6. Relation between structure and light transmittance.

silicon surface so that reflection is the same. We tried several laser
conditions and measured the transmittance of samples. Table 1
shows typical conditions. Corresponding to Table 1, Fig, 5 shows
SEM images of two samples and Fig. 6 shows transmittance. There
is a remarkable difference of transmittance according to the
structure. At the wavelength of 1064 nm, transmittance late of
sample 3 has been improved to 1/100, compared with sample 1.
We adopted the laser conditions that showed the lowest
transmittance (condition for sample 3) for the processing of
silicon photodetectors.

4. Development for NIR-enhanced Si photodiodes

We used standard type Si photodiodes by Hamamatsu
Photonics (Figs. 7 and 8). They are 5 mm diameter in size and
0.27 mm thick. The backside surface was processed by the ultra­
short pulse laser, and black silicon structure was formed. We
measured the photosensitivity on the condition of 0 biases of the
processed PDs and compared them to a reference PD which was
not processed by an ultra-short pulse laser. Fig. 9 shows the
photosensitivity of the processed PDs. Sensitivity was improved in
the range from 950 to 1150 nm. At the wavelength of 1064 nm.
quantum efficiency improved from 25% to 72%.

Fig. 7. Si photodiode and APD.

Fig. 8. Si photodiode cross-section.
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Fig. 9. Spectral response characteristics.

According to the transmittance data, absorption in the silicon
increased even at wavelengths longer than 1200 nm, but
sensitivity of the PD did not increase. The effect of laser
processing was simply a large part of the light reflected back into
the silicon bulk and to increase the length of the light path of
long-wavelength light, with no effect on the bandgap of the
silicon. For this reason, light above the cut-off wavelength of
silicon (1200 nm), even if it was absorbed, did not generate an
electron-hole pair and affect the sensitivity of the PD as such.

In addition to sensitivity, temperature dependence is an
important characteristic of Si PDs. Sensitivity generally improves
with an increase of the absorption coefficient and a decrease of
the bandgap energy when temperature rises. This can be seen
particularly at long wavelengths. We measured the temperature
coefficient using the same laser-processed PDs as above. Results
are shown in Fig. 10. At 1064 nm, temperature coefficient
improved from 0.6%/°C to 0.2%/°C. Because the laser-processed
PD has higher sensitivity at NIR wavelengths than the reference
PD, the effect of temperature on sensitivity was extremely small.
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Fig. 11. APD cross-section.

5. Applied development to APD

Similarly, we performed laser material processing of Si APDs
and performed the spectral sensitivity measurement. This was
done on an Si APD with a light-sensitive area of 3 mm diameter
and wafer thickness of 0.15 mm. An Si APD with the same
structure but which was not laser processed was used for
comparison Fig. 11.

The photosensitivity of both surface incidence and backside
incidence was measured on the condition of full depletion bias, as
shown in Figs. 12 and 13, respectively. Since the effective area of
APD is small, backside incidence was also evaluated because of its
decreased capacity and its ability to handle high-speed response.
Unlike conventional photodiodes, an avalanche gain effect can be
produced in APDs when high voltage is applied, thus increasing
sensitivity.

Measurements of surface incidence and backside incidence
confirmed a shift in the peak sensitivity wavelength to the long
wavelength side. As mentioned above, the application of high
voltage to an APD does increase the device’s sensitivity in the NIR
region, although this does not shift the wavelength of peak
sensitivity. However, as a result of laser processing by ultra-short
pulse laser, even at low bias the APD demonstrated high
sensitivity at long wavelengths.

6. Summary

As an alternative method to using thicker silicon wafers to
improving the NIR sensitivity of photodetectors, the application of
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Fig. 13. Spectral response characteristics.

laser processing to form “black silicon” micro structures on an Si
photodiode was investigated. The following characteristics were
obtained from a processed Si photodiode: QE increase from 25% to
72% (2=1064nm), and temperature coefficient improvement
from 0.6%/“C to 0.2%/°C (z=1064nm). Future investigation will
determine how this method can be applied to improve the NIR
characteristics of image sensors.
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Abstract— This paper describes a new type of global electronic
shutter pixel for CMOS image sensors. A global electronic shutter
is necessary for imaging fast-moving objects without motion blur
or distortion. The proposed pixel has two potential wells with
pinned diode structure for two-stage charge transfer that enables
a global electronic shuttering and reset noise canceling.

A prototype high-speed image sensor fabricated in 0.18pm
standard CMOS image sensor process consists of the proposed
pixel array, 12-bit column-parallel cyclic ADC arrays and 192-
channel digital outputs. The sensor achieves a good linearity
at low-light intensity, demonstrating the perfect charge transfer
between two pinned diodes. The input referred noise at the pixel
level is measured to be 6.3 e , which is three to four times
smaller than that of conventional CMOS image sensors with
global electronic shutter pixels.

Index Terms—CMOS image sensor, Global electronic shutter,
High-speed, two-stage charge transfer, reset noise canceling.

I. Introduction

A global electronic shutter, with which all pixels start and
end integration at the same time, is necessary for imaging
fast-moving objects without motion blur. CMOS image sensors
with the global shuttering function are required for many appli­
cations such as high-speed cameras, automotive and industrial
applications. To realize a global electronic shutter in CMOS
image sensors, two kinds of techniques are reported. One uses
a five-transistor (5T) pixel [1], [2]. This 5T pixel with one
additional transistor for shuttering to a 4T pixel of CMOS
image sensors has very simple structure, but it is difficult to
attain low noise performance, because of the large reset noise
caused by the use of floating diffusion as an analog memory
for global shuttering. The other uses a charge amplifier and
sample-and-hold circuits in each pixel [3]. This pixel can
reduce reset noise and enhance the sensitivity by the charge
amplifier. However, this pixel has large pixel size due to the
complicated circuits.

This paper presents a new type of global electronic shutter
pixel. The proposed pixel features two-stage charge transfer
using different-depth potential wells in two pinned diodes.
Using this structure, the reset noise at the floating diffusion
can be canceled by the true correlated double sampling(CDS)
operation, while attaining a global shuttering function. The
pinned diode structure prevents signal electrons to be captured
at Si-SiC>2 interface traps and reduces the resulting image lag
and charge transfer noise [4]. As a result, very low noise level
when compared with the conventional global shutter pixels is 

expected. Furthermore, dark current is also reduced with the
pinned diode structure.

II. Proposed Pixel

A. Structure and Operation
Fig.l shows the proposed pixel structure and potential

profile. The pixel has two pinned diodes: photodiode (PD)
and storage diode (SD). For perfect charge transfer between
the two pinned diodes, voltage difference Vd is necessary. The
Vq is built by slit-shaped PD structure shown in Fig.3 [5].
It can be implemented with a standard CMOS image sensor
technology, without any special processing steps. The SD and
a floating diffusion (FT)) which has a role of charge detection
are connected with a transfer gate TX. The voltage change of
the FD due to transferred photo-charge is read out through a
source follower amplifier. To reduce the number of transistors
in a pixel, a floating diffusion driving technique [6] is used.
Fig.2 shows the timing diagram of the proposed pixel. The
operation at the beginning of a frame is as follows. First, an
accumulated charge in the PD is transferred to the SD as a first
transfer. The first transfer realizes a global electronic shutter
function. If the first transfer is not perfect, some amount of
charge is left in the PD. The residual charge causes image
lag and noise. Therefore, the PD is reset through GR gate
and consequently the residual charge is drained. After that,
all the pixel signals are read out. To readout the signal, each
horizontal pixel line is selected by sequentially setting Vr to
high level, and then the FD of the selected pixel is reset. The
reset level is read out through a buffer amplifier. Then, the
signal charge is transferred from the SD to FD as a second
transfer and the resulting signal voltage in the FD is read out.
By taking the difference between the reset and signal levels,
the reset noise and the fixed pattern noise are cancelled.

B. Simulation Results
Simulation results of potential distribution(x-x’ direction)

by changing GS gate voltage are shown in Fig.4. Larger Vd
leads to a higher charge transfer efficiency. The maximum
Vd, however, is limited by the minimum width of n-type
region which is determined by the design role of fabrication
technology. In the layout shown in Fig.3, Vd of 0.2V is
obtained using the smallest width of n-type region. The slit­
shaped PD structure may not be efficient if large amount of
electrons must be stored for attaining wide dynamic range.
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In the designed slit-shaped structure, the saturation number of
electrons is 18000e~ according to a simulation result. This
value is sufficiently large when compared with those of recent
CMOS image sensors.

Fig.5 shows the simulation results of the residual charge as
a function of the accumulated charge in the PD. The horizontal
and vertical axes represent the number of accumulated elec­
trons in the PD before the first charge transfer and the number
of residual electrons in the PD, respectively. In this simulation,
the falling edge of the input pulse of the GS gate is ramped
to increase the charge transfer efficiency(Fig.2). This result
indicates that the residual charge depends on the accumulated
charge and a perfect charge transfer is possible when the accu­
mulated charge is small. Therefore the sensitivity degradation
does not occur at low-light intensity. Since the residual charge
due to the incomplete charge transfer is drained through the
GR gate, image lag can be avoided.
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Fig. 3. Pixel layout
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III. Experimental Results

A prototype high-speed CMOS image sensor with the pro­
posed pixel is designed and implemented. A chip photograph
of the developed high-speed image sensor with 0.18-/rm one
poly four-metal standard CMOS image sensor technology is
shown in Fig.6. The image array has 1024 x 1024 pixels with
the pixel pitch of 7.5/rm. The chip size is 10mm x 13mm.
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Two 512 cyclic ADC arrays [3] are integrated at the upper
and lower sides of the image array. The sensor has the digital
parallel output of 192 channels.

Fig.7 shows output characteristics of the image sensor. The
image sensor output range of 0 to IV is assigned to the
half of 12 bit digital code range, i.e., 0 to 2047. The sensor
output has obviously large nonlinearity at high light intensity
when compared with a linear line whose gradient is fitted
to the measured result at the origin. As Fig.5 predicts the
incomplete charge transfer in high light intensity region causes
a large residual charge, and the resulting nonlinearity. On
the other hand, the output has a good linearity at low light
intensity, showing that perfect charge transfer can be achieved
for the relatively small number of accumulated electrons in
the PD. The nonlinearity at high light intensity can be an
issue for some application, but Larger V jj can improve the
charge transfer characteristic and thereby results in a good
linearity. The Larger Vp can be created by controling doping
profiles of PD and SD independently, which requires additional
processing steps to a standard CMOS image sensor technology.

Table I summarizes the performance of the sensor. The input
referred noise of the sensor, including the pixel and column
cyclic ADC is measured to be 81 e \ The random noise of
the cyclic ADC only is 78 e~. Therefore random noise of the
sensor is dominated by the column cyclic ADC. This large
noise is due to the digital switching noise for the high-speed
digital readout. This noise has to be reduced in the future
design. To measure the essential pixel noise, the analog output
to directly read out the pixel output, is measured by an off-
chip 14-bit ADC. The input referred noise of the pixel only
is measured to be 6.3 e~. The equivalent number of noise
electrons due to reset noise Arn reset is given by

N1 'n,reset
/ Vth

\Igc
(i)

where Vt/, is the thermal voltage, which is 25.9mV at 27 °C .
The conversion gain Gc is measured to be 33 pN/eT . There­
fore Nn/reset is calculated to be 28 e~ and it increases to 40 e~
after the readout in case of the uncorrelated double sampling
in a conventional 5T global shutter pixel. The achieved noise
level of 6.3 e~ in the proposed structure where the reset noise
can be canceled is smaller than 1/6 of the conventional global
shutter pixel. The input referred noise of the pixel is three to
four times smaller than the conventional CMOS image sensor
with the a global electronic shutter function [2].

As shown in Table I, the dark current of the proposed pixel
is measured to be 284e~/sec at ambient temperature of 18 °C
. This dark current level of the proposed pixel is much smaller
than that of 5T pixels using surface PD [1]. The dark current
of the proposed pixel can be further reduced by optimizing
the size and structure of the PD and SD.

A sample image captured at lOOOfps is shown in Fig. 8.
This sample image is synthesized with eight regions of an
image captured separately by a logic analyzer with a large-size
memory. This is because data of 24 channels only are obtained
at a time due to the limitation of the experimental environment.
The image indicates that the sensitivity degradation does not
occur at low-light intensity. The image quality is not good

Fig. 6. chip photo(10mmx 13mm)
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Fig. 7. output characteristic

enough because of the vertical fixed pattern noise and row
random noise. These noises come from column cyclic ADCs
and digital read circuits. These noises are not essential and can
be reduced by re-examining the design details because a high­
speed CMOS image sensor(512 x 512pixels, 3500fps) using
almost the same ADC architecture as of the present paper has
been implemented and shows a good image quality[3]. Fig.9
shows 30 consecutive frames from a video sequence captured
at lOOOfps. To show the motion of fast moving object(”chopper
blade”, rotating at 15Hz), 128x144 pixels only is shown.
The edge of the chopper blade has neither motion blur nor
distortion, showing the effectiveness of the global electronic
shutter.
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TABLE I
Performance summary

Technology 0.18-^m standard CIS 1P4M
Chip size 13mm(H) x 10mm(V)

Effective pixels 1024(H) X 1024(V)
Pixel size 7.5 /im x 7.5^m

Frame rate > lOOOfps
Sensitivity 0.95 V/lux-sec

Conversion gain 33 pNle~
Random noise(sensor) 81 e~

Random noise(pixel only) 6.3 e~
Random noisefADC only) 78 e-

Fixed pattern noise 229 e”
Dark current 284 eWsec at 18 °C

ADC resolution 12bit(Full scale 2Vpeak ^eak)
Power supply 1.8V(Digital)/3.3V(Analog)

Power consumption 1.2W(@500fps)

Fig. 8. Sample image at lOOOfps

IV. Conclusions

In this paper, a global electronic shutter pixel which enables
reset noise canceling and reduced dark current has been
described. The proposed pixel has two pinned diodes that
have different-depth potential wells. The voltage difference
between the potential wells is generated by slitted photodiode
structure. A prototype high-speed image sensor with IM pixels
is fabricated using 0.18um standard CMOS image sensor
technology. The sensor achieves a good linearity at low light
intensity, demonstrating the perfect charge transfer between
two pinned diodes. The output characteristic of the sensor
shows a good agreement with the simulation results using a
device simulator. The noise measurement results indicate that
the proposed pixel successfully cancels the reset noise, and
the resulting input referred noise is as small as 6.3 e~.

Fig. 9. Image sequence at lOOOfps
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Light trapping effect from randomized textures of Ag/ZnO back
reflector ©b hydrogenated amorphous and sanoerystalline silicon

based solar cells

Bsajte Yaa, Guoxhea Yue, Laura Sivec, Jessies M. Owens*  Ken Lord, Jeffrey Yang, and
Subtends Cuba

United Solar Ovonk- LLC, 1100 West Maple Road, Troy, Michigan 4S0S4

Chw-Shettg Jiang
National Renewable Energy Laboratory*  1617 Cafe Blvd, Golden, CO 80401

ABSTRACT

We report &w progress to foe optimisatfou of Ag/Zr/O back reflectors (BR) for ?md nc«Si:H solar
cells. TheotetaOy, a BR wsfo a smoofo metal surface and s textured fo'etorfc surface wmrfd be mam desirable. A
smoofo metafo&dectric interifeereduces the pfemoafc resonance toss and parasitic lessee due to light trapped in
sharp angles; a wared foefe'friw’semiconductor interface provides scattering for light trapping. In tnder to obtain
sufficient light seateing at the' ZoO/silfcos interface,, a highly ttotbraed Zo© layer is somadly used, However, a
highly textured ZnO surface causes deterieretion of tto-ffoH material quality. In addition, to mate? a highly tosstasd
ZttQ surface, a thick ZnQ layer is needed, which eeuld introdtee additional absorption in the bulk ZsQ isyer end
reduce the photocurrern density. Therefore, Ag/ZnO RR stoxemm for serffoH solar cells seeds fo be optimised
experimeutslfy. la this sfody, we found that ;m optimfed Ag/ZnQ SR for ne-Sifl solar cells Is corrected with
textured Ag and th® Zfo3 foyers, Although a textured Ag layer might came certain losses resulting fem plasrnemc
absmpdsn, foe eahaneed light scaSering by a moderately textured Ag layer makes: it possible to use a foin X»O
layer, where the absorption m the Zn© layer ® low, With such a BR, we achieved a rfterfeirctm wrest densify ©f
over 3$ mA/enr &»rn ane-SItH singfejanction solar celt Using the high' pertam nc-ShH cell to as afoiiH/nc-
SkH/sc«SixH tripterfiaictiaB steuefore, we achieved an initial asstive~>toa efficiency of 14.5% with-a total current
detoshy exestedtag 36 mA/cmO

Key words: «c»Si:H, sblar cell, light trapping,, back peile«w.

L INTRODUCTION

Hydmgenated Brnnrpteus tifietM {a-Stfi-I) and natoCfyrfalfee silicon (stc-Si:H} as few east materials have
been used ss absorber foyers in thin Him silicon solar cells. Their absorption coefficients are better than that of
crystal silicon (oSi), allowing ®*SitH  and ttoShH safer cells to be natch thinner fos® c-Sl solar cells. However, the
tafessie laym of a-SitH and noS 11 camwi be made thick enough to generate a high pfekscumfe density without
sevemiy sacrificing fill factor (FF) even when ar n4«p stotohm are used to eoftanee ptoto-emrfor collection
because a«SfcH and nc»Si:H have peorer transport ctea^erisUcs toon e-Sl In. order to make foe solar cells have a
reasonable FF foe f layer fotetaesses ore wmliy 29&3Q6 ran and 1-3 pm for srSttH and ac-Sl-H, respectively. To
resolve foe generation and collection issue, one normally uses 3 light trapping method to enhance toe phutocurreto
density. The commonfy used fight trapping techniques are tight scattering by textured fen&ptatcnt conductive twides
(TCO) fo solar cell staetares cm sapmtrates or by textured back reflectors (8R) m n-t-p solar ceils 08
substrates. A convefotonal textured 8R Is wife a mcteiAfiefectric fehysr stractorc deposited on sm-temsparem.
ssibsirates such as fefoless steel (SS) Or polymer. Silver arto aluminum are two of foe metals used as reftefem and
ZnO 1$ used as toe dteieclrie layer to avoid foe mlxwc af metels with sfoeoii arid provide a buffer of refractive
index matching f i ,21. The toxmres of foe metal toto dielectric layers result in light scattering. The scattered light
with ® stogie greater than the tetel refectioa angle is topped to the solar cell and etthanrara toe pttototwrant density.

Irin F&n Sctar Tactwfogy fl. edsted fey Alan £, toishsy, Utuay A Bdad»> Prak <d SFffi
m mt, mw ■ © 2tm sm ■ coc sarMm/mu • a>i- m.t s wzsssw

Stoerer sf>® rzzws-t
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degress) of total retatom will be trapped in fee ZtsG layer. However, this ptac® of absarpiafteo will be weowrej
whan & Si. layer is deposited os the ZnO feyer, Uitfimasately, the parasitic less its shasp angles will awe be
reswred., At this siomeng we do -aothsow how msefe of the fess is due to she light trapping ta hbw mud*  ® tost
is sharp: stogies. Third, the wwj samples with thick Z»O (2 gm) showed similar total retata speeim with very tow
reflectance in As tart wavetagth regta Becmise the feerease i» ZnO thickness should not affect fee AgSsQ
mterfsce, we bdtese tout fee tarfear ptastas absmpta staid not be increased. The reduced refietatce fe
swatoly fiwi the feereased ZhO- tat dssfefeito*  ata» enhanced light trapping due to fee inoressad texture by the
thick ZnO layer.

188 ■ ■ - A
(3) 88 (b)

y

i

~ A (fiat A§, ta ZnO)

~'8 (fer Ag, thick 5toQ}

C gmure Ag. fete 2nO;

■D (testate A&fesrirZ.nQ)
^.?v

to
h *' :
w 58C «88 W 8to 988 STO Slife 5288

Wavelength (»m)

«s
x-,38 ■

Jee

1$0 ■

£ <58
•*  B Ag, Zdibj

• C &fcEissrs A& to

82I tto ■

| te
!«
| JO

te to -
to '*
8 ~“

W 588 08 » 388
Wsstamgfe to ml

Figure 2, Tta and diffuse retTetao speta of few fefeenl Ag/ZoO BR structures.

The diffuse refleefem spectra also show several interesiiag phenomena. The BR wife textured Ag.tesd feick
ZnO has the highest diffuse reflectance, sbltaed by fee s-ampte wife Hat Ag and thick ZbO, which nsesas fee extra
texture from fee thick ZnO indeed results to effective light scattering. The dlffee reiietetotec of fee BR wife
textured Ag and thin ZaO is rtot as togh ® fee «me wife. tewred. Ag and thick 'Z»O, hut fee average values are twi
tower fean fee one wife flat Ag ta thick Zn(X The BR wife M Ag and fem ZnO has very low diffuse reitefence,
irtatag psw light trapping whets solar cells are dq»sited ou it

Optical properties give some indication of light taspplng to solas cells. But, fee real tea has to be to solar
tas feemselves. Table I lists fee gertomssBces of bc«S1:H seta cells deposited ofc fee Ssw lypes of BRs, where fee
open circuit taage (¥«) and FF were obiatoed from 3»V tmsuremems and the from, tagrnls of QE dato
measured under toe short eirefet emtotoem and AMI5 solar spectrum. The phfesteurreni density from fee QE
mmured under ~2V is used to evaluate fee recomtoatotoo less. The RMS represents fee rest mm sgsare of fee
stance testtsres la fee AFM images. R is clear Stet fee seta cell ots fee BR wife textared Ag «®d feto XnO has fee
best perforaiancs. where even fee Jx is toe highest. Figure 3 shows fee oompartaa of AFM images token few toe
BRs wife Wared Ag tet wife fefe and thick ZnO layers, it elesrfy shows that fee lateral ftefere sizes are very
sitefer os toe two sanies, tost fee feature sizes to the vertical fereettoo are dlffaem, where fee samples wife fee
iisfek ZnO have larger vertical feature yzes (large RMS) iten the one wife fee thin 2feO layer. The large vertta
feature sizes produce- smaller angles in toe valleys on Bits, where a high density of defends and taro-creeks oouto
occur 113.17]. CoBsequumtiy, a poor «c<St:H solar cell periermaaee is obtained on fee BRs with she textured Ag and
the thick 2?>0 layers.

In order to confirm feat to© pewr ta performance oo the BR wife high surface texture is caused by ooSitH
material quality, we measured toe QE curves anta fee femt ctait cortdidon mto muter -2.6 V reverse bias. The
difference bates® fee two QE curves rotate fee recombmsta loss due. to a poor ta&H rntata qatfety. The
resote listed (n Table I show that high substrate texrare indeed causes a large recomfetaon loss, which Is rjorrnally
through defects in toe btagap, to addition, fee FF teto are fess .ptwr in fee. cells on highly textured SRs. The FF
reflects fee capability to extract photo-gmerated carriers, which could be collected by the electrodes through fee 

tax of SHE: Vet. 7771 7771t»H
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build-in electric feld«» recombtued through foe defect states. A high defect density cmrespcmds so »sots' FF. The
V« follows the same trend as FF because the recombinatm through defects also reduces foe charge nccamfeaforn sn
foe duped layers under foe op® efeesfo condition. From foe solar cell performance data, we are eorewmteff foN."»e»
St:H $oW ceils should nor te deposited on highly textured substrates. In ord® to have enough scattering wish
moderate textures, fee Bft. streetere with textured Ag and this ZsG foyers is logically a good choke.

Figure 3, AFM images of two BRs, where foe foff image is from the BR wife feu texmred Ag foyer and fem Zn©
layer astfe fee right Qtse is from the BR wife fee fofek Ag layer and thick ZnO layer.

Table h J«¥ efewteris&s and BR descrip&fes cf four nc-SiiH solar celts deposited wife foe same recipe het e®
fofforeal BRA

3X High eBscteBgy sofetr cells

Rurt
No.

V«
(V)

FF Q£ current density
(snAfcm^

Eff
(%)

BR.
stractare

RMS
{run)

■? V dV Oiff.
liW 0.482 9.608 205 M58 055% 7.4§ ■fettered Ag/fota Zn6 33
s»s d,431 6363 24.5$ 25.51 3.70% 3.97 Textured Ag/foicfe ZttO 32
104 0)2 045 22J9 2X72 0,58% 7,31 FlteAg/fefoZnO U
wii &47S 9.528 2.3.77 Wi i.9l% 06 FfetAg/feickZnO 42

Wo deposited ticdw:H Nssgfejuociion solar cells oa foe optimized Ag^aQ BRs. Ute device structure ®d
material quality were systemsffeally optimized. We have employed an improved seed foyer wtd. hydrogen dilution
ptoffiing. technique [14] & susare j». optimum structure along fee growth direction. Using tfese techniques, the safer
ceil perfprmaaen was sigm&iufey rmpwwi, A Jw of .MU biaW hast been achievefe wife V«,®&516 V,
FP-0.647, and efficiency*-!?  72%, Using foe same BR, wo further optimised die growth recipe to obtem fee highest
efficiency. An msdal afesve-ws efficiency of 18(V^~O.54O FFMkhSfe and J^"27.80 mAfofe*]  was
achieved as feowtt is Fig. 4.

Hsfeitg developed high 3W and high eiTisiesty recipes, w fabricated a-Sl .Wm>SfcH/nc»Ssd4 ffiplc-jtmetm
edte on foe npikmred BRs wife textured Ag and foie ZnO, where fee nc'Sl'.H batesm cell was made using she high
Jss recipe, and fee nc-SkH middle cell was made using fee high efficiency recipe. The ifedsl fesd foe stsfeiSzed
restote after IttoO hours of light soaking are shown in Table H. Sample 18331 shows ths best ini-sal autive*aree
efficiency of lARA, anti sample 18323 shows Pte highest totalreunc« density of >30 mrVcre*.  For stebilky results,
fee Isgbt-Hidueed degradtefons ate <1.0% in Vtx and 4-7% in FF, which we beiieve are mainly; 6®m a«SsrH wp cells.
The top celt ewent was degraded by -4%. Wile fee bottom cell current fed sot show any degradation. This is
emtsssissl with w previous results where we demonstrated fest red light wife g. photon, tetergy smaller than the a-
Si:H bandgap did act mse degradfefojt in ac-SstH cells [18], We sbo uotieed feat the middle efel currem wss 

F«re,esf SRgVet. mt THtKfo
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degraded by 1-2%. This is probably because the middle cdi also sees some blue light, Qvcrsll, depending en the
«utmU mismatch, th® effidea^t degrades by 441%. lite best stabilised active-sres eftlctocy is 13,5%s which is
ftw sample 18328 having a stojag bottom belt limited c««eru. This efficiency is higher than w previously
reported effidmscy af 13.2% hum the same. teiple«psRgde® stratore (19j. The stable J-V etaasteristics of the best
device and the Q£ curves ar® plotted fe Figure 3.

RF I 8348-22
27.80 mA/ctri2

to ——■—
9.9 ■ (b|
3.8
»? - j
as ■ /

t < /

o« ■ f
as ■ /
a.s Z
a.t ■
» <——

to see tea » a see
Wavetogtts (um)

$--------- —
.... w R.F 18341-22 I

-5: >

§40 ;

§ -ts i

-te r

-2S ;

3^27.80 mA/cm*  /
V^e.54B V /
FFtoriSO /
BfMO.21 % /

i-------------
<2 ) ftl 6.4 04

Vsitoge (V)
Figure 4, (sj J-V characteristics and (b) QE ww »f a nc-SssH solar cells with an active-area efficiew of 1<2%.

(a)
0 

RFI8328-32 stable

VO mA.<W
V^lJ&l V
.FF-&733
EfM3.3%

<05 $.« a.5 i.« LS 2.0
Voltage (V)

S§

as
o
8.6

fe3 „ ,-^&s
o
as
st
as
ee

RF18328.32 stable■ (b)

388 J«s W W U88
Wavelength (mn)

Figure & (a) Stable J-V shmeterisdes; aud (b) QE wm of as .s-SjxWae-SiiHrWSiiH iripla-juaction solar ceil
with the stabilised efficiency of 13.5%.

Table 11 labial and stable 3»V characteristics of a>$i;f%c«Ss:H/ae-Si:H triple-junction solar ceils. The bold
timbers ®« used to estolate the active-area efBctoeto. ,,

Sample
I No,

State V,x
(V)

FF OfifmA/cffi") Etfmj
{active area)Tcto ...I®... Mid Bott

| 1832M2 lultial 2,024 0.741 29,23 9.70 3.65 9,88 H.5
Stable xeii 0.492 28,78 02 9.51 9.95 13.8

[ 18323-32 Initial 1J43 0.738 30.04 W 16.23 9.94 14.2
Stable i.F24 LU93 29.49 S^S 10,02 10.02 12,6

ji 18328-32 taitisl 1,371 0.768 28,95 9.76 9.94 8.25 14.0
Stable l.tol 0.733 202 «7 W 9,43; 13.5

pms. ar sFig w. rm rmtod
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4, SUMMARY

We have sytototaicsdly studied ths smtctural rad opikto properties of Ag/ZaO Bfe for high eiTsctew ®>
St:H .dngtojractan rad a-Si.H7ooSi:H/fJc?-Si.'K {nptajracttas solar cells. W« studied light scartering, optical loses
and lexaire effect on st>Si:H quality in four types of HR stnsmm-. fiat Ag-fom ZnO, fist Ag/foick ZaO, textured
AgdRis ZaO, ata Wured Ag/Udck ZbG. We fr«d tta when ths BR karae comes from fte Ag fey er, light «a fee
scstterto sfftotafly. When the Z®0 teyer is v«y thick, and hence texwmh M era tdss he effective at scatterthg.
Hcwever, erases' poorer a®«Si5i cptoiity which sedsees cell pcrferwswe. Affer ramprornfeijig between optical
properties and nc-Si;H quality, we found tart a substrate with tototod Ag and tan ZnO is the ben HR for tro-Ss.-H
tolar edis. Using ths iies.t Ag/ZoO BRs mid improved material quality and device design, v?c achieved an
initial active-area efficiency of over 10% with Jx.: larger then 29 mA/coR. We tarn achieved 14,5% initial and L>.5%
sfebte raforcrara efiSdracy wita «4&:W»<>SitH/hc»SfriH &ipfe~jtatsit>n solar «Us>
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Abstract

Surface studies and microstructure fabrication

using femtosecond laser pulses

Advisor: Eric Mazur Author: Rebecca Jane Younkin

In the first of the two experiments described in this thesis, we constructed and

characterized an apparatus for performing ultrafast surface spectroscopy on Pt (111).

A combination of an optical parametric amplifier and a difference frequency genera­

tion stage allow us to create optical pulses with wavelengths in the range 550 nm—7.3

and pulsewidths of approximately 100 fs. We also developed methods for using

the infrared output of this apparatus in infrared-visible sum-frequency generation at

a Pt-vacuum interface. Our attempts to time-resolve a chemical reaction taking place

at this interface were unsuccessful because of power limitations, but the techniques

that we developed should be applicable in related experiments.

In the second series of experiments, we created arrays of conical microstructures

on the surface of silicon by irradiating a silicon wafer with trains of ultrashort pulses in

the presence of an ambient gas. The microstructures are typically tens of micrometers

high and separated by several micrometers. We showed that the morphology of the

structures is highly dependent on the species of ambient gas, the gas pressure, the

laser fluence, and the number of laser pulses used. The sharpest structures are made

in halogen-containing gases, such as SF6 or CI2. The use of N2 or air results in blunt,

rounded structures.

In this thesis, I discuss the application of these silicon microstructures in opto­

electronics and vacuum microelectronics. I note that surfaces covered with these

microstructures have striking optical properties: structures made in SFr absorb ap­

proximately 90% of incident light with wavelengths between 250 nm and 2.5 p.rn. The
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Abstract. iv

sharp conical structures also show high field-emission current. The remarkable and

potentially useful optical and field-emitting properties of the structures are the result

of the conical morphology of the laser-induced microstructures and the impurities

introduced into the silicon during irradiation.
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Chapter 1

Introduction and Overview

Researchers in science and technology now have available to them a unique tool for

observing processes that take place with femtosecond timescales and for creating novel

nonlinear interactions with matter: ultrashort laser pulses. This thesis presents two

sets of experiments that use this tool. The first set of experiments employs ultrashort

pulses in an attempt to time-resolve a chemical reaction taking place on a surface

(chapter 2). The second set of experiments uses the high peak intensity of the pulses

to permanently modify a silicon surface, creating surface features with a number of

remarkable and potentially useful properties (chapters 3, 4, and 5).

Chapter 2 addresses the construction and characterization of an apparatus for

ultrafast spectroscopy of adsorbates on Pt (111). I describe the use of an optical

parametric amplifier and difference-frequency-generation stage to create coherent tun­

able radiation across the wavelength range of 550 nm-7.3 /mi. I discuss the process

of infrared-visible sum-frequency generation and outline our implementation of this

technique to try to observe a chemical reaction on the femtosecond timescale.

Chapter 3 discusses the formation of conical silicon microstructures in the pres­

ence of reactive background gases using 100-ferntosecond laser pulses. I describe

how the structures develop during irradiation and how their morphology depends

1
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Chapter 1: Introduction and Overview 2

on experimental parameters, such as the ambient gas species and the laser fluence. I

present possible mechanisms for the formation of these structures and proposes future

experiments that could resolve the actual mechanism at work.

The laser-induced microstructures show great promise for use in a number of ap­

plications. Both the shapes of the conical structures and the impurities introduced

in them during fabrication contribute to the utility of these microstructures in appli­

cations in optoelectronics and vacuum microelectronics. Chapters 4 and 5 deal with

the microstructures’ physical properties that are important in these applications.

In chapter 4, I discuss the optical properties of laser-induced conical structures.

The structures show remarkably enhanced absorption of infrared radiation, relative to

unpatterned silicon. I review some of the other techniques currently used to increase

the absorptance of crystalline silicon. I then present our experiments that measure

the reflectance, transmittance, and absorptance of samples of microstructured silicon.

I discuss how the morphology and chemical composition of the structures leads to

enhanced absorptance, and give reasons for the observed variation in absorptance with

structure size and ambient gas. Finally, I discuss the future work that is necessary to

make laser-structured surfaces practical in optoelectronic devices such as solar cells

and infrared optical detectors.

Chapter 5 focuses on the field-emission properties of the conical microstructures.

I first give a short review of the theory behind field emission from metals and semi­

conductors, and then present the experiments that demonstrate that the emission

observed from the laser-induced microstructures is indeed field-emission and not, for

example, thermionic emission. I discuss some of the interesting features in the re­

sponse of the omission current to the applied bias voltage. I then identify several

applications of field-emitters in vacuum microelectronic devices and outline some

future experiments to further quantify and improve the overall performance of our

field-emitting structures.
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Chapter 1: Introduction and Overview 3

The variety of experiments presented in this thesis demonstrates the broad utility

of the femtosecond pulsed laser. While the work described here opens the door to

several new applications for ultrashort laser pulses, it also suggests that we have only

scratched the surface in exploiting this exceptional tool.
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Chapter 2

Tunable sources of infrared pulses

for ultrafast surface science

2.1 Introduction

The high peak powers and peak intensities accessible with subpicosecond-duration

pulsed lasers allow nonlinear frequency conversion techniques that greatly expand the

frequency range within which experiments can be performed. This chapter describes

the construction of a source of tunable IR pulses between wavelengths of 550 nm

and 7.3 /zni. This source combines two processes, optical parametric amplification

(OPA) and difference frequency generation (DFG). By using these two nonlinear

techniques, along with frequency doubling, as shown in Fig. 2.1, we can reach most

of the electromagnetic spectrum with wavelengths between 550 nm and 7.3 ^m. We

constructed our apparatus specifically to produce laser pulses with a wavelength of

4.9 ^m, which allowed us to access the vibrational states of adsorbates on Pt (111)

(see section 2.4).

This chapter also describes the experiments conducted using the OPA/DFG setup,

4

SIONYX1403000046.0033

SAMSUNG EX. 1002 - 1076/4148



Chapter 2: Tunable sources of infrared pulses for ultrafast surface science
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Figure 2.1: Range of wavelengths that can be obtained using each of the listed optical
processes. Laser wavenumbers and photon energies are noted on the top axis, laser
wavelength is on the bottom axis, and energy per pulse is noted along the right axis.

including the goals of those investigations and notes on some of the procedures fol­

lowed.

2.2 Optical parametric amplifier

The first frequency-modification process our laser beam undergoes is optical para­

metric amplification, in which the 800-nm fundamental beam is converted into two

beams with tuning ranges of approximately 1.1-1.45 pm and 1.8-2.9 gm.

2.2.1 Background

In optical parametric generation, a nonlinear optical crystal converts one input photon

into two output photons whose energies’ sum equals the energy of the input photon.

(“Parametric,” in this context, refers to the fact that the material returns to its

original energy state after the process; there is no net gain or loss of energy by

the crystal.) The two output photons are commonly known as the “signal” (shorter

SIONYX1403000046.0034
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Chapter 2: Tunable sources of infrared pulses for ultrafast, surface science 6

wavelength) and “idler" (longer wavelength) photons, and the input photon is referred

to as the “pump” photon. Thus, the condition for conservation of energy is:

1 | 1 1
^signal ^idler \>ump

(2-1)

This condition is satisfied, of course, by many possible pairs of signal and idler

wavelengths, so additional constraints are required to specify the particular output

pair desired. In our implementation, the constraints are provided by the wavelength

of a seed input pulse, which stimulates the creation of the signal beam, and, more

importantly, by the phase-matching conditions of the crystal. Optical parametric

amplification was first observed in KH2PO4 in 1965 [I].1 Shortly thereafter, the first

1 Optical parametric generation (OPG) refers to the general process described by eqn. 2.1. Optical
parametric amplification refers to an OPG process that is seeded by an external source, which stim­
ulates emission of “signal” photons with a particular wavelength. An optical parametric oscillator
refers to an optical cavity containing an OPG crystal; the output of the OPG process is constrained
by (.he modes of the cavity.

tunable infrared optical source based on optical parametric oscillation in LiNbO3 was

demonstrated [2], Since then, optical parametric oscillators (OPO’s) and optical para­

metric amplifiers (OPA’s) have become widely used as sources of tunable radiation.

The theory describing OPA/OPG is discussed in Byer and Herbst [3] and Yariv [4],

among others; experimental work in this area is the subject of a feature issue in J.

Opt. Soc. B [5]. The use of /3-barium borate (BBO) crystals in optical parametric

generators represents a substantial advancement [6], since their high second-order sus­

ceptibility and high damage thresholds allowed the first OPA’s with sub-picosecond

pulses. Many experiments have since taken advantage of the femtosecond-pulse out­

put of BBO OPA’s [7, 8, 9, 10, 11, 12], including instruments that generate pulses

shorter than 10 fs [13].

Our BBO-based OPA uses type-II phase matching [14], in which the polarizations

of the two output beams are orthogonal. Type-II phase matching allows higher con­

version efficiencies than type-I phase matching, in which the signal and idler have the

SIONYX1403000046.0035
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Figure 2.2: Tuning of the OPA signal output wavelength as a function of crystal
angle, assuming a pump beam at 800 mu. These values were calculated for type-II
phase matching, with the pump beam and idler polarizations extraordinary and the
signal polarization ordinary; all the beams propagate collinearly. Our crystal is cut
at 26.6°.

same polarization [9].

Figure 2.2 illustrates the phase-matching conditions that determine the tuning of

the OPA stage. Phase matching refers to the condition that the output optical wave is

in phase with the nonlinear polarization established in the crystal by the input waves.

This condition, leading to the highest output power at the desired wavelength, can

be achieved by carefully orienting the directions of propagation and polarization of

the input beams with respect to the crystal axes (see reference [14] for a thorough

discussion). Figure 2.2 shows that wavelengths between 1.1 //.m and l.G //.m are readily

achievable in our system.
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BS1800 nm pulses in

H2O
L1 WP

BBO1

BBO2

PD

to experiment
(or OFG stage)

L3
I A

I

I
TS1 |

‘ DM

I

Figure 2.3: Optical parametric amplifier used to convert radiation at 800 nm to
infrared radiation with wavelengths 1.1-1.45 pirn and 1.8-2.9 ^m. Beamsplitters BS1
and BS2 reflect approximately 10% of the 800-nm light. WP is a half-wave plate;
PBS is a polarizing beamsplitter cube. The focal lengths of the lenses are as follows:
LI, 5 cm; L2, 7.5 cm; L3, 20 cm; L4, 12.5 cm; L5, 40 cm; L6, 40 cm; L7, 7.5 cm. All
lenses are fused silica, except L6 and L7, which are uncoated CaF2- The BBO crystals
are both cut for type-II phase matching, at 26.6°. The mirror DM is an 800-nm high
reflector on CaF2 and reflects the pump light into a beamstop while passing the signal
and idler beams.

2.2.2 Experimental

Figure 2.3 shows the setup of the optical parametric amplifier. Our OPA consists of

two stages, each having one BBO crystal. The first stage creates the infrared signal

and idler pulses and the second stage amplifies them.

The laser (not shown) that is used to pump the OPA is a regeneratively amplified 
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Chapter 2: Tunable sources of infrared pulses for ultrafast surface science 9

Ti:sapphire laser, operating at a wavelength of 800 nm. The laser oscillator is built

from a Model TS kit from Kapteyn-Murnane Laboratories and is pumped with a

Coherent Verdi V-5 solid-state laser. The amplifier is pumped with a Quantronics

527 Nd:YLF laser. The maximum power output of the laser, after pulse compression,

is approximately 430 mW. with a pulse repetition rate of 1 kHz. Typical minimum

pulse durations for this system are 100 fs.

The input into the OPA apparatus is 250-300 mW of the 800-nm laser beam. A

combination of a half-wave plate (WP), a polarizing beamsplitter cube (PBS), and an

iris is used to attenuate a small fraction of the beam, selected by BS1, and rotate its

polarization by 90°. Lens LI focuses this beam into a water cell, generating white light

[15]. The white light is then focused into the first /3-barium borate (BBO) crystal,

where the infrared portion acts as the seed for optical parametric amplification. The

translation stage TS1 is used to optimize the temporal overlap between this infrared

seed pulse and the 800-nm pump pulse. Note that because of the WP and the PBS

cube, the seed and the pump have orthogonal polarizations, as required for type-II

phase matching. After collimation by lens L4, the output from the first stage of the

OPA is focused by lens L5 into the second BBO crystal, where it now acts as a seed for

the amplification stage. The pump for this amplification stage arrives via translation

stage TS2, which allows the temporal overlap between it and the infrared beam to

be maximized. A dichroic mirror on a CaF2 substrate reflects most of the 800-nm

light into a beam block; the infrared pulses pass through the dichroic mirror and can

then be directed either to various diagnostic instruments, such as a power meter or

spectrometer, or to the difference frequency generation apparatus.

To optimize the power output of the OPA at a desired wavelength we follow a

sequence of steps. First, a narrow-bandwidth optical filter, centered at the desired

signal wavelength, is placed in front of the photodiode, along with a sufficient number

of neutral density filters to avoid saturating the detector. The white-light output of 
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the water cell is checked to verify that its power output is constant (that is, not

flickering) and that its spatial mode is fairly clean (approximately TEMOo)- If the

power output is varying, or the spatial mode is moving in time, these variations are

amplified in the OPA and thus the OPA output is extremely unsteady. In order to

improve the white-light power or mode stability, the waveplate WP can be rotated to

decrease the power going into the water cell, while the iris diameter can be adjusted

to give the most constant beam profile. The first crystal BBO1 is placed such that the

focus of lens L3 falls behind the crystal, to avoid the damage that would result if the

focus were in the crystal. With the pump beam for the second crystal blocked (just

after beamsplitter BS2, for example), the power measured at the chosen wavelength

on the photodiode is optimized by adjusting both the pointing of the pump beam for

the first stage and the timing via translation stage TS1. Then, the crystal BBO1 is

also rotated and tilted slightly to find the correct phase-matching orientation to yield

the highest power output. After any repositioning of the crystal, the pump pointing

and the timing are rechecked, and the process is iterated. The output of the first stage

is then aligned such that it passes through the center of the second crystal BBO2; the

pump for the second crystal is now allowed to pass through and is focused just behind

BBO2. The pump pointing and the placement of TS2 are adjusted to maximize the

signal on the photodiode. As with the first stage, the tilt and rotation of the crystal

BBO2 are optimized and the pump pointing and timing adjusted again. The power

and spectrum of the output of the OPA are measured daily.

Narrow bandwidth filters are not always available at the desired signal wavelength;

in this event, another method must be used to ensure that each of the stages of

the OPA is optimally aligned for that wavelength. We have found two methods to

be useful for this optimization. First, a narrow bandwidth filter for a wavelength

near the desired one can be used, and the filter tilted by an appropriate, calculated

angle with respect to the beam. We have found that this technique works well for 
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tuning by approximately 15 nm or less. Alternatively, the OPA can be optimized

at a wavelength near the desired value, and its output directed through the grating

spectrometer. With a detector at the spectrometer’s output, the spectrometer can

be gradually tuned to pass the desired wavelength while the OPA’s performance is

maximized at each intermediate wavelength value. In this case, the spectrometer

essentially acts as a filter with a tunable peak wavelength and bandwidth. This

technique is preferable for wavelengths more than approximately 15 nm from the

peak wavelength of the closest filter.

2.2.3 OPA performance

Figure 2.4 shows the spectrum of the two infrared beams produced by the OPA. The

spectrum varies somewhat from experiment to experiment for two reasons. First, the

operating parameters of the laser change over time, shifting the center frequency and

spectral width of the pump laser. Second, the daily process of optimization of the

power at a given wavelength involves adjustment of the rotation and tilt of the BBO

crystals, which changes the output spectrum.

In this particular spectrum, the wavelength of the signal peaked at 1380 nm and

the idler at 1950 nm. Note that the frequencies of these two beams sum to 3.7 x 1014

Hz, which corresponds to a wavelength of 808 nm; the spectrum of the initial pump

beam shows that it is centered at approximately 800 nm but still has a substantial

portion of light at 808 nm. Figure 2.5 summarizes spectra analogous to Fig. 2.4

taken over a number of days. The wavelength of the idler component is plotted as

a function of the wavelength of the signal beam. The triangles represent measured

values of peak wavelengths, and the curves show calculated values based on three

different pump wavelengths, 790 uni, 805 nm, and 820 nm. With a few exceptions,

the measured values fall within the range corresponding to pump wavelengths of

790-820 nm, which is roughly the range of the measured pump spectrum.
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Figure 2.4: Spectrum of output generated by optical parametric amplifier.

Our OPA is most efficient for signal wavelengths in the range of roughly 1.3-1.4

which corresponds to idler wavelengths of approximately 1.9-2.1 pm. Figure

2.6, shows the output power of the OPA (signal plus idler beams) as a function of

the wavelength of the signal beam. The peak in efficiency near 1.3-1.4 pm is due,

most likely, to the fact that the BBO crystals are cut for optimum phase matching of

processes with output wavelengths in this range.

We have measured the duration of the infrared signal pulses using autocorrelation

based on second-harmonic generation in a BBO crystal cut for SHG at A = 1300 nm

[16, 17]. The autocorrelation trace, along with an autocorrelation trace for the 800-nm

pump beam, is shown in Fig. 2.7. From pump pulses with a width of approximately

100 fs, we obtain signal pulses with a comparable width at the half-maximum point,
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Figure 2.5: Measured peak wavelength of the idler beam vs. measured peak wave­
length of the signal. The curves show calculated values of the idler wavelength as a
function of signal wavelength, calculated for three different values of the wavelength
of the pump beam.

but a slightly broader base. We expect that the idler pulsewidth is approximately

equal to that of the signal because they are created in the same process.

2.3 Difference frequency generation

To produce photons with energies further into the infrared, the output of the OPA is

used as the input to a second frequency conversion apparatus, a difference frequency

generation (DFG) stage.
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Figure 2.6: Output power of the OPA (signal and idler beams combined) vs. wave­
length of the signal. The dashed curve is included as a guide to the eye. The different
points at a given wavelength correspond to measurements taken on different days, with
slightly different operating parameters of the laser and somewhat different alignment
of the OPA components.

2.3.1 Background

In the DFG stage, both of the OPA’s output beams (the signal and idler) are directed

into a nonlinear crystal; light is then produced in the crystal at a frequency equal to

the difference between the frequency of the signal and that of the idler. This is called

difference frequency generation and occurs via absorption of a signal photon, followed

by stimulated emission of a photon with the same frequency as the idler beam. To

conserve energy, a “difference photon” must also be emitted, so a new component,
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Figure 2.7: Autocorrelations of the (a) pump and (b) signal beams. The signal is not
significantly broadened relative to the 100-fs pump pulses.

with wavelength Xdfg is created, where:

1 1 1
(2-2)

Xgignal Xidler XjJpQ

Difference-frequency generation was first observed by Smith and Braslau in 1962

[18]. DFG between the signal and idler beams of an OPA or OPG stage has subse­

quently become a popular technique for generating radiation in the 6-12-jim wave­

length region [19, 20, 21, 22, 23, 24, 25].

The construction of our instrument was influenced most strongly by Golubovic

and Reed [24], who investigated type-1 and type-II phase matching in AgGaS2- They

report continuous tuning in the range of 2.4-12 p.m, pulse durations of less than 50

fs, and maximum pulse energies of roughly 24 nJ. It should be noted, however, that

some of the parameters of their output pulses, namely the wavelength and pulse du­

ration, were inferred from their signal and idler inputs. The DFG output wavelength

is calculated from the signal and idler center wavelengths, using conservation of en­

ergy and assuming that all the output power was at the difference frequency. The

duration of the output pulses is determined from the cross-correlation of the signal

and idler pulses; the duration of the cross-correlation pulse is 48 fs. We suspect, 
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however, that this experiment may have unknowingly suffered from some of the same

difficulties we faced in tuning the DFG output (see sections 2.3.2 and 2.3.3 below),

so a direct comparison between their reported results and our measured results may

not be warranted.

Recently, another group [25] has demonstrated tenfold greater output energy us­

ing a similar DFG apparatus, compared to the results of reference [24]. They have

shown that pulses with energies as high as 9 /xJ can be created in a HgGa2S4 crystal

using signal and idler pulses with energies of 43 /xJ and 30 /xJ, respectively. They

have also found that the use of the HgGa2S4 crystal in their apparatus gives mid­

infrared conversion efficiencies approximately 20% higher than those obtained using

AgGaS2- The duration of their DFG output pulses is roughly 200 fs, as determined

by cross-correlation using sum-frequency generation. Because the data reported in

[25] are measured directly and because this group has obtained the highest conversion

efficiency to date, this work represents the best example of what should be achievable

using DFG between the signal and idler outputs of an OPA.

Figure 2.8 shows the calculated wavelengths of the output beams (both idler and

difference) from the DFG stage, as a function of the wavelength of the signal, assuming

that the pump beam has a wavelength of 805 nm. Note that with a range of signal

inputs ^signal = 1.1-1.45 gm, and corresponding idlers, the DFG stage should generate

wavelengths Xdfg = 1-7-7.5 /mi.

2.3.2 Experimental

A schematic diagram of the apparatus used for difference frequency generation be­

tween the two output beams of the OPA is shown in Fig. 2.9. The signal and idler

beams enter collinearly via a polarization-rotating periscope, then are separated using
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Figure 2.8: Calculated wavelengths of idler and difference beams vs. signal wave­
length, assuming a pump wavelength of 805 nm.

the dichroic mirror DM12. The signal and idler are then independently directed to

2We are grateful to Murray K. Reed and the Coherent Laser Group, Coherent Inc., for the
generous donation of the set of dichroic mirrors.

3The detector has a. peak in its detectivity (D* — 1011 crnHz1'/2/W) at approximately A = 5.3/tm,
and the detection efficiency falls by approximately one order of magnitude for each additional 500

the focusing lens, which focuses both just behind the difference-frequency generating

crystal. Care must be taken not to focus the beams directly at the surface of the crys­

tal or significant damage occurs from the 800-nm component that copropagates with

the signal and possibly with the idler. The crystal is mounted on a rotatable kine­

matic mount so that it can be optimally placed for good phase matching of the desired

wavelength components. We measure the DFG output power using a liquid-nitrogen

cooled Hamamatsu P5172 InSb detector.3 * * After optimization and power measure-
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to experiment

L1

DM2

TS I

idler
DM1

▼ signal

signal and idler
from OPA

Figure 2.9: Apparatus used for difference frequency generation between the two out­
put beams of the optical parametric amplifier. LI is an uncoated CaF2 lens with
focal length 100 mm; L2 is a CaFa lens with focal length 100 mm. and a broadband
anti-reflection coating centered at 3.5 pm. The dichroic mirrors, DM1 and DM2, pass
wavelengths in the range of the signal and reflect wavelengths in the range of the
idler, separating the two beams.

nm at longer wavelengths. The useful wavelength range for this detector is l-fi /nn, making it much
more sensitive in the infrared than our pyroelectric detectors.
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ment, the output of the DFG stage can then be characterized with a spectrometer or

it can be directed into the experiment.

We have found that when operating the DFG apparatus, it is critical to use a

narrow-bandwidth optical filter or grating monochromator between the DFG stage

and the power meter. This filter selects the desired wavelength before we adjust the

optics to maximize the power output. One cannot simply assume that the output of

the stage will necessarily be at the difference frequency between the center-frequencies

of the signal and idler. Each of the signal and idler are sufficiently spectrally broad

that components of their spectra can mix in the crystal to give a broad range of

frequencies. Furthermore, nonlinear processes other than DFG can occur, so that if

the optical components are aligned within the apparatus simply to maximize power

output, without using an optical filter or grating monochromator, the resulting output

is not necessarily at the difference frequency expected.

2.3.3 DFG characterization

Our apparatus can generate difference frequencies using a number of different non­

linear crystals. Specifically, we have tried LHO3 (LIO) and AgGaSj (AGS) crystals.

The spectrum of the output of the DFG stage, when the LIO crystal is used, is shown

in Fig. 2.10. With the AGS crystal, the output spectrum shown in Fig. 2.11 is gener­

ated. We obtained higher power outputs and wider frequency spectra with the AGS

crystal and thus used it for the experiments described below.

The pulsewidth of the infrared output of the DFG is measured with a cross­

correlation with 800-nm 100-fs pump pulses using sum-frequency generation in the

LIO crystal. The cross-correlation trace is shown in Fig. 2.12. A fit to a sech2 curve

gives a full-width at the half-maximum (FWHM) of 220 fs, which implies a 180-fs

FWHM for the DFG output [26].
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Figure 2.10: Spectrum of the output of the DFG stage using a LIO crystal.

2.4 Application to surface science

We constructed the OPA/DFG apparatus to enable us to perform time-resolved non­

linear optical studies of adsorbates on Pt (111). Specifically, our initial goal was to

observe the reaction of CO with O2 on a Pt surface; we therefore designed the optical

instrumentation so that the output pulses of the DFG stage would be resonant with

the stretch of the CO molecule. We hoped to use sum-frequency generation between

the DFG output in the infrared at XDFG = 4.9 /im and the pump beam at Xpump = 800

nm as a means for detecting CO present on a Pt (111) surface. Our intention was to

initiate a reaction between adsorbed CO and O2 using an ultrashort pulse, and then

probe the surface for the presence (or absence) of CO or another species, such as CO2,
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Figure 2.11: Spectrum of the output of the DFG stage using an AGS crystal.

using resonant infrared-visible sum-frequency generation (IR-VIS SFG) generated in

a short pulse following the initial pulse by a short, controlled time. This section

briefly describes the design of that experiment and explains the procedure followed

to obtain the proper alignment and timing of the relevant pulses.

Although our experiment was ultimately unsuccessful because we lacked sufficient

power to generate a signal that would be observable with our detectors, many of the

techniques we developed and used can be applied to other, similar experiments.
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Figure 2.12: Cross-correlation trace of the output of the DFG stage with the 800-nm
pump pulse, using SFG in the LIO crystal. The data are fit to a sech2 profile.

2.4.1 Background

Sum-frequency generation was first observed in 19G2 [27], just a few months after

(and inspired by) the observation of the first nonlinear frequency conversion process,

second harmonic generation [28]. In this first experiment, the two frequencies being

mixed were produced by two separate ruby lasers, whose wavelengths differed by only

1 nm. The sum-frequency generation (SFG) process, however, is broadly applicable,

not just to closely spaced frequencies; it is currently commonly used for frequency up-

conversion [29], for the generation of tunable visible and ultraviolet radiation [14], and

for spectroscopy [30]. Here I describe the mixing between one beam in the infrared

and one in the visible, generating an output beam that is also in the visible.
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Figure 2.13: Schematic of the sum-frequency generation process; (a) SFG can only
occur in materials with a non-zero (b) the dashed levels can be real or virtual
states.

SFG is shown schematically in Fig. 2.13. The states in Fig. 2.13 can either be real

states or virtual states. Because sum-frequency generation (SFG) is a second-order

nonlinear effect, it does not take place in the bulk of materials that possess inversion

symmetry [14]. It is thus a surface-specific process for a material such as crystalline

Pt, which is centrosymmetric. We can exploit this surface-sensitivity in investigations

of adsorbates on Pt (111); the SFG signal is produced entirely by the Pt surface and

any adsorbates.

To detect only the SFG signal from the reacting adsorbates, optical resonances

of these molecules can be used. SFG can be made very species-sensitive if one of

the two frequencies being mixed is tuned to be resonant with either an electronic or

vibrational state of a molecule. Here, we tune the infrared beam uq to be resonant

with a vibrational transition in the CO molecule adsorbed on Pt (111). The existence

of this resonance enhances the second-order optical susceptibility x^ and thus the

production of the sum-frequency radiation increases. We expect that the resonant

contribution from the adsorbate CO could be made much larger than the nonresonant

contribution from the Pt surface, and thus our SFG signal should be largely due to

the CO adsorbate.
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The first infrared-visible sum-frequency generation (IR-VIS SFG) experiment mea­

sured the vibrational spectrum of a monolayer of coumarin-504 molecules on the

surface of fused quartz. This investigation used a visible Nd:YAG laser with a fixed

wavelength and a tunable infrared CO2 laser, both generating pulses with nanosecond

durations [30]. Many later experiments exploited the tuning capabilities of OPA’s for

similar experiments. In 1993, the infrared output of a DFG stage was used in an

IR-VIS SFG study of an air/binary liquid interface [31]. The pulse durations in this

experiment were 15-20 ps. Our experiment differs from these earlier studies in that

our pulses were sufficiently short (100 fs) to obtain time-resolved information about

a reaction taking place on a surface.

2.4.2 Apparatus

The setup for using IR-VIS SFG for the detection of surface species combined our

OPA/DFG stages with an ultrahigh vacuum chamber, as is shown schematically in

Fig. 2.14.

Ultrahigh-vacuum chamber

The ultrahigh-vacuum chamber incorporates a wide range of surface preparation and

analysis apparatus. It was designed by Walter Mieher and others and is described

extensively elsewhere [32], Briefly, the chamber is equipped with a turbo pump, an ion

pump, and a Ti sublimation pump, which together evacuate the chamber to a typical

operating pressure of 10”1 10“10 torr. Instruments for Auger electron spectrometry

and low-energy electron diffraction allow us to characterize our Pt crystal. Valves

permit the addition of gases, such as neon or O2, for cleaning purposes, and an ion

gun can be used for sputtering the crystal surface. The chamber is also equipped

with two capillary-array dosers for adding adsorbates to the Pt surface. A mass

spectrometer is used in temperature-programmed desorption studies, to verify the
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Figure 2.14: Setup for infrared-visible sum-frequency generation at a CO-covered Pt
(111) surface. Dashed lines show components or beams that are not always present;
inset illustrates three possible diagnostic setups used when mirror M2 is in place. See
text for further details.
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cleanliness of our Pt sample or to assess the coverage of adsorbates.

The 10-mm-diaineter sample of crystalline Pt, cut to expose the (111) surface, is

mounted on a temperature-controlled manipulation stage with 3-dimensional trans­

lational and rotational control. The sample is typically kept at a temperature of

approximately 90K, except during cleaning procedures (see section 2.4.5 below).

Optical setup

The mid-infrared beam at A = 4.9/zm is taken from the output of the DFG stage.

Mirror Ml can be inserted into the path so that the beam can be sent to the grating

monochromator. The power output of the monochromator is measured with an InSb

infrared detector (not shown). The SFG’s "visible” pump beam at A = 800 nm is

separated from the main 800-nm beam before the OPA stage.

The pump beam and the output from the DFG stage are directed via periscopes

(labelled PS) into the UHV chamber and on to the Pt (111) surface. The pump beam

is delayed via a translation stage so that the pump pulses can arrive at the Pt crystal

simultaneously with the DFG pules. An anti-reflection coated CaF2 lens focuses both

beams onto the crystal.

Mirror M2 can be inserted to intercept the focusing beams and direct them through

a CaF2 window, W, to one of three possible diagnostic apparatuses. Diagnostic

#1 consists of a pinhole with a diameter of approximately 100 /rm and an InSb

infrared detector. Diagnostic #2 features a lithium iodate (LIO) crystal, 3-mm thick,

and a white card for imaging. In diagnostic #3, a GaAs crystal, two irises and

a photomultiplier tube, labelled PMT, are used. Diagnostic #1 is used to achieve

rough spatial overlap between the visible and infrared beam; the overlap is improved

using sum-frequency generation in diagnostics #2 and #3, as described below.

In the absence of mirror M2, the infrared and visible beams pass into the vacuum

chamber through a CaF2 window and focus on the Pt (111) surface. The reflected 
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beams, as well as any SFG beam, exit the chamber through a different window. The

two reflected beams are blocked by irises, but any beam passing between them (such

as the SFG beam) is focused onto the photomultiplier tube, the output of which is

amplified and then displayed on an oscilloscope.

2.4.3 Alignment procedures for experiments in vacuum

Irises are first placed on the table to define parallel beam paths to lens LI, so that the

infrared and visible beams will focus to the same point. Although the pump beam

can be aligned onto the various optical components using only an IR-sensitive card

or viewer, the DFG output beam is too far into the infrared to be visible with either

cards or viewers. However, if the OPA and the DFG stage have all been aligned

properly, such that the seed and pump in each crystal are collinear, there should

be an 800-nm component, as well as some light at the signal and idler wavelengths,

travelling collinearly with the DFG output. The first step in aligning the DFG output

is therefore to align the shorter-wavelength signal beam along the path the DFG

output is meant to follow.

For a more careful alignment, mirror M2 is inserted, along with the diagnostic

setup #1 shown in Fig. 2.14. The pinhole is placed where the focus of the two beams

is assumed to be, and the transmission of the 800-nm and 4.9-/rm beams through

the pinhole, as measured on the InSb detector, is maximized. When mirror M2 is

removed, the two beams will focus at the same point somewhere inside the chamber.

The focus cannot be imaged on the Pt crystal itself, since the Pt is too well-polished

for any scatter of the beams to be seen. Instead, we position the sample holder so that

the tantalum support just next to the Pt sample is at the focal point. The sample

mount can then be moved in the direction transverse to the beams’ propagation so

that the Pt surface is at the focal point.
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2.4.4 Overlapping the infrared and visible pulses in time

It is critical that the two input pulses for SFG arrive simultaneously, and because the

surface signal from the CO monolayer in vacuum was expected to be very small, we did

not anticipate being able to adjust the timing by looking for this signal to appear. We

developed an alternate technique that allowed us to set the timing correctly outside

the chamber.

In the first step, the signal beam, which is at Xsfg — l-4/.im and is copropagating

with the DFG beam, is aligned to overlap spatially with the 800-nm pump, as de­

scribed above in section 2.4.3. Leaving mirror M2 in place, diagnostic setup #2, as

shown in Fig. 2.14 is added. The LIO crystal, mounted on a rotation stage, is care­

fully positioned at the focus of the two beams, and a plain white card is held behind

it. A window of CaF2, W, with the same thickness as the vacuum window is placed in

the beam paths to mimic the effect of the window. By iterating slight changes in the

position of the translation stage TS and the orientation of the crystal, we are able to

produce sum-frequency generation inside the LIO. The SFG beam due to the signal

and the 800-nm pump is at approximately Xsfg = 510 nm and thus is easily seen

by eye. When SFG is produced, the timing is quite close. The DFG output is then

aligned such that its focus overlaps the 800-nm beam’s focus, as described in section

2.4.3, and SFG between the 4.9-/im IR beam and the 800-nm pump is observed in

the LIO bulk. We adjust the position of the translation stage to maximize the SFG

signal at approximately Xsfg ~ 088 nm.

In order to further improve the overlap of the two pulses in time and space, such

that the probability of detecting a surface signal is maximized, we then use diagnostic

setup 3. In this configuration, the LIO crystal is replaced with a small piece of GaAs,

positioned so that the focus of the two beams is on the polished front surface of the

GaAs. We then use two irises to block the reflected 800-nm and 4.9-/.tm light, and 
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detect the SFG coming off the surface. Very small adjustments in the pointing of the

beams and the timing are made in order to maximize the SFG signal. Because there

is no contribution to the SFG from the GaAs bulk, the signal comes entirely from the

surface. This gives us a way to maximize the overlap of the two beams in both the

transverse and longitudinal directions, such that the overlap at the surface is highest.

We can then remove mirror M2 and allow the overlapping beams to hit the Pt (111)

surface in vacuum.

As discussed above in section 2.4.1, SFG is not possible in centrosymmetric ma­

terials such as Pt. Thus, we do not see a signal from the Pt bulk. With sufficiently

high input powers, however, we can see an SFG signal from the Pt (111) surface.

We are limited in the power of our input beams by two factors. First, we must keep

the fluence low enough that we do not damage the Pt crystal itself (approximately 1

nij/mrn2). Second, and most importantly, we must keep the fluence below the des­

orption threshold. For experiments involving CO adsorbed on Pt (111) the desorption

threshold is 10 /r.J/mm2. For alignment purposes, we illuminate the crystal with the

maximum output infrared power obtainable with the signal from the OPA, as well

as all the residual 800-nm radiation we have available. The fluence in this case is

below the damage threshold for Pt, but above the CO-desorption threshold. We can

then use the observed SFG off of the clean Pt in vacuum to help us to more carefully

position the beams, as well as the sample, to maximize the detected SFG signal. In

addition to now replacing the signal beam with the 4.9 pm infrared beam, the power

in the 800-mn beam must then be attenuated before attempting to see SFG off of the

CO-covered surface.

2.4.5 Preparation of the CO/Pt(lll) surface

Prior to CO adsorption, the Pt (111) surface must be carefully cleaned. The surface

is cleaned following a routine procedure consisting of: (1) annealing in 5 x IO-8 torr 
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of O2 for 5 minutes at 1000K . (2) sputtering with neon ions for 10 minutes at 600K,

(3) annealing in vacuum for 5 minutes at HOOK, (4) annealing in 5 x 10”8 torr of O2

for 10 minutes at 500K, and (5) annealing in vacuum for 6 seconds at 1100K.4

4Annealing in oxygen is necessary for the removal of contaminants such as silicon and carbon.
Sputtering is used to dislodge these oxidized contaminants, as well as other impurities present at the
surface. Annealing in vacuum can eliminate some of the structural defects caused by the sputtering.
This procedure has previously been found to produce a clean surface, as judged with temperature
programmed desorption of oxygen [33].

The clean sample is dosed with CO through a 12-mm diameter tube, less than

5 mm from the Pt sample face. We dosed to saturation coverage, as verified with a

temperature programmed desorption.

2.4.6 Results of experimental trials

Despite our ability to observe IR-VIS SFG between 800-nm and 1.3-/xm light on clean

Pt (111) in the vacuum chamber, we were never able to detect enough signal from

the mid-IR beam and the CO-covered Pt surface to make this experiment viable.

Our main limitation was that the incident powers necessary to produce an observable

signal were sufficient to desorb the CO from the surface.

We compared the output SFG signal we obtained on the clean Pt surface from the

signal and pump beams with the signal we would expect to produce with the 4.9-/nm

mid-IR beam and the attenuated pump beam. With the highest SFG signal we could

generate between 1.3-//m and 800-nm light, we began adding neutral-density filters to

the paths of both the visible and infrared beams. Taking into consideration that we

expected a resonant enhancement of at least a factor of 10-100 in the SFG output for

the portion of the infrared beam within the band of the CO-stretch, we demonstrated

that decreasing our input powers to the levels that would be necessary for doing this

experiment led to an output SFG that was below what we could detect.
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2.4.7 Future work

This experiment was limited by the total infrared output we were able to obtain from

the OPA/DFG stage. It is important to note that the intensity of the SFG output

light that would be created by the CO layer is dependent on the product of the

intensity of the infrared beam and the intensity of the visible beam. In our case, the

visible beam is at least 3 orders of magnitude more intense than the infrared beam.

The damage of the surface or the desorption of CO, however, depends on the sum of

the two intensities, which in this case is approximately equal to the intensity of the

visible component. Thus, if we limit the fluence of the visible beam to a level just

below the desorption threshold, we could, in principle, increase the SFG signal by

increasing the infrared fluence.

Possible avenues for increasing the infrared light output by the DFG setup include

implementing some of the recommendations in reference [25]. It is also possible that

an improvement in the detection scheme would be beneficial. A cooled detector or

perhaps lock-in detection might be helpful in the effort to reduce the noise to below

the detected SFG output level.

We have also considered using a molecule other than CO for the first, proof-

of-principle experiment. If a molecule could be found with a larger and with

a resonance within the range of the tuning of our infrared source, a larger output

signal might also be generated. It may then be possible to observe the time-resolved

dynamics of a reaction between adsorbates using IR-VIS SFG.
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Chapter 3

Formation of silicon

microstructures

3.1 Introduction

We observe that irradation of silicon by subpicosecond-duration laser pulses in the

presence of halogen-containing ambient gases leads to the formation of micron-scale

conical structures on the surface of the silicon (see Fig. 3.1) [34, 35, 36, 37]. The

microstructures develop upon irradiation with hundreds of pulses and form without

the use of masks. We have also created silicon microstructures in the presence of 100-fs

laser pulses and non-halogen-containing gases, such as N2 or air, but these structures

tend to be less conical and more blunt and irregular in shape. Similar structures have

also been created by others using longer-duration pulses and a variety of background

gases [38, 39, 40, 41, 42, 43].

In this chapter I describe the apparatus used and procedure followed to form

microstructures on the surface of silicon using 100-fs laser pulses. The experimental

information contained here also pertains to the microstructured samples described

32
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20 |im 4 pm

Figure 3.1: Conical silicon microstructures made by irradiating a silicon surface with a
train of 100-fs pulses in the presence of 500 torr of SFg. Scanning electron micrographs
at two different magnifications are shown.

in later chapters. I discuss the development of the microstructures over time during

formation, and we present some possible explanations for the shapes of the structures.

I also describe the variation in morphology of the microstructures with ambient gas

species and laser fluence.

3.2 Background

Structures similar to those we fabricated can be formed using a variety of maskless

processes. For example, rippled patterns and “sputter cones” are formed by ion bom­

bardment of surfaces [44]. Structures with both one- and two-dimensional periodicity

also form on surfaces under irradiation with nanosecond- or picosecond-duration laser

pulses [45]. Understanding the formation of these other patterns may help in eluci­

dating the mechanisms responsible for the creation of conical structures on silicon

irradiated with femtosecond laser pulses in the presence of reactive background gases.

Specifically, in this section we hope to use what is known about structures made using 
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other techniques to help us answer the following questions: What is the origin of the

typical periodicity of our structures? What is the effect of using an ultrashort laser

pulse, as compared with a longer-duration pulse? What is the role of the ambient

gas and the role of the plasma formed by the laser? Are the cones formed purely

by material removal or are growth processes also involved? What is the origin of the

rounded tip seen on some of the cones? What is the origin of the submicrometer-scale

features along the walls of some cones? These questions will be addressed in section

3.9 as well.

3.2.1 Structures formed with ion-bombardment

Solid surfaces can develop a wide range of topological features upon bombardment

with ions. Some of the most frequently observed features include etching pits, droplets,

ripples, cones, pyramids, and whiskers. The theory describing the formation of these

features is currently incomplete: no single model predicts the features that form un­

der the full range of possible parameters such as surface species, crystal orientation,

sputtering ion, and beam energy [44], An exhaustive description of the theories devel­

oped to explain various surface modifications is thus beyond the scope of this thesis;

however, a brief discussion of some of the most relevant work is offered.

Periodic ripple patterns

Ion bombardment has often been observed to cause a ripple-like pattern on solid

surfaces. Typical periodicities of these features are 0.01-1 gm. Generally, this phe­

nomenon is an undesirable side-effect of etching or planarization processes and much

attention has been devoted to minimizing such surface ripples. It has been suggested,

however, that the surface patterning that results from ion bombardment could have

practical applications in making diffraction gratings [46] or in texturing optical de­

vices. such as solar cells, or templates for heteroepitaxial growth [47].
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The standard theoretical treatment of sputter rippling has sought to explain the

typical wavelengths of the observed ripples, as well as their dependence on sputtering

parameters such as the flux of the ion beam and the angle of incidence of the beam

with respect to the surface normal. Bradley and Harper [46] attribute the rippling to

a combination of ion-induced surface roughening, which makes the surface unstable

against sinusoidal perturbations, and surface self-diffusion. The rate of material re­

moval by sputtering varies proportionately with the local curvature of the surface in

such a way that troughs erode faster than crests[46, 48]; sputtering therefore tends to

increase the amplitude of all periodic surface perturbations. Self-diffusion, which is

temperature-dependent, then acts to counteract the roughening effect and determines

the resulting wavelength of the surface structure. This model predicts that ripples

form parallel to the ion beam’s direction for grazing incidence and perpendicular for

angles close to normal [46]. Later work modified this theory to help describe the

evolution of surface structures for long sputtering times [47]. Limits to the ultimate

sizes of the ripples are explained by a physical mechanism called “terrace pinch off”

[47]. In this mechanism, thermal fluctuations at the horizontal boundaries near a

ripple’s crest can lead the boundaries to intersect and “pinch off,” particularly near

a curve in the ripple; the relaxation of the resulting islands limits the ripple’s height.

Ripples have been found to form or not form depending sensitively on details of

the given experiment. Ripples have been observed on a wide variety of materials,

including amorphous insulators, such as SiOa [49]; metals, including Cu [50] and Ag

[51]; and semiconductors, including Ge [52] and Si [53, 54, 55]. Noble gas ions are

the most common species used for sputtering, and ripples have been made in silicon

using Ar+ [53, 47] and Xe+. Other studies have shown, however, that beams of Ar+

with different operating parameters do not create ripples [56], and Ne+ and Ar+ can

also be used to smooth out rough or rippled surfaces [57]. Bombardment of silicon

with oxygen ions has been shown to form surface ripples [55]; however, irradiation of
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silicon surfaces with silicon ions does not [58]. These experiments illustrate that fairly

small changes in experimental parameters can have substantially different effects on

the modifications to the surface. The reasons for some of these differences are not

currently known.

Sputter cones

Cones have been formed on a wide variety of materials under many sputtering con­

ditions. 1

One of the most commonly observed cone-formation mechanisms is the etching

of material around impurity islands: the formation of so-called seed cones. In this

case, the surface on which the cones are to be formed is bombarded with ions in the

presence of another material, the sputtering of which introduces impurities into the

cone surface. For example, cones on the order of 1 pm in size are formed on silicon

sputtered with 3 keV Ar+ ions in the presence of a Ni [59] or Mo [60] wire, which

acts as the seed source. The impurity atoms seed the cone formation if they have a

higher melting point or a lower sputter yield than the surrounding surface [44]. As

the impurity atoms accumulate, they can form clusters as the surrounding material

sputters away. The resulting protrusion on the surface forms the initial top of the

cone. A cone then results as the sputter yield depends on the angle of the ion beam

with respect to the local normal. The cones point in the direction of the incoming

ion beam and generally decrease in size as the seed material is etched away, provided

there is not a continuous source of impurities.

Seeding is not necessary for the formation of cones; one group has found that

the formation of cones on their silicon surfaces upon bombardment with 30 keV Ar+

ions is independent of the presence of high-melting-point W seed atoms [61]. Even

in these cases, the dependence of the sputter yield on the ion-impinging angle is

Tor a summary of some of the diverse experimental results, see [44] and references therein. 
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typically thought to be a major contributor to the formation of the sloped sides of

the cones [62]. Cone formation is often affected by the sample temperature, implying

that the mobility of surface atoms is important, and that growth, as well as etching,

is taking place [44], Cones are typically surrounded by shallow trenches or grooves,

due to enhanced sputtering by the ions reflected off the walls of the cones or by atoms

sputtered off of the sides of the cones [62].

Other microstructures

Pyramids, somewhat similar to cones, form on some surfaces upon ion bombardment.

Their distinguishing features are that they do not protrude above the initial surface

of the substrate, their sides are specific crystal facets, and they are not generally

thought to be the result of any seed process or growth mechanism [44].

Formations described as “whiskers” also grow upon ion bombardment, but they

do not appear to align themselves either with particular crystal planes, as is the case

with pyramids, or with the direction of the incident beam, as is the case with cones

[62]. The whiskers have been described as forming the basis for cone growth, however

[62], but this may occur only in isolated cases, where these cones serve the same

function as the clusters of seed impurities described above [44].

3.2.2 Vapor-liquid-solid growth of silicon whiskers

The vapor-liquid-solid (VLS) method is frequently used for the growth of whisker-like

structures, particularly in SiC [63]. The VLS technique was first discovered in 1964

by Wagner and Ellis [64], and is the topic of a review by Wagner [65].

The basic process for VLS whisker growth is as follows [63]. The substrate is cov­

ered with a layer of catalyst particles, which are then melted to form catalyst droplets.

A gas containing the species from which the whiskers will be composed is passed over

the catalyst droplets, which extract the whisker species. The droplet of catalyst can 
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become supersaturated with the whisker species, such that they precipitate out of the

catalyst droplet to form a long, thin, crystalline “whisker” on the substrate, capped

with the spherical catalyst droplet. This technique can be used for both compound

and elemental whiskers, and the catalyst must be chosen depending on the species.

The mechanism of whisker growth by VLS is believed to be [66]: (1) Vapor-phase

whisker material is transported to the vapor-liquid interface at the surface of the

droplet of molten alloy catalyst; generally the gaseous species flows over the catalyst

at high pressure. (2) Chemical reaction between the whisker species and the catalyst

material occurs at the interface; the molten droplet of catalyst provides sites that are

preferred for deposition, relative to sites on a solid; the reaction occurs more readily

on the surface of the liquid than in the vapor phase. (3) The whisker species dissolves

into the liquid alloy droplet. (4) Precipitation of the whisker species at the liquid­

solid interface is facilitated by the catalyst droplet; the alloy reduces the activation

energy and the surface of the droplet provides a preferred path for surface diffusion.

The morphology of whiskers depends very sensitively on experimental parameters

[65]. Typical size scales for whiskers formed using VLS are on the order of 1 — 100/zm

in diameter, and up to 10 mm in length, depending on the chemical composition

of the whisker. With the proper choice of catalyst, whiskers can be grown along

a preferential direction. Gold is a commonly used catalyst, for example, to grow

oriented silicon whiskers along the (111) direction.

3.2.3 Laser interactions with solids

In the interaction of a laser beam with a solid, damage or modification of the solid

surface or bulk may occur in two ways: as a result of the deposition of large amounts

of energy, in the form of heat, or as a result of the plasma that can form in an intense

laser field. This damage is often an unintentional result, as in many of the earliest

observations of these effects, when ruby lasers were seen to damage some of the optical 
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elements with which they were used. There have also been many advances, however,

in the deliberate use of such damaging processes for laser cutting, welding, etching,

or other machining uses. The processing of solid materials with lasers has developed

into a vibrant field, and a number of excellent texts exist [67, 68, 69, 70].

Melting and ablation

Two of the most commonly observed damage mechanisms for solid surfaces are

melting and ablation. The nature of the surface damage and its extent depend sen­

sitively on the material (for example, its transparence or opacity, and its thermo­

dynamic properties) and on the parameters of the laser radiation, such as the pulse

duration and the wavelength. Here I consider the specific case of the melting and/or

ablation of a solid silicon surface with ultrashort laser pulses with duration of approx­

imately 100 fs. This case has been recently explored, both theoretically and experi­

mentally, by Cavalleri et al. [71] and references therein. A more detailed discussion of

laser-induced ablation and melting in the regimes relevant to our experiment is also

given in Wu [37] and references therein.

Cavalleri et al. describe four distinct fluence intervals, in which different physical

effects dominate [71]: (1) Below 1.5 kj/m2, the sample does not melt; photoexcited

carriers relax via carrier-carrier and carrier-phonon scattering. Most of the absorbed

energy is transferred to the lattice in the form of heating, on the timescale of pi­

coseconds. (2) For fluences greater than 1.5 kJ/m2, the lattice reaches temperatures

exceeding the melting temperature of silicon, 1685 K, and a molten liquid layer de­

velops. (3) Higher fluences can induce ultrafast, non-thermal melting, wherein the

lattice melts on a timescale (approximately 1 ps) shorter than the equilibration time.

(4) Above 300 k.J/m2, the ablation threshold, substantial material removal occurs

from the surface and ablation damage becomes observable.
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Laser-assisted chemical etching

It has been shown that many chemical reactions between etchants, both in gaseous and

solution form, and solid surfaces can be initiated or enhanced by laser irradiation.2 A

2See reviews by Chuang [72, 73] and Ehrlich et. al. [74], and references therein.

wide variety of surface species have been etched with laser-induced chemical etching,

including semiconductors, metals, insulators, magnetic and ceramic materials, and

organic polymers [72]. The discussion here is restricted to the processing of silicon.

In the cases of laser-induced etching of silicon surfaces by gaseous reactants, the most

studied etchants are halogen-containing compounds, including CI2, SFq, and XeF2

R.
There are a number of possible ways that laser-assisted chemical etching can take

place. Consider the example of SFc-etching of silicon surfaces. At room temperature,

SFg and silicon do not react; however, heating to approximately 1000°C initiates a

thermal reaction [75]. Thus, laser heating alone could, in principle, drive the process.

A plasma of SFg also readily etches silicon; in fact, plasmas of halogen-containing

compounds, including SF6, Cl2, C12/C2F6, and C1F3, are some of the most commonly

used dry etches for silicon [76]. When intense femtosecond laser pulses are used, the

components of the resulting plasma, especially the halogen ions and radicals, etch

the silicon. The expected products are the same as the volatile products formed in

conventional reactive ion etching: SiF4 is the prevalent product for etching silicon

with fluorine ions [76].

One also expects that excitation of the gas molecules or the substrate by the laser

can increase their reactivity. In studies of silicon irradiated with 50 ns infrared (A =

9-11 ;tm) pulses from a CO2 laser in the presence of SFg, the vibrationally excited

SFg molecules are very reactive with solid silicon [77, 78]. The dominant products

of this reaction are SiF4 and SF4. Etching results because of the volatility of the

SiF4 product. Furthermore, the reaction of excited SFJ with silicon is enhanced if 
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the silicon is irradiated with laser light, in addition to just the radiation required

for vibrational excitation of the gas molecules. This suggests that direct excitation

of the substrate, perhaps followed by thermal activation, enhances the reaction [72].

Following etching with SF£ molecules, the silicon surface is covered with a fluorinated

layer, similar to SF2, suggesting a possible intermediate [78], The proposed reactions

proceed as follows [78]:

SiF2(ads) + SiF2(ads) Si + SiF4(ads) (3.1)

SiF4(ads) —> SiF4(g)f (3.2)

The SiF2 can be formed in a number of ways, as discussed above, including through

the vibrationally excited SF£ chemisorbed on the silicon surface [78]:

SF;(g) + Si(s) —-> SFg —Si(ads) (3.3)

SF*-Si(ads)  —SiF2(ads) + SF4(g) ? (3.4)

It is also likely that the vibrationally excited SFg reacts directly with the fluorinated

adsorbate [78]:

SF*(g)  + SiF2(ads) —> SiF4(ads) + SF4(g) ? (3.5)

In the reaction of silicon with Cl2, 10 ns excimer laser pulses (A = 308 nm and

248 nm) induce etching, yielding Si, SiCl, SiCl2, and SiCly as the dominant reaction

products [79]. The proposed mechanism involves Cl2 dissociatively adsorbed on the

silicon surface. The resulting SiCl layer then absorbs the radiation and thermal

desorption results. Because these experiments were done at a low pressure (IO-6 -

IO-4 torr), dissociation of gaseous Cl2 was neglected; dissociated Cl contributes to the

etching at higher background pressures, however [80]. It was found that the roughness

of the surface has a significant impact on the etching rate, thus all experiments were

performed on a roughened surface to maximize the reaction rate.
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Generation of particulates

The formation of particulates with sizes on the order of 10 nm to 1 gm is a com­

mon occurence during laser ablation and is generally considered a nuisance in the

attempts to create thin films with pulsed laser deposition (see the review by Chen

[81], and references therein). Particulates have been produced by Lubben et. al. upon

the irradiation of silicon and germanium targets with 15 ns excimer laser pulses [82],

According to the authors, particulate formation is a result of superheating of the

subsurface region before the vaporization temperature is reached at the surface. The

particles, approximately 1 gm in size, are collected on a substrate oriented opposite

the target, along with ions and neutrals that are evaporated off the target during

the laser irradiation. In these experiments, most of the material transferred from the

target to the substrate is in the form of ions or neutral atoms, rather than as partic­

ulates; furthermore, the velocity of the particulates in the chamber is much smaller

than that of the emitted ions and atoms. The number of particulates accumulating

on the substrate is also substantially decreased (factor of 5) when the substrate is

biased with a negative voltage: evidently, the particles accumulate a negative charge

as a result of their transit through the plasma near the target surface [82].

3.2.4 Laser-induced periodic structures

Laser-induced pattern formation on the surface of a solid was first seen when ruby

laser irradiation caused a ripple or groove structure to develop on Ge [83]. In this

process, the structures formed on the surfaces show a characteristic period that is

smaller than the spot size of the laser and larger than the wavelength of the radia­

tion used; the pattern forms spontaneously without the use of masks. The rippling

phenomenon was later seen on a variety of materials, including metals, semicon­

ductors, and dielectrics, under a wide range of laser irradiation conditions. These 
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laser-induced periodic surface structures are the subject of a theoretical treatment by

Young, et. al. [84].

The formation of cones under laser irradation was seen on the surface of AI2O3

[85]. These first conical structures were attributed, like the early ripple patterns,

to diffraction effects in the laser beam. Later, cones were shown to form in a wide

variety of materials [45]. Foltyn, in [45], notes that in the majority of the cases, the

cones “are formed as surrounding material is removed by successive laser pulses, and

as a result of this erosional formation process, they grow in length as laser exposure

increases, and they point in the direction of incoming laser radiation.” Furthermore,

it is seen that, for laser spots with Gaussian intensity profiles, the laser-induced cones

often form in the central portion of the spot, and ripples form around the periphery,

indicating that the morphology of the surface modification is dependent on, among

other factors, the laser intensity.

Conical structures have been formed on silicon and germanium after irradiation

in vacuum with 100-400-fs pulses at a wavelength of 248 nm [86]. The cones grow

in height and their separation becomes larger with successive pulses. One interest­

ing effect noticed in this experiment is that the structures formed are substantially

“improved” when the sample is electrically grounded during irradiation: the area

of damage outside the irradiated region is decreased by about half relative to that

when the sample is electrically isolated. The authors also note that they believe that

reflective focusing of the laser light off of the sides of the cones leads to an increase

in intensity by an order of magnitude at the base of the structures, relative to their

peaks, assuming that the radius of the cones increases threefold from the peak to the

base. They assert that this increase in intensity, for their operating parameters, loads

to non-thermal ejection of material from the cavities between cones [86].
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3.3 Apparatus

Figure 3.2 shows the apparatus that we used for texturing the surface of silicon

samples.

The vacuum system in which the silicon is microstructured is constructed primar­

ily of 2 3/4” Conflat hardware. An Edwards two-stage roughing pump, filled with

Fomblin oil, is used to pump the chamber to a pressure of approximately IO-4 torr.

Two gauges can be used to measure the pressure: the diaphragm gauge for high

pressures (1 torr and above), and the convectron gauge for lower pressures (10 torr -

10-4 torr). Any of a variety of different background gases can be admitted into the

chamber via a gas-handling system made of stainless steel tubing. The silicon sample,

typically 10 mm x 10 mm, is mounted using conductive carbon tape to a stainless

steel rod, which is supported in vacuum by a flange mounted to a Huntington stage

with two orthogonal directions of translation. The stage is driven by two motorized,

computer-controlled actuators. The sample is positioned approximately 10 mm from

a quartz window with a diameter of approximately 70 mm.

The laser used is a regeneratively amplified Ti:sapphire laser, with a wavelength

of 800 nm, a typical pulse duration of 100 fs, and a repetition rate of 1kHz. The

optical apparatus consists of mirrors to direct the laser beam into the chamber and

a focusing lens. A white-light fiber lamp illuminates the surface of the silicon sample

during laser irradiation. The white light reflected off the silicon is collected by a

CCD camera, so that an image of the silicon surface and any patterned regions can

be displayed on a monitor.
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Figure 3.2: Apparatus for creating microstructures on the surface of silicon using
100-fs laser pulses in the presence of a background gas. The optical setup includes
components for directing and focusing the beam onto the silicon sample as well as an
imaging apparatus.
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3.4 Procedure for making microstructured silicon

The silicon samples that are used in our microstructuring studies are typically cut

from 3- or 4-inch wafers3 into 10 mm x 10 mm squares. They are soaked in a bath

3Data shown here are for n-Si (111), 260 pm thick, with resistivity p = 8-12 firn. Microstructures
also form on silicon surfaces in other orientations or with different dopant levels.

of trichloroethylene for 15 minutes, then cleaned in an ultrasonic cleaner, first for

10 minutes in acetone and then for 10 minutes in methanol. They are rinsed with

methanol and dried with air if they are to be used immediately. Otherwise, the

cleaned samples are stored in a covered beaker of methanol for future use.

To pattern a sample, a square piece of silicon is mounted into the chamber after

the chamber’s window is cleaned by wiping it with a lint-free cloth and acetone or,

when necessary, by scrubbing it with a cloth and a suspension of alumina in water.

Care must be taken to mount the sample such that its edges are parallel to the

direction of the translation of the vacuum xy-translation stage; this insures that the

entire sample can be accessed using the translation stage. The chamber is evacuated

to a base pressure of about IO”4 torr, and the desired background gas is admitted.

Typically a gas pressure of 500 torr is used, although lower pressures were occasionally

used in studies of the effects of different partial pressures on the morphology of the

resulting microstructures (see section 3.7.2).

The laser is aligned so that it is incident normal to the silicon sample. The laser

spot size is measured using the following steps. A mirror is inserted via a flipper

mount between the focusing mirror and the window on the vacuum chamber. A CCD

camera is placed such that the path from the focusing lens to the CCD is equal in

length to the path from the focusing lens to the sample (see Fig. 3.2). The size of the

laser spot on the CCD is measured and the position of the focusing lens is adjusted

to give the desired spot size. The spot size at the sample is then equal to the size

measured on the CCD. For most experiments, a laser spot diameter of approximately 
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150 pm is used.

The laser power is measured directly in front of the chamber window. Typical

powers are 300 mW, although the power can be varied, along with the beam size

and pulse duration, to change the characteristics of the microstructures formed. The

typical fluence is therefore 10 kJ/m2.

The laser beam is allowed to pass into the chamber and the dark spot left on the

sample as a result of the laser-assisted texturing is visible on the imaging monitor.

Exposures can either be spot exposures, where the sample is not translated during

irradiation and a given spot is exposed to a specific number of laser pulses (generally

500 or fewer), or they can be large area exposures, where the vacuum translation

stage is used to raster the sample across the laser beam such that the sample can

be irradiated in closely-spaced rows, achieving a rectangular patterned area of up to

10 mm x 10 mm. The translation speed for the stage is typically 100-300 pm/sec,

with a row spacing of 50-75 pm, depending on the size of the desired structrures. For

samples that will be used in optical studies, the patterned area is generally 10 mm x

10 mm, and for field-emission studies, the patterned area is generally 2 mm x 2 mm,

or 3 mm x 3 mm.

Following the laser-induced microstructuring, we typically do not perform addi­

tional processing steps on our samples. We consider this a positive aspect of our

technique: the process consists of very few steps.

3.5 Evolution of microstructures during laser irra­

diation

Figure 3.3 shows scanning electron micrographs (SEM) of 4 different spots irradiated

with varying numbers of pulses in a background of 500 torr of SFf,. After each spot has

been exposed to just a few pulses, small pits are visible on the surface, accompanied
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10 p.m

100 pulses

450 pulses

Figure 3.3: SEM images of microstructures formed in a background of 500 torr of SFg
upon irradiation with the given number of pulses.

by bits of debris. After roughly ten pulses, a ripple-like pattern develops, with a

characteristic separation of a few micrometers. As the number of pulses increases,

the one-dimensional pattern changes to a two-dimensional pattern of small bumps

with rounded tips. Beyond approximately 100 pulses, these microstructures increase

in height as the surrounding material is etched away. At 450 pulses, as shown in

Fig. 3.3, the structures are separated by several micrometers and are typically more

than 10 /im high.

We see that the laser-induced cones grow in height when they are exposed to

increasing number of pulses, as surrounding material is removed, in agreement with

Foltyn’s reports [45]. Cleavage of the silicon sample on which the structures are

formed, and viewing from the side shows that the tips of the structures are all be-
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Figure 3.4: Scanning electron micrograph of silicon microstructures made in air by
irradiating silicon with 500 pulses, with 245 mJ per pulse, without translating the
laser beam. Note the ripple-like structure around the periphery of the patterned area.

low the original height of the flat surface. This suggests that etching, rather than

deposition, is the primary means of cone formation.

We also observe that the cones point in the direction of the incoming laser. When

microstructures are formed with the laser aligned at various angles to the normal of

the surface, the cone orientation is determined solely by the wavevector of the laser

and not by the crystal orientation of the silicon wafer or by the surface orientation.

Additionally, we see, as in other cases [45], that exposures to beams with Gaussian

profiles leads to the formation of roughly circular areas of tall conical structures, with

smaller bumps surrounding the tall cones, and ripples reminiscent of laser induced

periodic surface structures around the exterior (see Fig. 3.4).

The microstructures on samples made with large-area exposures, rather than 
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single-spot exposures, typically have a similar overall conical shape to those formed

after 450 shots and shown in Fig. 3.3. They do, however, generally show greater

nanometer-scale roughness along the sides of the cones. The origin of this surface

roughness is not known but may be due to debris accumulating on formed cones as

a nearby region is irradiated. The structures made in large-area exposures (see, for

example, Fig. 3.5a) also typically lack the spherical tip seen on the ends of cones

made with spot-exposures, like those shown in Fig. 3.3, formed with 450 pulses in

SF6.

3.6 Properties of microstructures

We investigated the chemical and structural properties of microstructured silicon us­

ing a number of techniques [36], Previous studies using secondary ion mass spectrome­

try (SIMS) have shown that microstructures made in SF6 contain a high concentration

of both sulfur (one part in 103) and fluorine (one part in 106). Both the sulfur and

fluorine concentrations are highest just below the surface and decrease with depth

into the sample. Annealing in vacuum for 3 hours at 1200 K decreases the sulfur and

fluorine signals in SIMS by a factor of approximately 2. The structural properties of

the textured surfaces were examined with electron backscattering and ion channel­

ing: both methods indicate that the microstructures crystalline but most likely have

a high density of defects. The crystalline structure is not changed after the sample is

annealed in vacuum for 3 hours at 1200 K.

We also performed a temperature-programmed desorption (TPD) study of a 10 mm x 10 mm

sample of microstructures formed in SF6. The procedure for TPD studies with our

apparatus is described in detail elsewhere [87, 33]. Briefly, the sample is clamped to

a resistive heater within a vacuum chamber with a base pressure of 10-11-10~10 torr.

The sample is placed approximately 10 mm from the entrance aperture for a UTI 
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quadrupole mass spectrometer, which measures the concentration of desorbed species

with various masses as the temperature of the sample is increased.

Because of the high concentration of S observed in SIMS, we tuned the mass

spectrometer to detect species with a mass of 32 atomic mass units (amu) during the

TPD. We also tuned to detect Fl (19 amu), Si (28 amu), C (12 amu), and 0 (16

amu).4 Species with a mass of 104 amu, corresponding to SiF4, were also included in

4 Atomic oxygen was included because any mass 32 detected could be either atomic S or molecular
C>2- Detecting atomic O should help distinguish the two. Carbon was included to help us distinguish
the quantity of mass 28 that was due to Si from that due to CO.

the TPD, as one possible volatile compound that could be created upon heating.

The TPD covered the temperature range 100-1100 K. The major components

desorbed were masses 28 amu, 12 amu, and 16 amu, corresponding, most likely, to

CO, C, and O. We expect the CO signal is probably due to CO that adsorbs on the

sample during exposure to atmosphere or CO present in the vacuum chamber. We

are not able to detect any sulfur that is clearly distinguishable from the effects of

the CO signal saturating the detector. We do however, see a peak corresponding to

the desorption of fluorine at approximately 500 K. Furthermore, there is a broad but

very large 28-amu peak at 750 — 1000 K, which is not accompanied by corresponding

carbon or oxygen peaks. This may be silicon, or it could be N2.

The TPD results are interesting because they provide information about the sur­

face composition that was not available from SIMS alone. We are currently further

pursuing these TPD studies. We would like to try again to detect S on the surface,

as well as to understand the origin of the CO signal.
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Figure 3.5: SEM images of microstructures formed in four different ambient gases:
(a) SF6, (b) Cl2, (c) N2, and (d) air.

3.7 Dependence of morphology on ambient gas

species

The morphology of the laser-induced silicon microstructures depends on the gas in

which they are formed. We investigated, specifically, the effects of two halogen­

containing gases, SF6 and Cl2, as well as N2 and air. Figure 3.5 shows SEM images

of 4 samples of microstructures, each formed in a different ambient gas, at a pressure

of 500 torr. The laser and translation parameters in each case were chosen to give

microstructures with heights of approximately 10-15 /im.
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3.7.1 Shapes of microstructures

Use of SFg or Cl2 leads to sharp-tipped conical structures with a radius of curvature

of approximately 500 inn. The cones made in SFg have more surface roughness than

those prepared in Cl2. The dendritic formations on the SFg-formed cone surface have

a characteristic length scale of 100-200 nm.

Structures made in air or N2 are much more rounded than those made in the

halogen-containing gases; the radius of curvature of their tips is approximately 2-

3 /rm. Additionally, the structures made in air show substantial surface roughness

compared to the N2-prepared structures. This roughness appears less dendritic than

the roughness on the SFg-prepared cones.

We also examined the dependence of the shapes of the structures on the partial

pressures of the background gases. With no reactive background gas present, the

chamber pressure is roughly 10~4 torr during the laser irradiation. Under these con­

ditions, rounded structures similar to the blunt structures formed in 500 torr of N2

develop. As the pressure of a reactive background gas, such as Cl2 or SFg, is increased,

the structures become sharper and more conical. For all pressures of Cl2 up to 500

torr, the cones show very little surface roughness; for cones made in SFg, however,

increased pressure leads to an increase in the rounghness along the sides of the cones.

3.7.2 Microstructure number density

The number density of conical structures on the surface also depends on the ambient

gas species, with higher densities achieved using halogen-containing gases. Surfaces

prepared with SFg give the greatest number density, followed by Cl2. The number

densities produced with N2 and air are approximately equal and are roughly a factor

of two less than for the SFg-prepared surfaces.

We investigated the variation of the number density of the microstructures with 
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the partial pressure of the ambient gas. For both SF(> and CI2, we measured the num­

ber density of the structures for surfaces patterned in either the halogen-containing

gas alone or in a mixture of the halogen-containing gas and N2. We made spot sam­

ples of microstructures in background pressures of 0-500 torr of the reactive halogen­

containing gas. We then made similar spot samples while varying the partial pressure

of the halogen-containing gas, but keeping the total pressure constant at 500 torr by

adding N2.5

5Gases are admitted through valves in the gas-handling system. For spot exposures with a
constant total pressure of 500 torr and different partial pressures of the halogen-containing gas, the
chamber is evacuated between exposures. The desired partial pressure of the halogen-containing gas
is admitted, followed by N2 to bring the total pressure to 500 torr.

Figure 3.6 shows the number of conical microstructures formed within a circle of

diameter 100 pm for the various gas parameters. The number density is measured

by examining a scanning electron micrograph of the spot sample. The number of

structures within the 100-/mi-diameter circle for each SEM micrograph is counted by

hand. Each data point represents an average over four samples, with a typical range

of 30-40 counts, made with the same gas parameters.

In the cases of both SFg and CI2, the number density of microstructures increases

with the partial pressure of the reactive gas. A plateau is reached in each case; the

maximum number density is reached at roughly 100 torr of CI2, or 400 torr of SFg. For

both gases, the exposures done with N2 added to increase the total pressure to 500 torr

yield slightly higher number densities, but this effect is small. We conclude from this

that collisions of etching reactants or accumulating products with the background gas

play a role in determining the microstructure shape. Collisions could act to confine

reactive species close to the Si surface or could direct Si-rich products back onto the

developing conical structures.
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Figure 3.6: Dependence of number of conical structures formed in a circular area
with diameter 100 //m on partial pressure of reactive gases (a) SF6 and (b) CI2.
The hollow markers refer to processing in the halogen-containing gas alone; the filled
markers refer to samples processed in the indicated partial pressure of the gas, but
with added N2, to give a total background pressure of 500 torr.7
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3.8 Microstructures formed with low fluence

Previous work has demonstrated the relationship between intensity and microstruc­

ture height for spots irradiated with a fixed number (500) of pulses [88]. In these

experiments, samples were irradiated with laser pulses with Gaussian intensity pro­

files and high fluence (10 kJ/m2). The size of the microstructures as a function

of their distance from the center of the Gaussian profile reveals the dependence of

microstructure size on laser intensity.

We further investigated the effects of intensity by creating samples of microstruc­

tures using low-energy pulses (approximately 1 kJ/m2 or less at the center of the

laser spot). We prepared a wide variety of samples in vacuum, N2, and air, with a

range of pulse energies and numbers of shots. Figure 3.7 shows SEM images of four

samples made upon irradiation with low-energy pulses. The laser spot was approxi­

mately 150 pm in diameter; the repetition rate of the laser was 1 kHz. In order to

induce structures on the silicon surface that are visible under SEM with the pulse

energies used (25 or 40 //J per pulse), it was necessary to use more than the 500

pulses normally used. Figure 3.7a shows the structures that result from an exposure

to 2000 40-/1.J pulses in vacuum. The surface has a distinctly rippled appearance; the

period is roughly 1 pm. For lower pulse energies in vacuum, longer exposures are

necessary in order to pattern an area comparable to that shown in the micrograph.

Figure 3.7b shows a spot irradiated with 10° 25-/rJ pulses in vacuum. The rippling

pattern seen with larger fluences is still present, but the period here is approximately

300 nm. Low-fluence exposures made in the presence of background gases show the

creation of the dendritic nanoscale particles that are seen to accumulate on the sides

of some of the microstructures made with higher fluence. A spot exposed to 2000 25-

pj pulses in the presence of 500 torr N2 is shown in Fig. 3.7c. Ripples with a period

of several hundred nm arc formed, as well as clusters of nanoparticlcs, which show
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Figure 3.7: SEM images of 4 spot samples made with low-fluence exposures: (a)
irradiated with 2000 pulses, 40 //,.! per pulse, vacuum (1()~3 torr); (b) 105 pulses, 25
pj per pulse, vacuum; (c) 120 pulses, 25 /zJ per pulse, 500 torr N2; (d) 105 pulses,
25 /zJ per pulse, 500 torr air. All four images were taken at normal electron-beam
incidence.

up in the micrograph as bright features. In the presence of 500 torr of air, exposure

to 105 25-/zJ pulses leads to the formation of many more of these clusters, as shown

in Fig. 3.7d. Rippling is faintly visible underneath the clusters of nanoparticles, but

the clusters are clearly the dominant feature here.

3.9 Discussion

One of the most significant open questions related to the silicon microstructures

induced with femtosecond laser pulses is the mechanism by which such features are 
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formed. This mechanism should explain not just the formation of the cones, but

the dependence of their shapes, sizes, and separation on such parameters as ambient

gas, laser pulse duration and fluence, and other parameters. We can refer to the

mechanisms already put forth for the formation of similar structures using other

techniques (see section 3.2) for clues as to the possible processes taking place.

3.9.1 Formation mechanisms

In attempting to elucidate the mechanism for subpicosecond laser-induced microstruc­

ture formation, we can compare them to similarly shaped features formed by other

groups using nanosecond pulse irradiation [38, 39, 40, 41, 42, 43, 89, 90]. Of work

done regarding cone-formation mechanisms, this work most closely resembles ours in

terms of the experimental parameters and the structures formed.

Experiments in other groups using nanosecond laser pulses and various background

gases have lead to the creation of column-shaped structures, the tips of which pro­

trude above the height of the original surface8 [39, 41, 43]. This observation strongly

8The evidence for the protrusion of the silicon microstructures above the surface, in these cases,
comes from profilometry scans over several mm. It is unclear whether the authors compensated
for the tendency of uncalibratcd profilometers to show curvature where none exists. Furthermore,
profilometry data may also show the curvature of the wafer, particularly when scans are performed
over large areas, as in this experiment. Extraction of quantitative conclusions from this profdotnetry
data should perhaps be done with caution.

suggests that some sort of redeposition process is present during the formation with

nanosecond pulses; ablation and material removal alone could clearly not explain such

protrusions. The authors of that work state that several competing processes take

place simultaneously: ablation, chemical-assisted etching, melting, and redeposition.

The redeposition mechanism is hypothesized to be essentially the same as that in

VLS whisker growth (see section 3.2.2). In the work by Pedraza et. al. [39, 42, 41],

Lowndes et. al. [40], Fowlkes et. al. [43], and Sanchez et. al. [89, 90], the comparison

of the silicon microstructure formation mechanism to VLS growth is strengthened by 
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the similarity in appearance of the laser-formed structures to the VLS whiskers: both

kinds of structures are capped with an essentially spherical tip, and there is often a

groove seen between the spherical tip and the rest of the column or cone.

The nearly spherical tips of cones made by repeatedly irradiating the same spot

on the sample without translating the laser beam have been explained as the result of

the resolidification of a molten droplet. Some authors have described similar spher­

ical features, formed with ns pulses and observed without the underlying cone, as

“emerging [liquid] material in isolated points,” and have named them “mushrooms”

[90]. These droplets appear on the tips of columns that protrude tens of microns

above the original silicon surface and thus have been attributed to “hydrodynamical”

growth, rather than to material removal [89]. The spherical tips are not just seen on

silicon, but were first reported on gold irradiated in air with ns pulses and were de­

scribed as droplets in the process of being emitted from the molten surface [91]. The

presence of resolidified molten droplets at the tips of our silicon microstructures opens

the possibility that a VLS growth mechanism, like that seen for nanosecond-duration

pulses, is at work in our experiments with fs pulses as well.

Because the reactants and products present in our femtosecond-pulse experiments

are most likely the same as those present during microstructure formation with

nanosecond pulses and because the structures made in the two processes show many

qualitative similarities, we believe a similar set of processes are probably present in

the formation of our microstructures as are seen in the formation of structures using

nanosecond-duration pulses. It seems clear, however, that the balance between these

processes is different in the case of femtosecond-pulse irradiation than in the case of

nanosecond-pulse irradiation. For example, the fact that the structures made with

femtosecond pulses have not been seen to protrude above the surrounding silicon sur­

face suggests that ablation or removal of silicon by chemical etching, in this case, is

dominant over redeposition.
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Table 3.1: Boiling points of compounds produced in etching of Si.

Gas SiH4 SiF4 Si2H6 SiHCl3 SiCl4 Si2OCl6 Si2Cl6

BP (° C) -111.6 -95.7 -15 31.7 56.7 135.5 147

3.9.2 Effects of ambient gas

Etching properties of gases used

SFg and CI2 are routinely used, among other halogen-containing compounds, in a wide

variety of dry etching processes for several reasons. First, compounds of silicon and

chlorine or fluorine are among the most volatile silicon compounds: listed in Table 3.1

are some of the compounds created in the etching of silicon, along with their boiling

points [76].

As discussed previously in section 3.9.2, the halogen-containing gases have been

used in laser-assisted etching in previous work. In our experiments there is a very

clear qualitative difference between microstructures formed in the halogen-containing

gases and those made in air or N2: only in the halogen-containing gases are sharp

conical structures formed. We hypothesize that strong laser-assisted chemical etching

is necessary for the creation of sharp cones, whereas the blunt and rounded structures

formed in N2 and air may be the result of ablation and melting processes alone.

Dendritic nanoscale features

The nanoscale roughness on the sides of the structures also depends on the ambient

gas used. For samples that display roughness on the sides of the cones a heavy etching

plume is visible during laser irradiation. The material that composes the plume coats

not only the microstructures but also the unpatterned area of the silicon sample,

the sample holder, and the vacuum window. We collected and analyzed some of the
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**

Figure 3.8: SEM image of debris collected from etching plume during the creation
of silicon microstructures in SF6. Note the protrusion of dendritic formation off the
edge of the silicon sample used for collection (right side).

redeposited material that accumulates on the inside of the chamber. Figure 3.8 shows

an SEM image of the corner of a flat silicon sample that was placed in the chamber

along the inside of the window (see Fig. 3.2) during the preparation of a sample of

conical microstructures in SFg. The figure shows many small granules, with a size of

approximately 100 nm. Along the right edge of the sample, a dendritic structure has

also formed; it protrudes more than 1 pm off the edge of the silicon.

There is a high density of these granules deposited on non-irradiated areas of

the sample, adjacent to the laser-irradiated regions, with the number of granules

decreasing with distance from the laser spot. The granules are readily removed with

wiping or rinsing with solvents. The nanoscale roughness on the sides of the cones

can also be substantially reduced with cleaning, especially using an ultrasonic cleaner; 
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the overall shape of the underlying cone, however, remains intact.

Given that the collected material shows a size scale and typical shape that closely

resembles the nanoscale roughness on the sides of the cones formed in SFe, we conclude

that the roughness must be due to redeposited material from the etching plume.

Furthermore, the fact that the redeposited material can form into dendritic structures

more than a micrometer in size suggests that this regrowth may form a substantial

contribution to the creation of cones.

3.10 Future work

Many experiments remain to be done to elucidate the mechanism for the creation

of conical microstructures using femtosecond laser pulses. The mechanism will be

instructive not just in clarifying the underlying physics, but should also help us to

tailor our process to fabricating structures with desired characteristics, such as sharp

tips or rough or smooth sidewalls.

Recently, an in situ UV spectroscopic technique, dubbed light scattering spec­

troscopy, or LiSSp, has been used to observe the typical lengthscales of ripple pat­

terns that form during ion bombardment [92]. Features 200-2000 nm in size can be

measured with this technique [53], suggesting that it could be appropriate for in situ

observation of the periodicity of the structures that evolve under laser irradiation.

This technique might provide an efficient way to investigate the dependence of the

sizes of microstructures on factors such as laser fluence, pulse duration, or gas pa­

rameters quickly, without having to make sets of structures and then image each set

separately with electron microscopy.

To examine further the effects of non-reactive background gases, following Fig. 3.6,

a non-reactive gas with a molecular weight closer to the weight of the halogen­

containing molecule could be chosen. Specifically. Xe could be used in conjunction 
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with the reactive CI2 or SF0.

Investigations of conical structures cut to reveal cross-sections should give infor­

mation about the structure and chemical composition of the surface and interior of

the cones. Previous studies of laser cones formed on YBCO films using electron mi­

croprobe analysis have shown phase separation in the first several microns of depth

in the cones, with the interior of the cone undisturbed [93]. A similar study of our

microstructures should show the depths to which the S, O, or other impurities are

present within the cones. We are also pursuing using transmission electron microscopy

(TEM) as a means for determining the structure of the cones.9

9Cross-sectional TEM has been performed on samples of cones formed on silicon upon bombard­
ment with Ar+ ions in the presence of Mo. A focused ion-beam is used to thin the samples of cones
to make them suitable for TEM studies, which reveal the crystalline and amorphous regions within
the cones [GO]. Similar experiments should be possible with equipment available at Harvard.
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Optical Properties of

Microstructured Surfaces

4.1 Introduction

The optical properties of silicon surfaces patterned with femtosecond laser pulses

are striking. Even upon the most cursory comparison with non-irradiated Si (111)

surfaces, an increase in absorption of visible light by the patterned silicon surface

is apparent: laser irradiation changes the surface from shiny grey to matte black.

Furthermore, the absorption of not only visible but also infrared light by the patterned

surface, as well as the photocarrier production, are larger than for flat silicon.

In this chapter I describe the measurements of the optical properties of large areas

of femtosecond-laser-induced silicon microstructures. Structures formed in a variety

of gases are investigated, and the differences in properties between surfaces patterned

in the various gases are explained. Possible applications for devices fabricated using

our surface texturization technique are also discussed, along with an outline of the

future work that would be necessary to make these applications practical.

64
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4.2 Background

Crystalline silicon is the most widely used substrate in semiconductor electronic de­

vices, but its band structure limits its usefulness in optoelectronic devices. Ordinary

crystalline silicon has a band gap of 1.07 eV, corresponding to light with a wave­

length of approximately 1.1 pm. As a result, ordinary silicon does not absorb light

with wavelengths longer than 1.1 pm. This restricts the use of silicon in optoelec­

tronic devices to only those devices that detect visible light. Furthermore, flat silicon

is fairly reflective even in the visible wavelength range, limiting the sensitivity of sili­

con photodetectors and the efficiency of silicon solar cells. Increasing the wavelength

range wherein silicon devices are useful and decreasing their reflectivity in the visible

are therefore issues of technological interest, particularly given the low cost of silicon,

its ubiquity in existing electronic devices, and the wealth of knowledge that already

exists regarding silicon processing and fabrication techniques.

Surface texturing is a well-known method for reducing reflection from many types

of surfaces. Anechoic acoustic surfaces can be made this way, and naturally ocurring

textured surfaces that reduce optical reflections can be found, for example, in the

corneal lenses of some nocturnal insects [94], and on the petals of some flowers [95].

A number of surface texturization processes have been used in the past to reduce the

reflectivity of silicon to just a few percent. These include anisotropic wet etching [96,

97, 98], reactive ion etching [99, 100], electron beam lithography followed by etching

[101], and the use of porous silicon films [96, 102]. Laser-induced microstructuring of

silicon offers a technique for surface texturization that has advantages over methods

currently in use.

Reducing the reflection of visible light increases the visible absorptance of silicon,

making these surface texturing processes potentially useful for improving the efficiency

of optical devices, such as solar cells, that operate in the wavelength range A < 1.1 pm. 
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In the wavelength range A > 1.1 /mi, however, a reduction in reflectance results in an

increase in transmittance, rather than absorptance, because the bandgap ultimately

limits the absorptance of infrared radiation. In order to increase the below-band gap

absorptance of silicon, one must therefore alter the band structure of silicon, as this

method of laser irradiation does (see section 4.5.2).

Femtosecond laser irradiation of silicon in the presence of ambient gases introduces

impurities into the silicon; the presence of these impurities appears to strongly affect

the optical and optoelectronic properties of the silicon, most likely via the impurity

photovoltaic effect. The impurity photovoltaic effect refers to the intentional incor­

poration of impurities or other defects into a crystal in order to allow photocarrier

production via impurity levels within the bandgap of a semiconductor [103]. First

suggested in 1960 [104] as a means for increasing the efficiency of photovoltaic solar

cells, this technique has been investigated both theoretically [103] and experimentally

[105, 106].

4.3 Experimental

Our primary means for characterizing the optical properties of patterned silicon sam­

ples is measuring the samples’ reflectance and transmittance using a Hitachi U-4001

spectrophotometer. The setup for measuring reflectance is shown in Fig. 4.1a and for

transmittance in Fig. 4.1b.

The morphology of the microstructured silicon samples requires the use of a non­

standard detector configuration. Because the laser-patterned sides of our samples

are corrugated and the back sides are not polished, it is likely that some of the

incident light from the source in the spectrophotometer is scattered diffusely and

that' some emerges from the backs of the samples at angles other than that at which

it entered (it undergoes "diffuse transmission”). In order to detect scattered as well
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(a) photodiode output (b)

3

photodiode output

Figure 4.1: Schematic of measurements of optical properties of microstructured silicon
samples using Hitachi U-4001 spectrophotometer: (a) configuration for measuring
reflectance, (b) configuration for measuring transmittance.

as specularly reflected and transmitted light, we incorporated the detector into an

integrating sphere. The interior of the sphere is painted white so that light striking

any part of the inside of the sphere is scattered. The detector mounted on the top

of the sphere then collects the light that scatters off the inside of the sphere. For

reflectance measurements, the sphere collects all light that is reflected or scattered

from the front of the sample, and for transmittance measurements, it collects the light

that passes through the sample at any angle.

Our samples are all smaller than the open aperture of the integrating sphere,

so they must be mounted on another substrate in order to hold them in place. A

CaFj window is used as a supporting substrate because the reflectance of CaF2 is

low (approx. 6%) and the optical absorptance is negligible for the entire range of

wavelengths at which our spectrophotometer operates, 250 nm < A < 2.5 /mi. A

10 mm x 10 mm sample of microstructured silicon is mounted on the CaF2 window

using a tiny sliver (less than 1 mm on each side) of black carbon tape. As little of

the silicon is obstructed by the tape as possible. The CaF2 window is mounted in a

standard 1-inch lens mount, which is then held in place against the integrating sphere 
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with a clamp and paper tape.

For reflectance measurements (see Fig. 4.1a)., the silicon sample is placed behind

the integrating sphere. At this position, the spectrophotometer source’s beam is

almost as large as the silicon sample, so care must be taken to position the sample

properly to obtain an accurate measurement. To do this, we fix the wavelength of

the spectrophotometer source to a value in the visible using the spectrophotometer’s

grating monochrometer; the silicon sample and its supporting window are then placed

such that the sample intercepts as much of the beam as possible.

For transmittance measurements (see Fig. 4.1b), the silicon sample is placed in

front of the integrating sphere and a block of TiO2 blocks the opening at the back of

the sphere. In this position, the silicon sample can easily be placed such that all the

incident light is directed on to the sample.

We measure the reflectance and transmittance of each sample over the entire

wavelength range of the spectrophotometer, 250 nm < A < 2.5 /im. The absorptance

(A) of each sample as a function of wavelength is then calculated from the reflectance

(R) and transmittance (T) by:

A(A) = 1 - 7?(A) - T(A) (4.1)

4.4 Results

We measured the optical properties of samples of microstructures made in a variety

of conditions, as described below. The parameters influencing optical absorptance

are the heights of the microstructures and the gases in which they were formed.

4.4.1 Unmodified Si(lll)

We characterized the optical properties of flat, crystalline silicon for comparison with

our laser-irradiated samples. Reflectance and transmittance were measured for a
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Figure 4.2: Reflectance (R), transmittance (T), and absorptance (A) for both a flat,
unmodified sample of Si (111) and the supporting CaFg window alone. Note that the
absorptance of CaF-2 is < 0.01 for the wavelength range shown. The dip shown in R
and T measurements for Si at A ~ 2/zm (also appearing as a bump in A) is believed
to be an artifact of our measurement apparatus.

piece of flat, unmodified Si (111) that was cut and cleaned in the same manner as

our patterned silicon pieces (see Section 3.4). The results, along with the calculated

absorptance spectrum, are shown in Fig. 4.2. The absorptance of unmodified silicon

is roughly 0.70 for light with wavelengths between 750 nm and 950 nm. The band

edge at A = 1.1 //m is evident, and the absorptance beyond this edge drops as low as

0.08. For longer wavelengths, the absorptance increases, but it is nevertheless only

0.16 at A = 2.5 gm, at the end of our spectrophotometer’s useful range.

To demonstrate that the CaF2 window makes only a very minor contribution to
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10-12 |im1-2 p.m

Figure 4.3: Three samples laser-patterned in SFg, each with microstructures of a
different height. The height of the structures on a given sample is determined by the
laser fluence and the speed of translation of the laser spot across the sample as the
structures are formed.

the results, Fig. 4.2 also shows the reflectance, transmittance and absorptance of the

CaF2 window alone. The reflectance of the CaF2 window is approximately 0.06 for

the wavelength region shown. Because the transmittance is approximately 0.94, the

absorptance of the window is less than 0.01, or less than 1% of the incident light.

4.4.2 Surfaces patterned in SFe

We measured the optical properties of samples prepared in SFg using various trans­

lation speeds and laser fluences and thus having microstructures of various heights.

We compared the properties of samples with three different microstructure heights:

1-2 pm, 4-7 pm, and 10-12 pin (see Fig. 4.3). The reflectance spectra of these three

samples are shown in Fig. 4.4, and the transmittance spectra in Fig. 4.5. Figure 4.6

shows the absorptance of these three samples.

Even for areas patterned with the smallest microstructures, only 1-2 pm tall, the

optical absorptance over the wavelength range 250 nm < A < 2.5 pm is substantially

greater than that of flat, crystalline silicon. For wavelengths between 500 nm and

1.1 pm, the absorptance for these small microstructures is as high as 0.9. The ab­

sorptance drops at the band edge, as it does for flat silicon, but even for these longer
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Figure 4.4: Reflectance of samples prepared with three different translation speeds,
and thus having three characteristic microstructure sizes, versus wavelength. The
reflectance of flat, crystalline silicon is included for comparison.

wavelengths, A > 1.1 pm, the absorptance is greater than 0.8, or more than five times

the absorptance of the flat, crystalline silicon.

As the heights of the structures increases, so does the optical absorptance, both

below and above the band gap. For the tallest microstructures studied, with heights

of 10-12 pm, the absorptance is approximately 0.9 or greater across the entire wave­

length region investigated. This represents a remarkable increase in absorptance

compared with flat silicon, especially for infrared wavelengths 1.1 p,m < A < 2.5 p,m.
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Figure 4.5: Transmittance of samples prepared in SFg versus wavelength. The traces
for samples with microstructure heights in the range of 1-12 //.in are indistinguishable
on this scale. The transmittance of flat, crystalline silicon is included for comparison.

4.4.3 Surfaces patterned in other gases

We investigated the optical properties of microstructured silicon surfaces prepared in

a number of gases in addition to SF6.

The reflectance of samples prepared in SFg, CI2, N2, and air is shown in Fig. 4.7.

Figure 4.8 shows the transmittance of these samples. The reflectance and transmit­

tance are lowest for the structures formed in halogen-containing gases. For samples

prepared in either SFc, or C12, the reflectance and transmittance are lower than those

for flat, crystalline silicon across the entire 1.2-2.5-pm wavelength range, with the

reflectance and transmittance lowest for the surfaces prepared in SFg. Samples made
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Figure 4.6: Absorptance of samples prepared with three different translation speeds,
and thus having three characteristic microstructure sizes, versus wavelength. The
absorptance of flat, crystalline silicon is included for comparison.

in air or N2 show decreased transmittance relative to flat silicon as well as decreased

reflectance in the short-wavelength region (A < 1.5 pm for air, A < 1.77 pm for N2).

Figure 4.9 shows the absorptance of the silicon samples, as calculated from the

reflectance and transmittance, for structures made in the four gases. The drop in

reflectance is accompanied by an increase in absorptance in the visible wavelength

region for all gases used. Although samples fabricated in any of the gases show an

increase in infrared absorption over ordinary crystalline silicon, the effect is strongest

for structures formed in the presence of SF0: the absorptance is approximately 0.9

in the wavelength region 1.2-2.5 /mi. Structures made in CI2 show an absorptance
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Figure 4.7: Reflectance of samples prepared in four different ambient gases is shown
versus wavelength. The reflectance of flat, polished silicon is included for comparison.

of 0.3-0.9 in this wavelength region, while for unmodified silicon, the absorptance at

these infrared wavelengths is less than 0.2. Surfaces structured in air or N2 are less

effective absorbers than those made in halogen-containing gases in the wavelength

range A > 0.5 /tm for air and A > 1.3 gm for N2. Furthermore, they show lower

infrared absorptance than flat silicon for long wavelengths (A > 1.9 /zm for air and

A > 2.2 /mi for N2).
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Figure 4.8: Transmittance of samples prepared in four different ambient gases versus
wavelength. The transmittance of flat, polished silicon is included for comparison.

4.5 Discussion

We would like to understand why silicon patterned with femtosecond laser pulses

exhibits different optical properties than flat silicon. In particular, we are interested

in learning the role of the shape of the structures and in understanding the importance

of the ambient gas used during laser irradiation.

4.5.1 Multiple reflections

We believe that the increase in absorptance by all of the structures in the visible

(A < 1.1 /.trn) wavelength range is at least partly due to geometric factors. Simply

SIONYX1403000046.0104

SAMSUNG EX. 1002 - 1147/4148



Chapter 4’ Optical, Properties of Microstructured Surfaces 76

1.0

0.8

0.6

ocn_Q
CTJ

0.4

0.2

1 2
wavelength (|im)

Figure 4.9: Wavelength dependence of the optical absorptance of silicon surfaces
for four different ambient gases present during the microstructure formation. The
absorptance spectrum of an unmodified Si(lll) surface is included for reference. Mi­
crostructured surfaces exhibited a marked increase in absorptance above the band
edge of silicon (1.1 gm).

increasing the surface area of the silicon sample ought to provide an increase in

absorptance, as would creating structures with steep slopes along their sides, leading

to multiple reflections.

We can compare the multiple reflections in our silicon cones with the reflections in

surface structures introduced using standard etching techniques designed to produce

antireflective layers. The advantages of the steeper slopes in the laser-induced cones

are clear. Figure 4.10a shows the path followed by a ray incident normally on a

corrugated surface, such as the cones formed in SF6. This figure assumes each cone

SIONYX1403000046.0105

SAMSUNG EX. 1002 - 1148/4148



Chapter f: Optical Properties of Microstructured Surfaces 77

(a)

'42142’

2;.21

>5

6384

65
83

J5x<5''77

(b) 71

79

3146

74/
^086

Figure 4.10: Illustration of the optical path of light incident on microstructured silicon
surface: (a) Our laser-textured surfaces, with cones subtending 42°, (b) Textured
silicon surface of inverted pyramids made using anisotropic etching, after [107]. Angles
are labelled in degrees.
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subtends an angle of 42°, which is the average subtended angle for the twelve cones in

the center portion of Fig. 3.5a.1 We further assume that the textured silicon surface

‘The subtended angle of 42° is measured from the scanning electron micrograph taken at an
angle of 45° with respect to the normal. The cones are actually sharper than they appear in the
SEM from this angle, making the effect of multiple reflections even more pronounced than shown in
Fig. 4.10.

maintains the index of refraction of ordinary silicon, approximately 4 for A = 600

nm. From the figure, it is clear that each ray reflects several times off the sides of

the structures before escaping. Furthermore, once a ray enters the microstructure,

the angle for total internal reflection is approximately 14° from the local normal,

so that essentially all rays are trapped inside the cones. Figure 4.10b shows the

optical path for rays incident normally on a silicon surface with the morphology of an

array of inverted pyramids, like the structures made using anisotropic etching [107].

Such surface texturing is currently commonly used in silicon-based optoelectronic

devices for the reduction of reflections; a demonstrated reduction in the reflection of

sunlight from 35% to 10% has been reported. The subtended angle of the features in

these devices is determined by the crystalline structure of silicon: etching of a (100)

surface using NaOH reveals the (111) planes and forms internal angles of 70.5°. In

this case, an incident ray will undergo 2 reflections before leaving the surface. The

greater number of reflections in the laser-induced cones should lead to higher optical

absorption.

4.5.2 Introduction of states into the band gap

Simply changing the geometry of the surface of silicon, whether through laser pro­

cessing or more conventional means, cannot increase the absorptance of sub-band gap

radiation as dramatically as we see for laser-induced microtexturing. For samples pat­

terned in SFe, we believe states, or perhaps bands of states, have been introduced

within the silicon band gap. Sulfur is known to contribute impurity states in silicon * *
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Figure 4.11: The impurity states within the silicon band gap contributed by sulfur.
The energy of each state is noted, relative to the bottom of the conduction band
(after Janzen et, al. [108]). The wavelength scale from the top of the valence band is
given along the right side.

[108], as shown in Fig. 4.11. For high concentrations of sulfur, such states could

effectively introduce an impurity band into the gap.

In previous work in our group [3G], secondary ion mass spectrometry (SIMS) was

used to characterize the chemical species present on the surface of the cones formed

in SF6; sulfur was detected at a concentration of about 1 part in 103. After the

sample is annealed in vacuum, the sulfur signal in the SIMS measurement decreases

by approximately a factor of 2 and the small grains on the walls of the cones are no

longer present. At the same time, the absorptance in the 1.2 —2.5-p.rn range decreases

by approximately half. This result suggests that the sulfur impurities, whether in the

cones themselves or in the rough features on the walls of the cones, play a role in

inducing the particularly high absorptance of the microstructures formed in SFG.

Further evidence that the increased optical absorptance of SFo-patterned surfaces

compared with flat silicon cannot be due solely to geometrical contributions is found

on comparison of the absorptance of samples irradiated in SFg with those irradiated 
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in CI2. The microstructures are very similar in size and overall conical shape for the

two gases, but the absorptances (see Fig. 4.9) are very different in the infrared. We

attribute the infrared absorption properties, therefore, not only to geometry but also

to the presence of impurities introduced during fabrication.

For structures made in air or N2, the rounded shapes of the structures are suffi­

ciently different from the conical shapes of the microstructures made in the halogen­

containing gases that geometry, and not just the presence of different impurities, may

well influence their absorptance. Possible explanations for a geometrical contribution

to the absorptance include a dependence of the absorptance on total surface area of

the patterned silicon, as well as the number of reflections of light from the surfaces

of the structures.

4.6 Applications

Demonstration of an absorptance of approximately 0.9 across the wavelength range

250 nm < A < 2.5 pm prompts interest in using silicon microstructured in this

way to improve the efficiency, sensitivity, and wavelength-range of inexpensive sil­

icon optoelectronic devices. In order to be useful, however, the textured samples

must demonstrate that increased optical absorption leads to increased photocarrier

production, and not just to heating.

Significantly enhanced photocarrier production was recently demonstrated in our

group in microstructured silicon at infrared wavelengths near and below the band gap

[36]. Half of the light collection area of ordinary silicon avalanche photodiodes was

microstructured in SF6, and half was left unaltered. With no further processing of

the devices, the response (photocurrent) of both areas to illumination from the 1.064

pin line of a Nd:YAG pulsed laser and from a 1.310 pm diode laser (cw, chopped at

100 Hz) was measured. Illuminating the microstructured area generates a response at 
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bias voltage 500 V and higher, whereas the unstructured area shows no measurable

response for bias voltage less than 900 V. For a bias of 900 V or greater, at .both

1.064 pm and 1.310 pm, photocarrier production from the microstructured area is at

least three times that from the unstructured area. There is no detectable difference

in noise from the two areas. The increased photocarrier production relative to flat

silicon could have applications in silicon solar cells and detectors.

4.6.1 Silicon solar cells

The first silicon solar cell was demonstrated at Bell Laboratories in 1953. This device

exhibited a conversion efficiency (4%) that was approximately 5 times higher than that

for the Se solar cells that had previously been demonstrated [109]. The following year,

the first practical device was fabricated, with an efficiency of 6% [110]. Since then,

solar cells have enjoyed an expanding niche in the electrical energy business. Although

the total amount of solar power used is still small relative to the world's net energy

consumption, solar cells do show substantial advantages in a number of specialized

applications. For example, satellites in space are commonly solar-powered, as are

many ground-based signal stations, homes in rural areas, and some small consumer

electronic devices (pocket calculators, wristwatches, etc.). There is also speculation

that solar power may find applications in the growing market of the Third World

[107]. In year 2000, the photovoltaic industry increased production by 29 percent in

the United States and 39 percent worldwide [111].

The use of silicon in solar cells offers a number of advantages over other materials,

specifically, the low cost of silicon and the ability to exploit the extensive knowl­

edge base for silicon device fabrication techniques. Furthermore, photovoltaics made

from crystalline silicon exhibit excellent long-term stability [107]. In 1995, crystalline

silicon solar cells accounted for 85% of photovoltaics produced [112].2 Three ma­

2Amorphous silicon is also used in solar cells; see the review by Rech and Wagner [1 13].
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jor types of crystalline devices are common: single-crystal, cast polycrystalline, and

polycrystalline ribbon.

Much of the current work in improving solar cells is directed toward increasing

their efficiency [107, 109, 112, 114]. Loss mechanisms in solar cells are either optical

or electrical; reflection, shadowing, and poor absorption of long-wavelength radiation

comprise the reasons for optical losses [107].3 A overall efficiency of 23-24% has

been demonstrated in the laboratory; device with efficiencies of 16-18% are available

commercially [115].

Microstructuring silicon with femtosecond laser pulses could contribute several

advantages to current silicon solar cells. First, an increase in visible absorption, most

likely due to the decreased reflectance because of the surface texture, could increase

the efficiency of solar cells. Furthermore, from Fig. 4.12, it is clear that although the

bulk of solar radiation is at wavelengths shorter than 1.1 /mi, there is nevertheless

a sizable component with wavelengths further in the infrared, for the distributions

of both extraterrestrial and terrestrial radiation. The below-band gap absorption

observed for microstructured silicon should also increase the efficiency of solar cells

in the infrared.

The cost of constructing a solar array has four major components [107]: (1) land,

and land preparation, approximately 35% of the total cost, (2) module manufacturing,

including frames but not including solar cells, approximately 25%, (3) silicon wafers,

approximately 20%, and (4) processing of the silicon into a solar cell, approximately

20%). Each of these costs is roughly proportional to the area of the array. The cost

of the array is therefore approximately inversely proportional to the efficiency of the

solar cells [107], The financial incentive for increasing the efficiency of solar cells is

great, even if, as would be the case for femtosecond-laser patterning, the processing

’Shadowing refers to the fact that the effective absorbing area of a solar cell is smaller than the
actual size of the cell by about 2% due to the presence of the finger grid that makes electrical contact
with the top surface of the cell.
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Figure 4.12: Distribution of solar radiation: (a) ideal blackbody radiation at 5900K,
(b) extraterrestrial radiation, applicable to satellites, (c) terrestrial sunlight, through
an air mass 1.5 times greater than the vertical thickness of the atmosphere, corre­
sponding to the sun 41.8° above the horizon. Dips in the terrestrial curve are due to
absorption by O2, H2O, and CO2 in the atmosphere. After Goetzberger, Knobloch,
and Voss [107].

costs may be substantial.

4.6.2 Silicon photodetectors

Commercially available silicon photodetectors are sensitive in the wavelength range

200-1100 nm, corresponding to the range in which crystalline silicon is absorptive

(sec Fig. 4.2). Infrared-sensitive Schottky-barricr photodetectors based on porous 
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silicon have also been demonstrated in the laboratory; a quantum efficiency of 14.4%

has been shown at A = 1.55 /mi [116],4 The response of detectors patterned with

4 Data arc not available for the porous silicon detector beyond X = 1.7 p.m because of the limita­
tions of the measurement system [116].

laser-induced microstructures has not been measured at wavelengths longer than 1.3

pm, but the high optical absorptance for wavelengths as long as 2.5 pm suggests that

laser patterning may be useful in increasing the efficiencies of photodetectors beyond

the bandgap and perhaps beyond the useful range of porous silicon detectors.

4.7 Future Work

Surfaces textured using femtosecond pulses in the presence of reactive gases, partic­

ularly SFe, hold promise for applications in photodetectors and solar cells. There

is a great deal of work that remains to be done, however, if this technique is to be

practical for device fabrication.

First, it is important to establish with certainty the mechanism for increased

optical absorptance, both in the visible and in the infrared wavelength ranges. Our

current processing steps, while relatively straightforward, are time-consuming relative

to other steps in the fabrication of photodetectors and solar cells. If we can confirm

which parts of our process are necessary for the increased absorption, we can tailor

the technique so that we avoid any steps that are not crucial, or which contribute

time and complexity to the process out of proportion to the improvements they make.

We have already learned, for example, that while taller microstructures absorb more

visible radiation than the l-2-/tm high structures (see Fig. 4.6), the extra time taken,

a factor of approximately 4, in making the tall structures may make the smaller

structures preferable.

We are investigating the degree to which patterning in the presence of other gases

leads to enhanced photocurrent of modified versus unmodified silicon surfaces. This 
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should improve our understanding of the role that sulfur impurities play in altering

the band structure of the material (see Fig. 4.11). We are also interested in fabricating­

structures similar to our structures formed in SFe, but using a different technique, in

order to establish which characteristics of the surface enhance its optical properties.

If, for example, conical structures with similar aspect ratios and dopant levels to the

ones shown here could be made using processing tools already integrated into the

manufacturing of devices, that might be more attractive to industry than the use of

femtosecond laser systems.

Second, we are pursuing integrating our textured surfaces into established device­

manufacturing processes. For example, we are currently collaborating with a manu­

facturer of solar cells to make a prototype solar cell using our microstructured silicon.

We will compare the efficiency of the microstructured device to that of a standard

polycrystalline silicon solar cell, with or without surface texture introduced with the

standard anisotropic etching technique, in both the visible and infrared regions of

the spectrum. We will also need to determine whether, in addition to the decrease

in optical loss of patterned silicon solar cells, there might be a change in other loss

mechanisms, such as ohmic loss or recombination loss.

We would also like to investigate the degree to which processing steps that are

necessary for fabricating other portions of the device might decrease the absorptance

of a microstructured surface. For example, many processing techniques involve heat­

ing the device; as noted previously, we have established that annealing for 3 hours

at 1200 K in vacuum decreases the absorptance of patterned samples by a factor of

two. We are presently investigating the effects of heating to lower temperatures or

for shorter times.
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Chapter 5

Field emission by laser-induced

conical microstructures

5.1 Introduction

The conical silicon microstructures described in chapter 3 show great potential as field

emitters. Their sharp tips, as well as their altered work function due to introduced

impurities, give them field-emission properties that rival those of some of the best

devices currently under development. Furthermore, the technique used to fabricate

these laser-induced silicon structures is fairly simple, relative to the process used in the

creation of some other field emitters, because they do not require further processing

steps beyond laser irradiation.

In this chapter I discuss the use of conical silicon microstructures as field emitters.

I briefly review the theory of field emission from metals and from semiconductors. I

describe the apparatus and procedure for measuring the current emitted from our

structures as a function of the applied voltage and present the data from our mea­

surements. These data show certain important features, which are noted, and the data

86
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are compared with results from other types of emitters. I then suggest some further

experiments, as well as possible avenues for improving the field-emitting properties

of the laser-induced silicon microstructures.

5.2 Background

Field emission refers to the emission of electrons from a solid cathode (generally in the

shape of a sharp tip) into vacuum under the influence of a strong electric field [117].

The electric field is the result of biasing the cathode with respect to a nearby anode;

the pointed or conical shape of the cathode strongly enhances the electric field at the

tip [118]. Field emission occurs when electrons tunnel through the potential energy

barrier at the interface between the cathode and the vacuum. This is in contrast with

the more familiar phenomenon of thermionic emission, wherein electrons are emitted

from a cathode when they have sufficient thermal energy to pass over the potential

barrier.

I will review the fundamental theory describing field emission, presented in the

classic work by Gomer [117] and subsequently discussed by Schwoebel and Brodie

[119]. The reader is referred to these works for further detail.

5.2.1 Field-emission from a metal

We first consider the case of field emission from a metallic tip. The relevant energy­

level diagrams are shown in Fig. 5.1. Figure 5.1a shows the potential energy as a

function of position for an electron near a metallic surface. Within the metal, energy

states up to the Fermi energy ep are occupied. In the vacuum, the lowest accessible

level is at an energy ep + <f>, where </> is the work function of the metal. To induce

field emission, an electric field F is applied. The resulting potential energy is shown

in Fig. 5.1b. The potential energy on the vacuum side is altered by the presence of
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metal vacuum

e

-Fex

t0
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Figure 5.1: Potential energy, E, of an electron vs. position, (a) near a metal surface,
or (b) near a metal surface in the presence of an applied electric field F. The work
function is (fr, the Fermi energy is 

the field; the potential energy in the vacuum is now a linear function of distance from

the metal-vacuum interface. As the electric field is increased, the potential barrier

narrows and thus the probability of the electron tunneling from the metal to the

vacuum increases.

A qualitative understanding of the tunneling phenomenon can be gained from the

Heisenberg uncertainty principle. An electron within the metal, with a kinetic energy

of Ex due to its velocity in the ^-direction, experiences a potential barrier at the

metal-vacuum interface with height + <f> — Ex and width + <j> — Ex}/Fe. From

the uncertainty principle, for an electron to have a position uncertainty Art equal to

the width of the potential barrier, its momentum uncertainty is:

Ap > fi/A.r = heF/{f.F + </) — Ex). (5-1)

If we consider an electron with an energy near the Fermi energy, then

Ap > KeF/<j>. (5-2)

For this energy uncertainty to result in a kinetic energy that equals the barrier height, 
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the corresponding momentum uncertainty is

Ap = (2'm^)1/2. (5-3)

Setting these two expressions for Ap to be equal, the threshold condition for field

emission is:

(2m)1/2 <f>3^2
hFl (5-4)

Alternately, we can consider field emission using the semiclassical description of

tunneling due to Wentzel, Kramers, and Brillouin (WKB). The WKB theory can be

used to calculate the probability D(E, P) that an electron with potential energy P

and kinetic energy E will tunnel through a barrier extending from x = 0 to x = f:

D(E, P) = f(E, P) exp
/9m \ 1?Z2 Jcp-By,2dx (5-5)

Here, f(E, P) is an insensitive function of E and P that can generally be approxi­

mated by a constant.

Equation 5.5 can be qualitatively explained in the following way. Consider the

wave function '0 describing the electron. The probability of transmission through the

barrier is approximately equal to the ratio of the probability of finding the electron

on the right side of the barrier, at x = f., to the probability of finding the electron on

the left side, at x = 0:

(5-6)

For small distances, such that P is roughly constant,

<*)  eikx, (5-7)

where

1 1/2
(5.8)
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This implies

t/j(x + dx)/ip(x) = exp
\ ^ /

^'(^)/V;(0) = exP
The resulting transmission probability is then:

D(E, P) = exp -2G£) bp-EY^

(5-9)

(5.10)

(5.H)

The integral in Eqn. 5.11 can be approximated by the area of a triangle with a base

of £ = (ep + <j> — Ex)/Fe and a height of (ep + </> — Ex)1/2. Therefore,

DIF [ f2m\1/2 (ep + ^-^)3/2
D{E,P)=exP ~-------- (5-12)

A more rigorous calculation has been performed by Fowler and Nordheim [120],

yielding very similar results:

= + exp r 4 v2 (513)
e p + <p 6 \ nr J re

The emitted current density is found by multiplying this tunneling probability by the

rate of arrival at the barrier of electrons with energy Ex, and then integrating over

the energy range 0 < Ex < ep. The result is known as the Fowler-Nordheim equation

[120]:

J = A (W2 exp ’ (5-14)

Here, V is the applied potential difference between the cathode and anode and (3 is a

geometrical factor describing the field enhancement at the sharp tip; the electric field

is F = flV. A is a function of <p, and B is a constant.

The Fowler-Nordheim equation is a useful tool for evaluating whether a given

emission current is due to field emission or, for example, thermionic emission or
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Figure 5.2: Potential energy, E, of an electron vs. position near a semiconductor
surface (a) in the presence of an applied electric field, and (b) with the penetration of
the field into the surface taken into account. The work function is </), the Fermi energy
is e/.’, and the bandgap is Eg. The valence band is labelled VB and the conduction
band is CB.

photo-emission. During field emission, the current emitted from the cathodes follows

the V-dependence described in Equation 5.14. Thus, we can plot ln(J/V2) vs. \/V

and expect a linear relation if the current / is the result of field emission. The

constants A and B can also be extracted from the slope and y-intercept of the linear

Fowler-Nordheim plot.

5.2.2 Field-emission from a semiconductor

Field-emission from a semiconductor is described by a very similar theory to that

for the field emission from a metal, as summarized above in the Fowler-Nordheim

equation, but the more complicated energy bandstructure in a semiconductor leads

to a few important modifications.

Figure 5.2 shows the energy states of the semiconductor near the semiconductor­

vacuum interface. In Fig. 5.2a, the penetration of the applied electric field is ne­

glected. In this case, tunneling can occur from the valence band if the applied field

is sufficiently intense. The current then obeys Fowler-Nordheim behavior, but with 
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an effective work function <pejfcctive = <p + E;J, where Ef/ is the bandgap of the semi­

conductor. If the conduction band is thermally occupied, tunneling also takes place

from the conduction band, but this is not usually the case.

If we take into account the penetration of the applied electric field into the semicon­

ductor, the picture becomes somewhat more complicated. The electric field deforms

the potential experienced by the electrons, as shown in Fig. 5.2b. If the deformation is

strong enough, the bottom of the conduction band is at a lower energy than the Fermi

energy on the semiconductor side of the interface, and electrons accumulate in the dip

in the conduction band. We must then consider tunneling, and hence field emission.

from two distinct groups of electrons, those in the valence band and those in the dip

in the conduction band. Field emission due to the conduction band electrons follows

Fowler-Nordheim behavior with an effective work function ^effective — 4*  ~ (e/? — Ki),

where Vb is the energy by which the bottom of the conduction band is shifted in the

presence of the applied field. Clearly, the electrons in the altered conduction band

can be induced to tunnel through the barrier by a lower electric field than must be

used to induce tunneling by the valence-band electrons. Thus, in some cases, two

regimes of field-emission are seen for two regimes of applied field strength.

In evaluating the emission from our laser-induced silicon microstructures, we will

compare the current emitted as a function of applied voltage to the behavior predicted

by the Fowler-Nordheim equation.

5.3 Apparatus and procedure

The current produced by a sample of our silicon microstructures in response to a given

bias voltage is measured using the setup shown in Fig. 5.3. The microstructures are

formed on a piece of silicon wafer, the back of which has been coated with 40 nm of

gold to allow good electrical contact to the sample. The procedure for creating the
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Figure 5.3: Apparatus used to measure field emission from silicon microstructures.

microstructures is otherwise the same as is outlined in Chapter 3. We typically use a

patterned area of 2 mm x 2 mm or 3 mm x 3 mm for field-emission measurements.

The sample of microstructures is clamped to another gold-coated silicon wafer,

which acts as the anode, with a pair of thin mica spacers between the two wafers.

The mica spacers are made by carefully cleaving sheets of mica using the tip of a

razor blade. The mica preferentially cleaves into layers that are 20-25 gm thick.

Thus, we can make spacers with uniform thickness (typically 20-60 gm) over their

area of several square millimeters. The microstructures and anode are placed in

a small vacuum chamber, constructed primarily of 2 3/4” Conflat hardware and

featuring a vacuum electrical feedthrough. The chamber is evacuated to a pressure

of approximately 10“6 torr using a small Varian turbo pump.

Electrical connections to the external circuit are made via the vacuum feedthroughs.

A Stanford Research Systems PS310 high-voltage power supply is used to apply a po­

tential difference between the microstructured sample and the anode. A Keithley 486

picoammeter and a protection resistor (typical resistance 1 MQ) are connected in se­

ries with the field-emission setup.1 The current is measured with the picoammeter for

'The purpose of the protection resistor is to limit the current passing through the ammeter in 
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various bias voltages, up to approximately 1000 V, depending on the microstructured

sample used.

The microstructured sample is destroyed if excessive currents pass through it.

A short between the patterned silicon microstructure sample and the anode, due

to incorrect placing of the mica spacers, usually ruins the field emitters when high

voltages are applied. Another failure mechanism is breakdown of the air between the

emitters and the anode if the chamber is not adequately evacuated.

5.4 Field emission results

Figure 5.4 shows the field emission current measured as a function of applied bias

voltage for a 2 mm x 2 mm sample of conical microstructures formed in SFg. The

separation between the structured sample and the anode was 20 /rm. The low-voltage

region shown in Fig. 5.4a clearly shows the exponential increase in current (/) as a

function of bias voltage (V). For the higher-voltage region (V > 100 V), Fig. 5.4b

shows that the relationship becomes linear. That is, for high bias voltages, the re­

sponse of the circuit becomes ohmic, with the slope of the 1-V graph equal to the

reciprocal of the resistance of the protection resistor.

The Fowler-Nordheim plot for this device is shown in Fig. 5.5. Two linear regimes

are observed for low biases (seen on the right hand side of the graph). For higher

biases (on the left hand side of the graph), the data deviate from linear, showing that

the current is no longer due to ideal field emission.

the event that the microstructure sample shorts to the anode, which happens if the mica spacers
become dislodged, for example.
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Figure 5.4: Measurements of field emission current as a function of applied bias
voltage for a sample of microstructures made in SF6. The low-voltage regime is
shown in (a), and the higher-voltage regime in (b). Note the difference in scale of the
two y-axes.
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Figure 5.5: Fowler-Nordheim plot of data shown in Fig. 5.4. The dashed lines indicate
the two linear regimes of field emission.

5.5 Discussion

Field emitters are often characterized by the field needed to create measurable emis­

sion current (the “turn-on field”) and the field needed to create a substantial emission

current (the “threshold field”). For our devices, the turn-on field, defined as the elec­

tric field (bias voltage divided by the tip-to-anode spacing) for which a current density

of 0.01 pA/mm2 is observed, is 1.3 V/^im. The threshold field, defined as the field at

which a current density of 0.1 /lA/nim2 is produced, is 2.15

Our devices compare well with some currently in use; however, other techniques

have been used to make field emitters with lower turn-on and threshold fields. For

example, Huq et al. have created silicon tips using conventional electron-beam lithog­
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raphy and dry etching [121]. An array of 40 x 40 tips, spaced by 7 pm, gives an

output current of 50 pA for an applied field of 2.25 V/pm. When these tips are

coated with a layer of amorphous diamond, the output increases dramatically: for an

applied field of 1.5 V/pm, the field-emission current is 1.4 mA. Many other imple­

mentations of field-emission technology feature gate electrodes in the shape of a plane

with a hole placed close (< 1 pm) to the tip [122]. Comparison of the operation of

gated emitters with our emitters is difficult because their operation relies on different

parameters.

The Fowler-Nordheim plot presents the easiest way to compare emission from our

laser-induced microstructures to ideal field emission. We are particularly interested

in the two linear regions of the Fowler-Nordheim plot, as well as the non-linear region

corresponding to high (> 100 V) bias voltages.

5.5.1 Two field-emission regimes

The two distinct linear regions shown in Fig. 5.5 can be explained by the semiconduct­

ing nature of the silicon tips. With low bias voltages, electrons from the conduction

band begin tunneling across the barrier. This may be enhanced by the presence of

additional states near the bottom of the conduction band, introduced by the sulfur

impurities. For higher bias voltages, electrons can be removed from the valence band;

the slope of the Fowler-Nordheim plot showing this tunneling is different from the

case of tunneling from the conduction band because of the different effective work

function. This is exactly what we observe in Fig. 5.5.

5.5.2 Ohmic response for high biases

As the bias voltage is increased and the current passing through the field-emission

device increases, the potential drop across the protection resistor increases. Eventu­
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ally, the potential drop across the resistor is sufficiently high that it limits the current

passing through the circuit. In this case, the total effective impedance in the circuit is

approximately equal to just the resistance of the protection resistor and thus the I-V

curve (sec Fig. 5.4b) is linear, with a slope equal to the resistance of the protection

resistor.

5.6 Applications of field emitters

During the last fifty years, thermionic vacuum tubes have been replaced with solid­

state microelectronic devices in the majority of their applications. Thermionic devices

are now used in only a few types of devices, most notably cathode-ray displays and

microwave sources. Field-emitter technology, or “vacuum microelectronics,” offers

some of the advantages of conventional vacuum tube devices and some of the advan­

tages of solid-state microelectronics and thus may be well-suited to replace thermionic

vacuum tubes in some of these last remaining applications [123].

Devices based on field-emission feature many desirable characteristics [124]. Field

emitters can produce electron beams with high brightness and current density while

operating at low voltages and consuming relatively little power. They can be inte­

grated into small, lightweight devices and can be operated with high pulse-repetition

rates due to their rapid on/off switching speed. Furthermore, fabrication of semicon­

ductor field-emission arrays can take advantage of the existing wealth of knowledge

of semiconductor processing techniques.

A number of applications take advantage of the field emission current from a single

sharp tip or an array of tips. In the current implementation of our microstructure­

fabrication technique, we make arrays of microstructures. However, modifications

may be possible that allow the creation of single tips. A few of the most important

applications of single tips and arrays are discussed here, including displays and mi­
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crowave sources. The reader is referred to excellent reviews by Temple [125] and by

Brodie and Schwoebel [123] for further details on applications of .emitter arrays.

5.6.1 Flat panel displays

The use of arrays of field emitters in flat panel displays, as an alternative to liquid

crystals, is the application currently receiving the most attention in industry. In a

field emission display, as in a conventional cathode-ray tube (CRT), an electron beam

impinges upon a phosphor screen to create an image. Unlike in the CRT, however, the

field-emission beam need not raster across the screen in order to generate the entire

image. Rather, an individual pixel in the image is defined by a small region of tips

within one square of a grid of electrodes. Tips within the pixel are induced to emit

electrons by the application of a bias voltage to the adjacent electrodes that define

that square within the grid. Figure 5.6 is a schematic representation of a flat-panel

display using field emitters.

A display based on field-emission has the benefit of similar brightness and picture

quality to a CRT display, but allows a much smaller device size and lower power

consumption [119]. Much work is currently devoted to improving the field-emission

display, particularly to make it more reliable and to improve the lifetime and current

stability.

5.6.2 Microwave sources and electron beams

The use of field-emitter arrays in plasma and microwave source applications is re­

viewed by Jensen [124], The high current density that is achievable at ambient tem­

peratures using field-emission technology opens the possibility for using these devices

in microwave tubes, to produce or amplify radio-frequency power [123]. One technique

for implementing field emitters into microwave tubes is to simply replace the electron 
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Figure 5.6: Schematic of a flat-panel display based on field emission. Redrawn from
Schwoebel and Brodie [119].

gun in a conventional tube with a field-emission source. Another method is to mod­

ulate the tip-to-anode bias voltage at a microwave frequency equal to the frequency

of the desired output; the electrons are then emitted from the tips in bunches. The

bunched electrons then interact with a cavity, which serves as a source of microwaves

that are resonant with the cavity modes.

The high current density of field-emission cathodes are also of use in electron guns

[123]. Arrays of emitters and single-tip cathodes both exhibit very fast switching

times. Furthermore, single-tip cathodes have the advantage of producing high cur­

rents with low applied voltages, which is necessary in applications where high-energy

electrons arc undesirable, such as in some electron microscopes or some electron-beam

lithography systems where high-energy electrons might damage the sample.
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5.6.3 Other applications

A few other niche applications have been suggested for field-emission arrays. For ex­

ample, the thermionic emission from a filament could be replaced with field emission

in devices such as Bayard-Alpert and other :ion’ pressure gauges or in mass spec­

trometers [125]. Replacing a hot filament with a cold cathode would prevent some

undesirable processes, such as the cracking of molecules on the filament, outgassing

of the filament, and thermal reaction on the filament and adjacent areas. A cold

cathode would also consume less power and could be made smaller, and the effects of

stray light would be avoided.

Another possible set of applications exploits the dependence of field emission cur­

rent on applied electric field, which is highly dependent on the tip-to-anode spacing

[125]. If the anode is made of a deformable diaphragm material, the field-emission

current can be used as a measure of pressure on the diaphragm, acoustic intensity, or

displacement.

5.7 Future work

In light of the encouraging preliminary results regarding the utility of laser-induced

silicon microstructures in field-emission applications, a number of experiments should

be performed to further examine the field-emitting properties of these structures and

how they might be improved or integrated into useful devices.

5.7.1 Apparatus modifications

The current experimental apparatus suffers from a number of problems. The tech­

nique for measuring the current passing through the conical tips as a function of bias

voltage uses thin mica spacers that are dificult to cleave and that cause shorts if not 
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carefully placed (see section 5.3). Furthermore, this method of “sandwiching” the two

electrodes together prior to pumping out the chamber necessarily leads to a higher

gas pressure at the site of the microstructures than is measured at the gauge. Long

pumping times (> 1 hour) are needed to reduce this pressure to the level where the

bias voltage does not induce breakdown in the air between the electrodes.

Several modifications to the experimental setup will make taking data easier,

faster, and less likely to damage the- samples. A better method for separating the

microstructures from the opposite electrode is to mount the patterned sample on a

linear translation stage, with the sample initially placed fairly far (more than 1 cm)

from the anode. After the chamber is evacuated to the desired pressure, the sample

could be translated into position, tens of microns from the surface of the anode.

The anode-sample spacing could be fixed by first translating the sample until it just

contacts the anode, then backing it away by the desired separation. This has the

advantage of more flexibility in the tip-to-anode spacing, as well as the guarantee that

the two electrodes do not come into accidental electrical contact. With no possible

short and a lower pressure in the vicinity of the microstructures, testing would be less

likely to damage the patterned sample.

5.7.2 Structures made with different gases

As discussed in chapter 3, microstructures made in gases other than SF6 exhibit

morphology different from those made in SFg. Furthermore, the impurities introduced

into these microstructures during processing is dependent on the gas species present

during irradiation. We are interested in investigating the degree to which different

shapes and different impurities affects the field-emission properties of laser-induced

conical microstructures. Specifically, we would like to measure the I-V characteristics

of samples patterned in CI2, as these show similar morphology to the samples made

in SF6 that show high field-emission currents. This would give us some evidence as 
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to the importance of overall shape versus the presence of S impurities in determining

field-emission properties. It. is unlikely that structures made in N2 or air would show

the high field-emission currents that the sharp structures made in SFC exhibit, but

this should be confirmed.

5.7.3 Chemical modification of microstructured surfaces

As described in section 5.2, the work function of the surface is a key parameter

in determining a structure’s field-emission properties. We are currently pursuing

experiments to chemically modify the surface of our microstructures following their

creation, thereby altering the work function of the material. Of particular interest is

the possibility of adding a carbon-rich layer. Carbon-rich silicon tips, in the form of

solid SiC structures [126] or silicon tips with a diamond coating [121] or a thin SiC

layer [127] also have the advantage of lower chemical reactivity than a silicon emitter,

and thus potentially extended lifetimes and more stable emission currents.

In previous work silicon tips grown using a vapor-liquid-solid technique, as de­

scribed in chapter 3, have been coated with SiC layers to improve their field-emission

properties [127]. The SiC layers are 2 to 500 nm thick and are formed by heating

the single-crystal silicon tips to 850 — 950° C in the presence of ethylene gas. In this

process, the SiC layer forms as silicon from the substrate diffuses through the SiC and

reacts with the ethylene molecules as they adsorb on the surface. The SiC layer grows

thicker and hydrogen is released. A Fowler-Nordheim plot for the modified tips has a

slope nearly twice the slope of a Fowler-Nordheim plot for a similar but unmodified

silicon tip. Field-emission currents in excess of 12 /zA are observed from a single tip.

We are also investigating forming a thin carbon coating on our silicon microstruc­

tures by covering them with approximately one monolayer of propylene and heating

them. We expect heating to cause the desorption of some intact propylene molecules,

but carbon-containing fragments should also remain on the silicon surface [128, 129].
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20 gm

Figure 5.7: Square arrays of microstructures made by irradiating through masks with
square holes.

The field-emission properties of these altered tips will be measured in the near future.

5.7.4 Controlled placement of microstructures

For the practical use of field emitters in devices such as displays, it is necessary to

have a means for addressing only a small area of the patterned surface, to define one

pixel, for example. We have recently observed that microstructures can be formed in

areas as small as 15 pm x 15 gm.

Fig. 5.7. shows microstructures formed upon irradiation of a Si sample through

a copper grid with square openings. The fluence used to make these samples was 5

kJ/m2, which is approximately half the fluence used to make the sharp microstruc­

tures used in our investigations of field-emission properties. These structures are

therefore quite blunt and thus may not show the high field-emission currents seen

with the sharp structures. However, this result does suggest a possible technique for

arranging microstructures into deliberately placed arrays, as would be necessary for

defining pixels in a display.
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Chapter 6

Summary and Conclusions

This thesis addresses a few of the myriad ways that ultrashort optical pulses can be

used. Nonlinear processes in solids are used to create a tunable source of laser pulses

that can permit ultrafast studies of chemical or physical processes. The intense fields

generated by the ultrashort pulses can permanently modify materials in novel and

useful ways.

In our first set of experiments, we constructed a set of optical apparatus for use in

surface studies. Our optical parametric amplifier and difference frequency generation

stage can create laser pulses with wavelengths essentially anywhere between 550 nm

and 7.3 /im. We used these instruments in an infrared-visible sum-frequency genera­

tion experiment, in an attempt to time-resolve the reaction between CO and O2 on

the surface of Pt (111). Although we lacked sufficient infrared power at the appro­

priate wavelength to observe the SFG, we developed techniques that can be applied

to other, future optical studies of adsorbates on surfaces.

The second set of experiments investigated the creation and applications of sur­

face texturing induced with ultrashort laser pulses. We formed arrays of conical

microstructures on the surface of silicon by irradiating it with a train of ultrashort

laser pulses in the presence of a reactive background gas. The microstructures evolve 
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Chapter 6: Summary a,nd Conclusions 106

over exposure to hundreds of laser pulses and exhibit a typical size and spacing depen­

dent on the identity and pressure of the background gas and on the laser parameters.

Halogen-containing ambient gases lead to structures with sharp tips, while nitrogen

or air lead to blunt, rounded structures. The mechanism leading to the microstruc­

ture formation most likely involves melting, ablation, laser-assisted chemical etching,

and possibly redeposition. The structures exhibit shapes and chemical compositions

that may make them useful in a number of applications.

The optical properties of the microstructures are very different from the optical

properties of flat, crystalline silicon. The optical absorptance in the wavelength range

250 nm to 2.5 /rm is approximately 0.9 for the tallest structures fabricated in SFg.

Smaller structures and structures made in other gases absorb less, particularly in the

infrared. The increased absorptance is most likely due to a combination of geometrical

effects and impurities. The geometry of conical structures leads to multiple reflec­

tions off of the steep walls. Sulfur impurities introduced during fabrication create

states within silicon’s band gap that lead to below band gap optical absorption. The

high optical absorptance and simple fabrication technique of the laser-induced silicon

microstructures make them well-suited for applications in optoelectronic devices such

as solar cells and infrared detectors.

The microstructures also show strong field emission. We measured the field­

emission current for arrays of microstructures formed in SFg and observed a turn-on

field of 1.3 V/^m and a threshold field of 2.15 V/pm. A Fowler-Nordheim plot of

the data shows two regions of field-emission, as well as a region of ohmic behavior

for high bias voltages. We believe the two distinct field-emission regions follow from

the two bands of electron energy states in the semiconductor. Future work will help

to clarify the field-emission mechanism, and will help us to improve the field-emitters

and optimize the fabrication process to make the microstructures compatible with

various applications.
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Chapter 6: Summary and Conclusions 107

In this thesis. I have touched on just a few ways we can use ultrafast laser pulses as

tools in nonlinear optics, ultrafast spectroscopy, and material modification. Judging

from progress in ultrafast optics thus far, this rich and interesting branch of research

will contribute to our scientific understanding and technological advancement in the

future in ways we cannot even imagine.

SIONYX1403000046.0136

SAMSUNG EX. 1002 - 1179/4148



References

[1] C. C. Wang and G. W. Racette, Appl. Phys. Lett. 6, 169 (1965).

[2] J. A. Giordmaine and R. C. Miller, Phys. Rev. Lett. 14, 973 (1965).

[3] R. L. Byer and R. L. Herbst, in Nonlinear Infrared Generation, edited by Y.-R.

Shen (Springer Verlag, Berlin, 1977).

[4] A. Yariv, Quantum Electronics (Wiley, New York, 1989), 3rd ed.

[5] W. R. Bosenberg and R. C. Eckhardt, eds., feature on optical parametric de­

vices, J. Opt. Soc. Am. B 12, 2084 (1995).

[6] R. Danielius, A. Piskarskas, A. Stabinis, G. P. Banfi, P. D. Trapani, and R. Righ-

ini, J. Opt. Soc. Am. B 10, 2222 (1993).

[7] A. Shirakawa and T. Kobayashi, Appl. Phys. Lett. 72, 147 (1998).

[8] M. K. Reed, M. K. Steiner-Shepard, and D. K. Negus, Opt. Lett. 19, 1855

(1994).

[9] M. Nisoli, S. DeSilvestri, V. Magni, O. Svelto, R. Danielius, A. Piskarskas,

G. Valiulis. and A. Varanavicius, Opt. Lett. 19, 1973 (1994).

[10] V. V. Yakovlev, B. Kohler, and K. R. Wilson, Opt. Lett. 19, 2000 (1994).

[11] F. Seifert, V. Petrov, and F. Noack, Opt. Lett. 19, 837 (1994).

108

SIONYX1403000046.0137

SAMSUNG EX. 1002 - 1180/4148



References 109

[12] V. Petrov. F. Seifert, and F. Noack, Appl. Phys. Lett. 65, 268 (1994).

[13] A. Shirakawa, I. Sakane, and T. Kobayashi, Opt. Lett. 23, 1292 (1998).

[14] R. W. Boyd, Nonlinear Optics (Academic Press, San Diego, 1992).

[15] R. R. Alfano, ed., The Supercontinuum Laser Source (Springer Verlag, New

York, 1989).

[16] E. P. Ippen and C. V. Shank, Appl. Phys. Lett. 27, 488 (1975).

[17] E. N. Glezer, in Spectroscopy and Dynamics of Collective Excitations in Solids,

edited by B. D. Bartolo (Plenum, NATO ASI series, 1996).

[18] A. W. Smith and N. Braslau, IBM J. Res. 6, 361 (1962).

[19] H. J. Krause and W. Daum, Appl. Phys. B 56, 8 (1993).

[20] A. Lolmer, P. Kruck, and W. W. Ruhle, Appl. Phys. B 59, 211 (1994).

[21] F. Seifert. V. Petrov, and M. Woemer, Opt. Lett. 19, 2009 (1994).

[22] J. D. Kafka, M. L. Watts, J. W. Pieterse, and R. L. Herbst, Appl. Phys. B 60,

449 (1995).

[23] M. K. Reed and M. K. Steiner-Shepard, IEEE J. Quantum Electron. 32, 1273

(1996).

[24] B. Golubovic and M. K. Reed, Opt. Lett. 23, 1760 (1998).

[25] F. Rotermund, V. Petrov, and F. Noack, in Conference on Lasers and Elec­

trooptics (2001), p. 165.

[26] A. Yariv, Optical Electronics (Saunders College Publishing, Philadelphia, 1991),

4th cd.

SIONYX1403000046.0138

SAMSUNG EX. 1002 - 1181/4148



References 110

[27] M. Bass, P. A. Franken, A. E. Hill, C. W. Peters, and G. Weinreich, Phys. Rev.

Lett. 8, 18 (1962).

[28] P. A. Franken, A. E. Hill, C. W. Peters, and G. Weinreich, Phys. Rev. Lett. 7,

118 (1961).

[29] R. W. Boyd and C. H. Townes, Appl. Phys. Lett. 31, 440 (1977).

[30] X. D. Zhu, H. Suhr, and Y. R. Shen, Phys. Rev. B 35, 3047 (1987).

[31] D. Zhang, J. H. Gutow, K. B. Eisenthal, and T. F. Heinz, J. Chem. Phys. 98,

5099 (1993).

[32] J. R. Goldman, Laser studies of energy- and charge-transfer dynamics, Ph.D.

thesis, Harvard University (1994).

[33] R. Finlay, Femtosecond-laser-induced reactions at surfaces, Ph.D. thesis, Har­

vard University (1998).

[34] T.-H. Her, R. J. Finlay, C. Wu, S. Deliwala, and E. Mazur, Appl. Phys. Lett.

73, 1673 (1998).

[35] T. H. Her, R. J. Finlay, C. Wu, and E. Mazur, Appl. Phys. A 70, 383 (2000).

[36] C. Wu, C. H. Crouch, L. Zhao, J. E. Carey, R. Younkin, J. A. Levinson,

E. Mazur, R. M. Farrell, P. Gothoskar, and A. Karger, Appl. Phys. Lett. 78,

1850 (2001).

[37] C. Wu, Femtosecond, laser-gas-solid interactions, Ph.D. thesis, Harvard Univer­

sity (2000).

[38] A. J. Pedraza, J. D. Fowlkes, and D. H. Lowndes, Appl. Phys. A 69 [Suppl.],

S731 (1999).

SIONYX1403000046.0139

SAMSUNG EX. 1002 - 1182/4148



References 111

[39] A. J. Pedraza. J. D. Fowlkes, and D. H. Lowndes, Appl. Phys. Lett. 74, 2322

(1999).

[40] D. H. Lowndes, J. D. Fowlkes, and A. J. Pedraza, Appl. Surf. Sci. 154-155,

647 (2000).

[41] A. .1. Pedraza, J. D. Fowlkes, S. Jesse, C. Mao, and D. H. Lowndes, Appl. Surf.

Sci. 168, 251 (2000).

[42] A. J. Pedraza, J. D. Fowlkes, and D. H. Lowndes, Appl. Phys. Lett. 77, 3018

(2000).

[43] J. D. Fowlkes, A. J. Pedraza, and D. H. Lowndes, Appl. Phys. Lett. 77, 1629

(2000).

[44] L. S. Dake, D. E. King, J. R. Pitts, and A. W. Czanderna, in Beam effects,

surface topography, and depth profiling in surface analysis, edited by A. W.

Czanderna, T. E. Madey, and C. J. Powell (Plenum Press, New York, 1998).

[45] S. R. Foltyn, in Pulsed Laser Deposition of Thin Films, edited by D. B. Chrisey

and G. K. Hubler (Wiley-Interscience, New York, 1994).

[46] R. M. Bradley and J. M. E. Harper, J. Vac. Sci. Technol. A 6, 2390 (1988).

[47] J. Erlebacher, M. J. Aziz, E. Chason, M. B. Sinclair, and J. A. Floro, J. Vac.

Sci. Technol. A 18, 115 (2000).

[48] P. Sigmund, J. Mater. Sci. 8, 1545 (1973).

[49] T. M. Mayer, E. Chason, and A. J. Howard, J. Appl. Phys. 76, 1633 (1993).

[50] G. Carter, M. J. Nobes, I. V. Katardjiev, and J. L. Whitton, Defect Diffusion

Forum 57, 97 (1988).

SIONYX1403000046.0140

SAMSUNG EX. 1002 - 1183/4148



References 112

[51] S. Rusponi, C. Baragno, and U. Valbusa, Phys. Rev. Lett. 78, 2795 (1997).

[52] E. Chason, T. M. Mayer, B. K. Kellerman, D. T. McIlroy, and A. J. Howard,

Phys. Rev. Lett. 72, 3040 (1994).

[53] J. Erlebacher, M. J. Aziz, E. Chason, M. B. Sinclair, and J. A. Floro, Phys.

R.ev. Lett. 82, 2330 (1999).

[54] G. Carter and V. Vishnyakov, Phys. Rev. B 54, 17647 (1996).

[55] Z. X. Jiang and P. F. A. Alkemade, Appl. Phys. Lett. 73, 315 (1998).

[56] J. J. Vajo, R. E. Doty, and E.-H. Cirlin, J. Vac. Sci. Technol. A 14, 2709 (1996).

[57] V. Vishnyakov and G. Carter, Nucl. Instrum. Meth. Phys. Res., Sect. B 106,

174 (1995).

[58] V. Vishnyakov, G. Carter, D. T. Goddard, and M. J. Nobes, Vacuum 46, 637

(1995).

[59] Y. Fujimoto, M. Nozu, and F. Okuyama, J. Appl. Phys. 77, 2725 (1995).

[60] A. Imai, C. Kamiya, Y. Fujimoto, and F. Okuyama, Surf. Sci. 461, L515 (2000).

[61] T. K. Chini, S. R. Bhattacharyya, D. Ghose, and D. Basu, Jpn. J. Appl. Phys.

30, 2895 (1991).

[62] G. K. Weimer, .1. Vac. Sci. Technol. A 3, 1821 (1985).

[63] A. Parvizi-Majidi, in Structure and Properties of Composites, edited by T. W.

Chou (Weinheim, New York, 1993), Materials Science and Technology: A Com­

prehensive Treatment.

[64] R. S. Wagner and W. C. Ellis, Appl. Phys. Lett. 4, 89 (1964).

SIONYX1403000046.0141

SAMSUNG EX. 1002 - 1184/4148



References 113

[65] R. S. Wagner, in Whisker Technology, edited by A. P. Levitt (Wiley-

Interscience, New York, 1970).

[66] H. Wang and G. S. Fischman, J. Appl. Phys. 76, 1557 (1994).

[67] A. W. Johnson, D. J. Ehrlich, and H. R. Schlossberg, eds., Laser-Controlled

Chemical Processing of Surfaces (North-Holland, New York, 1984).

[68] R. Singh, D. Norton, L. Laude, J. Narayan, and J. Cheung, eds., Advanced Laser

Processing of Materials- Fundamentals and Applications (Materials Research

Society, Pittsburgh, 1996).

[69] R. K. Singh, D. H. Lowndes, D. B. Chrisey, E. Fogarassy, and J. Narayan, eds.,

Advances in Laser Ablation of Materials (Materials Research Society, Warren­

dale, 1998).

[70] D. B. Chrisey and G. K. Hubler, eds., Pulsed Laser Deposition of Thin Films

(John Wiley and Sons, New York, 1994).

[71] A. Cavalleri, K. Sokolowski-Tinten, J. Bialkowski, M. Schreiner, and D. von der

Linde, J. Appl. Phys. 85, 3301 (1999).

[72] T. J. Chuang, in Laser-Controlled, Chemical Processing of Surfaces, edited by

A. W. Johnson, D. J. Ehrlich, and H. R. Schlossberg (North-Holland, New York,

1980).

[73] T. J. Chuang, Surface Science 178, 763 (1986).

[74] D. J. Ehrlich and J. Y. Tsao, J. Vac. Sci. Technol. B 1, 969 (1983).

[75] L. J. Stinson, J. A. Howard, and R. C. Neville, J. Elcctrochcin. Soc. 123, 551

(1976).

[76] M. Kohler, Etching in Microsystem Technology (Wilcy-VCH, Weinheim, 1999).

SIONYX1403000046.0142

SAMSUNG EX. 1002 - 1185/4148



References 114

[77] T. J. Chuang, J. Chem. Phys. 72, 6303 (1980).

[78] T. J. Chuang, J. Chem. Phys. 74, 1453 (1981).

[79] T. Baller, D. J. Oostra, A. E. de Vries, and G. N. A. van Veen, J. Appl. Phys.

60, 2321 (1986).

[80] Y. Horiike, M. Sekine, K. Horioka, T. Arikado, and H. Okano, Extended ab­

stracts of the 16th (198f International) conference on solid state devices and

materials (Japan Soc. Appl. Phys., Tokyo, Japan, 1984).

[81] L.-C. Chen, in Pulsed Laser Deposition of Thin Films, edited by D. B. Chrisey

and G. K. Hubler (John Wiley and Sons, New York, 1996).

[82] D. Lubben, S. A. Barnett, K. Suzuki, S. Gorbatkin, and J. E. Greene, J. Vac.

Sci. Technol. B 3, 968 (1985).

[83] M. Birnbaum, J. Appl. Phys. 36, 3688 (1965).

[84] J. F. Young, J. E. Sipe, and H. M. van Driel, Phys. Rev. B 30, 2001 (1984).

[85] J. E. Rothenberg and R. Kelly, Nucl. Instrum. Meth. Phys. Res. Bl, 291 (1984).

[86] G. Herbst, M. Steiner, G. Marowsky, and E. Matthias, in Advanced Laser

Processing of Materials- Fundamentals and Applications, edited by R. Singh,

D. Norton, L. Laude, J. Narayan, and J. Cheung (Materials Research Society,

Pittsburgh, 1996).

[87] S. M. Deliwala, Time-resolved Studies of Molecular Dynamics Using Nano- and

Femtosecond Laser Pulses, Ph.D. thesis, Harvard University (1995).

[88] T.-H. Her, Femtochemistry at gas/solid interfaces, Ph.D. thesis, Harvard Uni­

versity (1998).

SIONYX1403000046.0143

SAMSUNG EX. 1002 - 1186/4148



References 115

[89] F. Sanchez, J. L. Morenza, R. Aguiar, J. C. Delgado, and M. Varela, App. Phys.

Lett. 69, 620 (1996).

[90] F. Sanchez, J. L. Morenza, R. Aguiar, J. C. Delgado, and M. Varela, App. Phys.

A 66, 83 (1998).

[91] R. Kelly, J. J. Cuomo, P. A. Leary, J. E. Rothenberg, B. E. Braren, and C. F.

Aliotta, Nucl. Instrum. Methods B 9, 329 (1985).

[92] E. Chason, M. B. Sinclair, J. A. Floro, J. A. Hunter, and R. Q. Hwang, Appl.

Phys. Lett. 72, 3276 (1998).

[93] S. R. Folytn, R. C. Dye, K. C. Ott, E. Peterson, K. M. Hubbard, W. Hutchinson,

R. E. Muenchausen, R. C. Estier, and X. D. Wu, Appl. Phys. Lett. 59, 594

(1991).

[94] C. G. Bernhard, Endeavour 26, 79 (1967).

[95] K. Noda, B. J. Glover, P. Linstead, and C. Martin, Nature 369, 661 (1994).

[96] E. S. Kolesar, V. M. Bright, and D. Sowders, Thin Solid Films 270, 10 (1995).

[97] E. S. Kolesar, V. M. Bright, and D. Sowders, Thin Solid Films 290-291, 23

(1996).

[98] J. Zhao, A. Wang, M. Green, and F. Ferrazza, Appl. Phys. Lett. 73, 1991

(1998).

[99] H. G. Craighead, R. E. Howard, and D. M. Tennant, Appl. Phys. Lett. 37, 653

(1980).

[100] J. I. Gittleman, E. K. Sichel, H. W. Lehmann, and R. Widmer, Appl. Phys.

Lett. 35, 742 (1979).

SIONYX1403000046.0144

SAMSUNG EX. 1002 - 1187/4148



References 116

[101] E. Chen and S. Chou, Appl. Phys. Lett. 70, 753 (1980).

[102] J. P. Zheng, K. L. Jiao, W. P. Shen, W. A. Anderson, and H. S. Kwok, Appl.

Phys. Lett 61, 459 (1992).

[103] M. J. Keevers and M. A. Green, J. Appl. Phys. 75, 4022 (1994).

[104] M. Wolf, Proc. IRE 48, 1246 (1960).

[105] M. J. Keevers and M. A. Green, Solar Energy Materials and Solar Cells 41/42,

195 (1996).

[106] M. J. Keevers, F. W. Saris, G. C. Zhang, J. Zhao, M. A. Green, and R. Elliman,

in 13th European Photovoltaic Solar Energy Conference: Proceedings of the

International Conference, held at Nice, France, 23-27 October, 1995 (1995), p.

1215.

[107] A. Goetzberger, J. Knobloch, and B. Voss, Crystalline Silicon Solar Cells (Wi­

ley, Chichester, 1998).

[108] E. Janzen, R. Stedman, G. Grossmann, and H. G. Grimmeiss, Phys. Rev. B

29, 1907 (1984).

[109] A. L. Fahrenbruch and R. H. Bribe, Fundamentals of Solar Cells: Photovoltaic

Solar Energy Conversion (Academic Press, New York, 1983).

[110] D. M. Chapin, C. S. Fuller, and G. L. Pearson, J. Appl. Phys. 25, 676 (1954).

[Ill] http://www.nrel.gov.

[112] J. A. Mazer, Solar Cells: An Introduction to Crystalline Photovoltaic Technol­

ogy (Kluwer Academic Publishers, Boston, 1997).

[113] B. Rech and H. Wagner, Appl. Phys. A 69, 155 (1999).

SIONYX1403000046.0145

SAMSUNG EX. 1002 - 1188/4148

http://www.nrel.gov


References 117

[114] S. J. Fonash, Solar Cell Device Physics (Academic Press, New York, 1981).

[115] J. Knobloch, S. W. Glunz, D. Biro, W. Waita, E. Schaffer, and W. Wettling,

in Proc. 25th IEEE PV Spec. Conf. (1996), p. 405.

[116] M.-K. Lee, C.-H. Chu, Y.-H. Wang, and S. M. Sze, Opt. Lett. 26, 160 (2001).

[117] R. Gomer, Field Emission and Field Ionization, vol. 9 of Harvard Monographs in

Applied Science (Harvard University Press, Cambridge, Massachusetts, 1961).

[118] J. D. .Jackson, Classical Electrodynamics (John Wiley and Sons, New York,

1975).

[119] P. R. Schwoebel and I. Brodie, J. Vac. Sci. Technol. B 13, 1391 (1995).

[120] R. H. Fowler and L. W. Nordheim, Proc. Roy. Soc. (London) A 119, 173 (1928).

[121] S. E. Huq, P. D. Prewett, J. C. She, S. Z. Deng, and N. S. Xu, Materials Science

and Engineering B74, 184 (2000).

[122] D. Temple, W. D. Palmer, L. N. Yadon, J. E. Mancusi, D. Vellenga, and G. E.

McGuire, J. Vac. Sci. Technol. A 16, 1980 (1998).

[123] I. Brodie and P. Schwoebel, Proc. IEEE 82, 1006 (1994).

[124] K. L. Jensen, Physics of Plasmas 6, 2241 (1999).

[125] D. Temple, Materials Science and Engineering R24, 185 (1999).

[126] A. Gorecka-Drzazga, J. Dziuban, and E. Prociow, J. Vac. Sci. Technol. B 18,

1115 (2000).

[127] J. Liu, U. T. Son, A. N. Stepanova, K. N. Christensen, G. J. Wojak, E. I.

Givargizov, K. J. Bachmann, and J. J. Hren, J. Vac. Sci. Technol. B 12, 717

(1994).

SIONYX1403000046.0146

SAMSUNG EX. 1002 - 1189/4148



References 118

[128] M. J. Bozack, W. J. Choyke, L. Muehlhoff, and J. T. Yates, Jr., Surface Science

176, 547 (1986).

[129] M. J. Bozack, P. A. Taylor, W. J. Choyke, and J. T. Yates, Jr., Surface Science

177, L933 (1986).

SIONYX1403000046.0147

SAMSUNG EX. 1002 - 1190/4148



' JOURNAL OF APPLIED PHYSICS VOLUME 93, NUMBER 5 1 MARCH 2003

Infrared absorption by conical silicon microstructures made in a variety
of background gases using femtosecond-laser pulses

R. Younkin, J. E. Carey, and E. Mazur5’

“’Electronic mail: maz.ur@physics.harvard.cdu

0021-8979/2003/93(5)/2626/4/$20.00

Harvard University, Department of Physics and Division of Engineering and Applied Science,
9 Oxford Street, Cambridge, Massachusetts, 02138

J. A. Levinson and C. M. Friend
Harvard University, Department of Chemistry, 12 Oxford Street, Cambridge. Massachusetts 02138

(Received 7 March 2002; accepted 16 December 2002)

We show that the near-unity infrared absorptance of conical microstructures fabricated by irradiating
a Si( 111) surface with 100 fs laser pulses depends on the ambient gas in which the structures are
formed. SF6 produces an absorptance of 0.9 for radiation in the 1.2-2.5 /zm wavelength range,
higher than any of the other gases. Use of Cl2, N2, or air produces surfaces with absorptances
intermediate between that for microstructures formed in SF6 and that for flat crystalline silicon, for
which the absorptance is roughly 0.05-0.2 for a 260 /xm thick sample. Secondary ion mass
spectrometry shows that elements from the ambient gas are incorporated into the silicon surface in
high concentration. © 2003 American Institute of Physics. [DOI: 10.1063/1.1545159]

I. INTRODUCTION

We recently reported the formation of regular, sharply
peaked, conical microstructures on the surface of silicon
when it is irradiated with 100 fs laser pulses in the presence
of halogen-containing gases.1-3 Similar structures are also
created using longer-duration pulses and a variety of back­
ground gases.4-7 We observed the formation of microstruc­
tures upon irradiation with 100 fs laser pulses using
nonhalogen-containing gases, such as N2 or air, but these
structures tend to be more blunt and irregular in shape. Such
differences in the nature of the microstructures can be ex­
pected to alter the physical, chemical, and electronic proper­
ties of the surface.

These conical microstructures are interesting for a vari­
ety of reasons: They demonstrate a process for self-organized
surface modification, and they suggest an interaction be­
tween ultrashort laser pulses and a semiconductor surface.
They also absorb infrared light far more effectively than un-
pattemed silicon.3 Crystalline silicon has a band gap corre­
sponding to light with a wavelength of approximately 1.1
/zm, making it unsuitable for detectors or other optoelec­
tronic devices requiring the absorption of infrared light with
a wavelength longer than 1.1 pan and the generation of in­
frared photocurrent. The enhancement of infrared absorption
in silicon represents a critical first step toward the design of
infrared detectors, solar cells, or other infrared devices fab­
ricated with silicon.

II. EXPERIMENT

In this article, we describe the optical properties of coni­
cal microstructures formed on the surface of n-type Si(l 11)
(260 p.m thick, resistivity p = 8 — 12 fl m) in SFfi, Cl2, N2,
and air upon irradiation with trains of 100 fs laser pulses 

with a wavelength of 800 nm. The microstructures are 1-10
gm wide at the top, with a height in the range of 1-20 /zm,
depending on the pressure of the ambient gas and the laser
fluence. In each experiment described here, the background
pressure of the ambient gas is 500 Torr. The peak laser flu­
ence is 11 mJ/mm2 for a laser beam with a diameter of ap­
proximately 150 yum. In order to pattern areas larger than the
beam size, the beam is rastered across the surface of the
sample. The translation speed of the laser is 200-300 /zm/s,
and is adjusted to give structures of roughly the same height
(10-15 pm) regardless of the ambient gas species used.

We measured the transmittance and reflectance of a pat­
terned 10X10 mm2 area using a spectrophotometer equipped
with a spherical detector that integrates all transmitted or
scattered light, depending on the placement of the sample.
The reflectance (/?) and transmittance (7) were then used to
obtain the absorptance of the material: A — 1 — R — T.

In addition to the optical properties, we used secondary
ion mass spectrometry to characterize the chemical species
present at the surface of the structures formed in each of the
four gases. Briefly, an energetic beam of ions is used to sput­
ter secondary ions from a surface; the chemical composition
of the sputtered material is then analyzed with mass spec­
trometry. To determine the chemical composition of each mi­
crostructured surface, the ratio of the mass spectrometry sig­
nal from a given chemical species to that of silicon is
normalized using literature values for the relative sensitivity
factor of each chemical species in a silicon matrix. The rela­
tive sensitivity factors are calculated with data taken from
flat silicon surfaces, so the compositions reported are ap­
proximate due to the rough surface topology of the micro­
structured silicon.

III. RESULTS AND DISCUSSION

The morphology of the silicon microstructures depends
on the gas in which they were formed (Fig. 1). Use of SFfi or

© 2003 American Institute of Physics2626

SIONYX1403000046.0148

SAMSUNG EX. 1002 - 1191/4148

mailto:maz.ur@physics.harvard.cdu


Appl. Phys., Vol. 93, No. 5, 1 March 2003 Younkin et al. 2627

s; av MW:

FIG. 1. Scanning electron micrograph of conical silicon microstructures
formed in a background gas of (a) SF6, (b) Cl2, (c) N2, and (d) air, upon
irradiation with femtosecond laser pulses.

Cl2 leads to conical structures with sharp tips with a radius of
curvature of approximately 500 nm. In comparison to the
Cl2-prepared structures, the structures made in SF6 have a
greater degree of surface roughness, with a characteristic
length scale of 100-200 nm for the dendritic formations on
the cone surface. Structures made in air or N2 are much more
rounded than those made in the halogen-containing gases;
their radius of curvature is approximately 2-3 pm. Addition­
ally, the structures made in air show substantial surface
roughness compared to the N2-prepared structures; this
roughness appears less dendritic than the formations on the
SF6-prepared cones. The number density of conical struc­
tures on the surface also depends on the ambient gas, with
higher densities achieved using halogen-containing gases.
Surfaces prepared with SF6 yield the greatest number den­
sity, followed by Cl2. The number densities obtained with
N2 and air are approximately half the density of the
SF6-prepared surfaces.

We observe a marked increase in the absorption of infra­
red light by patterned silicon surfaces compared to that of
flat silicon. This is due to both a change in the reflectance of
the surface and to a decrease in the transmittance through the
patterned silicon sample. Figure 2 shows how the optical
properties of the patterned silicon depend on the gas present
during etching. The reflectance and transmittance change
most dramatically for the structures formed in halogen­
containing gases. For both SF6- and Cl2-prepared samples,
the reflectance and transmittance are less than those for un­
patterned silicon across the entire 1.2-2.5 /zm wavelength
range, with the reflectance and transmittance lowest for the
surfaces prepared in SF6. Samples made in air and N2 show
decreased transmittance relative to flat silicon as well as de­
creased reflectance in the short-wavelength region (X
< 1.5pm for air and X< 1.77 pm for N2). Figure 3 shows
the absorptance of the silicon samples, obtained from the
reflection and transmission data, for structures made in the
four gases. For all gases used, the drop in reflectance ac­
counts for the increase in absorptance in the visible wave­
length region. Although all samples show an increase in in­
frared absorption over ordinary crystalline silicon, the effect
is strongest for structures formed in the presence of SF6: The
absorptance is approximately 0.9 in the wavelength region
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FIG. 2. Reflectance (a) and transmittance (b) of silicon samples patterned in
various ambient gases (SF6, Cl2, N2, and air) as a function of wavelength.
Traces for flat Si( 111) are included for reference. Surfaces structured in SF6
differ most from the flat silicon.

1.2-2.5 pm. Structures made in Cl2 show an absorptance of
0.3-0.9 in this wavelength region, while for unmodified sili­
con, the absorptance at these infrared wavelengths is less
than 0.2. Surfaces structured in air or N2 are less effective
absorbers than those made in halogen-containing gases in the
wavelength range X>0.5 pm for air and X> 1.3 pm for N2.
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FIG. 3, Wavelength dependence of the optical absorptance of silicon sur­
faces for four different ambient gases present during the microstructure for­
mation. The absorptance spectrum of an unmodified Si( 111) surface is in­
cluded for reference. Microstructured surfaces exhibit a marked increase in
absorptance above the band edge of silicon 1.1 /zm).
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ambient gas

FIG. 4. Fractional concentrations of chemical species present in the surface
of the microstructured silicon for each ambient gas (SF6, Cl2, N2, and air).
Oxygen is present in each sample due to a native oxide layer that grows
after the structuring process. Each column is labeled at the top by the spe­
cies it represents.

Furthermore, they show lower infrared absorptance than un­
modified silicon for long wavelengths (X>1.9/zm for air
and X>2.2/zm for N2).

The differences in morphology of the structures made in
various gases most likely stem from the relative reactivity of
chemically reactive species created in those gases: It is well
known that halogens create volatile compounds with silicon,
whereas N2 does not.8 Therefore, the microstructures formed
in SF6 and Cl2 share the same conical shape and those made
in air or N2 are more blunt and rounded.

Because the microstructures made in SF6 and Cl2 are
very similar in shape and size, we attribute the different in­
frared absorptance of these surfaces to the introduction of
impurities during irradiation. Secondary ion mass spectrom­
etry shows that the elements of the ambient gas are incorpo­
rated into the surface of the silicon; different elements are
incorporated to varying degrees. Figure 4 shows the frac­
tional concentration of chemical species in the microstruc­
tured silicon surfaces. All of the samples contain oxygen
from the native oxide layer that grows on the surface after
texturing, but the air sample contains two orders of magni­
tude more oxygen than the other samples. The high oxygen
content and further analysis using Rutherford backscattering
and transmission electron microscopy suggests that we have
formed a silicon rich layer of silica, SiOt (x<2).9 The
amount of oxygen in the SF6, Cl2, and N2 samples is cor­
related with surface roughness.

The secondary ion mass spectrometry measurements
show that irradiation under these intense laser conditions in­
corporates high concentrations of elements from the ambient
gas and surface oxide layer. Many groups use longer- pulse
and continuous wave lasers to incorporate elements into sili­
con but the concentrations previously reported are orders of
magnitude smaller than the concentrations we obtain with
this method.10-12

After the sample is annealed in a vacuum, the sulfur
signal in the secondary ion mass spectrometry measurement
decreases by approximately a factor of 2 and fewer grains on
the walls of the cones are present. At the same time, the 

absorptance in the 1.2-2.5 /zm range decreases by approxi­
mately a factor of 2.3 This result suggests that the sulfur
impurities, whether in the cones themselves or in the rough
features on the walls of the cones, play a role in the particu­
larly high absorptance of the microstructures formed in SF6.

The shape of the structures may also affect their absorp­
tance. The conical microstructures made in the halogen­
containing gases are sufficiently different from the round
shapes of the structures formed in air or N2 that their geom­
etry can contribute to a higher absorptance. The surface to­
pography may influence the absorptance through both the
surface area of the patterned silicon, and the number of mul­
tiple reflections of light from the surfaces of the structures.

We recently demonstrated that the high absorptance of
structures formed in SF6 contributes to an increase of at least
a factor of 3 in the production of photocurrent in the pres­
ence of infrared light (X= 1.064^tzm andX= 1.310/zm) as
compared to the photocurrent produced by flat silicon.3 We
are investigating the degree to which patterning in the pres­
ence of other gases leads to enhanced photocurrent of modi­
fied versus unmodified silicon surfaces.

In conclusion, we have demonstrated that the optical
properties of silicon surfaces patterned with ultrashort laser
pulses depend significantly on the background gas in which
the surfaces are irradiated. Impurities introduced during irra­
diation are most likely the major contributor to the enhanced
infrared absorptance. The shapes of the surface microstruc­
tures varies from cone-shaped for a halogen-containing back­
ground gas to rounded for air or N2 and may contribute to
the differences in absorptance. We are currently investigating
how underlying defect structures depend on the background
gas with cross-sectional transmission electron microscopy.
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Infrared absorption by conical silicon microstructures made in a variety
of background gases using femtosecond-laser pulses

R. Younkin, J. E. Carey, and E. Mazura)
Harvard University, Department of Physics and Division of Engineering and Applied Science,
9 Oxford Street, Cambridge, Massachusetts, 02138

J. A. Levinson and C. M. Friend
Harvard University, Department of Chemistry, 12 Oxford Street, Cambridge, Massachusetts 02138

(Received 7 March 2002; accepted 16 December 2002)

We show that the near-unity infrared absorptance of conical microstructures fabricated by irradiating
a Si(l 11) surface with 100 fs laser pulses depends on the ambient gas in which the structures are
formed. SF6 produces an absorptance of 0.9 for radiation in the 1.2-2.5 /zm wavelength range,
higher than any of the other gases. Use of Cl2, N2, or air produces surfaces with absorptances
intermediate between that for microstructures formed in SF6 and that for flat crystalline silicon, for
which the absorptance is roughly 0.05-0.2 for a 260 ^tm thick sample. Secondary ion mass
spectrometry shows that elements from the ambient gas are incorporated into the silicon surface in
high concentration. © 2003 American Institute of Physics. [DOI: 10.1063/1.1545159]

1. INTRODUCTION

We recently reported the formation of regular, sharply
peaked, conical microstructures on the surface of silicon
when it is irradiated with 100 fs laser pulses in the presence
of halogen-containing gases.1 3 Similar structures are also
created using longer-duration pulses and a variety of back­
ground gases.4~' We observed the formation of microstruc­
tures upon irradiation with 100 fs laser pulses using
nonhalogen-containing gases, such as N2 or air, but these
structures tend to be more blunt and irregular in shape. Such
differences in the nature of the microstructures can be ex­
pected to alter the physical, chemical, and electronic proper­
ties of the surface.

These conical microstructures are interesting for a vari­
ety of reasons: They demonstrate a process for self-organized
surface modification, and they suggest an interaction be­
tween ultrashort laser pulses and a semiconductor surface.
They also absorb infrared light far more effectively than un-
pattemed silicon.3 Crystalline silicon has a band gap corre­
sponding to light with a wavelength of approximately 1.1
^im, making it unsuitable for detectors or other optoelec­
tronic devices requiring the absorption of infrared light with
a wavelength longer than 1.1 jtim and the generation of in­
frared photocurrent. The enhancement of infrared absorption
in silicon represents a critical first step toward the design of
infrared detectors, solar cells, or other infrared devices fab­
ricated with silicon.

II. EXPERIMENT

In this article, we describe the optical properties of coni­
cal microstructures formed on the surface of n-type Si(111)
(260 (Ltm thick, resistivity p — 8 — 12 fl m) in SF6, Cl2, N2,
and air upon irradiation with trains of 100 fs laser pulses

“'Electronic mail: mazur@physics.harvard.edu

0021-8979/2003/93(5)/2626/4/$20.00 

with a wavelength of 800 nm. The microstructures are 1-10
pm wide at the top, with a height in the range of 1-20 pm,
depending on the pressure of the ambient gas and the laser
fluence. In each experiment described here, the background
pressure of the ambient gas is 500 Torr. The peak laser flu­
ence is 11 mJ/mm2 for a laser beam with a diameter of ap­
proximately 150 pm. In order to pattern areas larger than the
beam size, the beam is rastered across the surface of the
sample. The translation speed of the laser is 200-300 pm/s,
and is adjusted to give structures of roughly the same height
(10-15 pm) regardless of the ambient gas species used.

We measured the transmittance and reflectance of a pat­
terned 10X 10 mm2 area using a spectrophotometer equipped
with a spherical detector that integrates all transmitted or
scattered light, depending on the placement of the sample.
The reflectance (R) and transmittance (7) were then used to
obtain the absorptance of the material: A — 1 — R T.

In addition to the optical properties, we used secondary
ion mass spectrometry to characterize the chemical species
present at the surface of the structures formed in each of the
four gases. Briefly, an energetic beam of ions is used to sput­
ter secondary ions from a surface; the chemical composition
of the sputtered material is then analyzed with mass spec­
trometry. To determine the chemical composition of each mi­
crostructured surface, the ratio of the mass spectrometry sig­
nal from a given chemical species to that of silicon is
normalized using literature values for the relative sensitivity
factor of each chemical species in a silicon matrix. The rela­
tive sensitivity factors are calculated with data taken from
flat silicon surfaces, so the compositions reported are ap­
proximate due to the rough surface topology of the micro­
structured silicon.

III. RESULTS AND DISCUSSION

The morphology of the silicon microstructures depends
on the gas in which they were formed (Fig. 1). Use of SF6 or
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FIG. 1. Scanning electron micrograph of conical silicon microstructures
formed in a background gas of (a) SF6, (b) Cl2, (c) N2, and (d) air, upon
irradiation with femtosecond laser pulses.

Cl2 leads to conical structures with sharp tips with a radius of
curvature of approximately 500 nm. In comparison to the
Cl2-prepared structures, the structures made in SF6 have a
greater degree of surface roughness, with a characteristic
length scale of 100-200 nm for the dendritic formations on
the cone surface. Structures made in air or N2 are much more
rounded than those made in the halogen-containing gases;
their radius of curvature is approximately 2-3 pm. Addition­
ally, the structures made in air show substantial surface
roughness compared to the N2-prepared structures; this
roughness appears less dendritic than the formations on the
SF6-prepared cones. The number density of conical struc­
tures on the surface also depends on the ambient gas, with
higher densities achieved using halogen-containing gases.
Surfaces prepared with SF6 yield the greatest number den­
sity, followed by Cl2. The number densities obtained with
N2 and air are approximately half the density of the
SF6-prepared surfaces.

We observe a marked increase in the absorption of infra­
red light by patterned silicon surfaces compared to that of
flat silicon. This is due to both a change in the reflectance of
the surface and to a decrease in the transmittance through the
patterned silicon sample. Figure 2 shows how the optical
properties of the patterned silicon depend on the gas present
during etching. The reflectance and transmittance change
most dramatically for the structures formed in halogen­
containing gases. For both SF6- and Cl2-prepared samples,
the reflectance and transmittance are less than those for un-
pattemed silicon across the entire 1.2-2.5 pm wavelength
range, with the reflectance and transmittance lowest for the
surfaces prepared in SF6. Samples made in air and N2 show
decreased transmittance relative to flat silicon as well as de­
creased reflectance in the short-wavelength region (X.
<1.5 pm for air and X< 1.77 pm for N2). Figure 3 shows
the absorptance of the silicon samples, obtained from the
reflection and transmission data, for structures made in the
four gases. For all gases used, the drop in reflectance ac­
counts for the increase in absorptance in the visible wave­
length region. Although all samples show an increase in in­
frared absorption over ordinary crystalline silicon, the effect
is strongest for structures formed in the presence of SF6: The
absorptance is approximately 0.9 in the wavelength region
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FIG. 2. Reflectance (a) and transmittance (b) of silicon samples patterned in
various ambient gases (SF6, Cl2, N2, and air) as a function of wavelength.
Traces for flat Si(lll) are included for reference. Surfaces structured in SF6
differ most from the flat silicon.

1.2-2.5 pm. Structures made in Cl2 show an absorptance of
0.3-0.9 in this wavelength region, while for unmodified sili­
con, the absorptance at these infrared wavelengths is less
than 0.2. Surfaces structured in air or N2 are less effective
absorbers than those made in halogen-containing gases in the
wavelength range X> 0.5 pm for air and X.>1.3pmforN2.
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FIG. 3. Wavelength dependence of the optical absorptance of silicon sur­
faces for four different ambient gases present during the microstructure for­
mation. The absorptance spectrum of an unmodified Si(lll) surface is in­
cluded for reference. Microstructured surfaces exhibit a marked increase in
absorptance above the band edge of silicon (—1.1 /rm).
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SF§ Cig N2 Air
ambient gas

FIG. 4. Fractional concentrations of chemical species present in the surface
of the microstructured silicon for each ambient gas (SF6, Cl2, N2, and air).
Oxygen is present in each sample due to a native oxide layer that grows
after the structuring process. Each column is labeled at the top by the spe­
cies it represents.

Furthermore, they show lower infrared absorptance than un­
modified silicon for long wavelengths (X>1.9^tm for air
and X>2.2 ^m for N2).

The differences in morphology of the structures made in
various gases most likely stem from the relative reactivity of
chemically reactive species created in those gases: It is well
known that halogens create volatile compounds with silicon,
whereas N2 does not.8 Therefore, the microstructures formed
in SF6 and Cl2 share the same conical shape and those made
in air or N2 are more blunt and rounded.

Because the microstructures made in SF6 and Cl2 are
very similar in shape and size, we attribute the different in­
frared absorptance of these surfaces to the introduction of
impurities during irradiation. Secondary ion mass spectrom­
etry shows that the elements of the ambient gas are incorpo­
rated into the surface of the silicon; different elements are
incorporated to varying degrees. Figure 4 shows the frac­
tional concentration of chemical species in the microstruc­
tured silicon surfaces. All of the samples contain oxygen
from the native oxide layer that grows on the surface after
texturing, but the air sample contains two orders of magni­
tude more oxygen than the other samples. The high oxygen
content and further analysis using Rutherford backscattering
and transmission electron microscopy suggests that we have
formed a silicon rich layer of silica, SiOA. (x<2).9 The
amount of oxygen in the SF6, Cl2, and N2 samples is cor­
related with surface roughness.

The secondary ion mass spectrometry measurements
show that irradiation under these intense laser conditions in­
corporates high concentrations of elements from the ambient
gas and surface oxide layer. Many groups use longer- pulse
and continuous wave lasers to incorporate elements into sili­
con but the concentrations previously reported are orders of
magnitude smaller than the concentrations we obtain with
this method.10 12

After the sample is annealed in a vacuum, the sulfur
signal in the secondary ion mass spectrometry measurement
decreases by approximately a factor of 2 and fewer grains on
the walls of the cones are present. At the same time, the 

absorptance in the 1.2-2.5 ^cim range decreases by approxi­
mately a factor of 2.3 This result suggests that the sulfur
impurities, whether in the cones themselves or in the rough
features on the walls of the cones, play a role in the particu­
larly high absorptance of the microstructures formed in SF6.

The shape of the structures may also affect their absorp­
tance. The conical microstructures made in the halogen­
containing gases are sufficiently different from the round
shapes of the structures formed in air or N2 that their geom­
etry can contribute to a higher absorptance. The surface to­
pography may influence the absorptance through both the
surface area of the patterned silicon, and the number of mul­
tiple reflections of light from the surfaces of the structures.

We recently demonstrated that the high absorptance of
structures formed in SF6 contributes to an increase of at least
a factor of 3 in the production of photocurrent in the pres­
ence of infrared light (X= 1.064 ^cim and X.= 1.310 ^tm) as
compared to the photocurrent produced by flat silicon? We
are investigating the degree to which patterning in the pres­
ence of other gases leads to enhanced photocurrent of modi­
fied versus unmodified silicon surfaces.

In conclusion, we have demonstrated that the optical
properties of silicon surfaces patterned with ultrashort laser
pulses depend significantly on the background gas in which
the surfaces are irradiated. Impurities introduced during irra­
diation are most likely the major contributor to the enhanced
infrared absorptance. The shapes of the surface microstruc­
tures varies from cone-shaped for a halogen-containing back­
ground gas to rounded for air or N2 and may contribute to
the differences in absorptance. We are currently investigating
how underlying defect structures depend on the background
gas with cross-sectional transmission electron microscopy.
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Haa-Qhi'h Yiianrf Vernon E. Yost. Matthew R. Page, Paul Straidins, Daniel L Meier,b:
arid Howard M. Bmnz

'."mi.-.’l IsS'-.t'S'. utS—’ -|?V /../ /<■'?’>, t l«' ll. i 1-‘11'llHi'.-■ 5??-?//!.. t..\S4

i'Ret.teived 3 Augusi 2lliJ9; accepted 27 Aitgusi 2009; pt<bi;vhed endue 22 Scpterfibrr 2il(?9.?

We study optical effects -ini! factors }imititig performance <>f our iron firmed I6;S‘A ,eflick'ttcy “black
Silicon” adar cells. The cells meotporate: density-graded nattopottstis surface Sayers tsiadc by -a
one'Step nanopartide-eatalyzed etch and reflect less than 3% of the solar spccicum. with no
cunveuiwiul ariiirefleei'ioii coating. The -cells are limited by reeombinaiioh in (he nanoporotts layer
which decreases short ts.n deoeth 'peitral response. The optimum detiMt; -er.idcd layer depth is
then a compromise b •(•*«.  >m ieilectume redixiion and reccrriibinaui'ni loss i mally. we propose
ntii versai design rules !<•? hu h elhvicBcy solar cells based on density 'graded surfaces. O 2W!J
Atiii'n< liti ii'isnrare <?/ fif k a. j dut. I(!. 1i)ti3/1 ,3g 31 ---.-.S. |

Low surface reflexi:itnce (ItI of solar cells and detectors
is needed to maximize the mtmlxir i>f inciderii photan.s ab­
sorbed by the semiconductor that converts light tn - etectrioal
energy, ri is normally reduced in crystal Si and other solar
cells with a quarter-wavelength atittreflectian (ARf teatnng
applied to the top surface, although multilayer coatings have
also been used to broaden the spectra! width <>!' the AR, Such
AR coatings function by destructive interference of reflected
waves and therefore normally have a narrow acceptance
angle tor AR at a given wtivek-mtth.

A densi ty-graded surface layer can tilso suppress surface
reflect km mid ttotik; replace elmventional AR interfcretKe
layers in Si solar cells. dcieitots and other phoidserisitive
devices.' Such rtensev-gratled Ss layers, often 'tei’nied ’’black
silicon" ihSil. ciiii he based on a randomly tiartoporotci 
morphol ngy"or >>h u “moth-eye'’ texture ' cum prated of
nattoscalie periodic st.t act tires. A tlctiisity-graded sud-ace sup-
presses R exponentially as the grac!e depth, d. i.tscreases:
for <? --■ fti00 Eirn. R < 271: across the [xirtion of solar;spectrum
cortveried by Si solar cells. Since ii is not based ou hi ter! er-
cnee, bSi has a broad AR acceptance angle.1'"'* ’ Because of
the density grade, light at neltr-hormal incidence escapes <i
!>Si surface with little fruettial reflection. As in mirages and
density-graded optical libera,’ however, light with angles
kinrer than the critical tingle (H, ■— I fl-16*  from normtili is
.ut.il mt in do tin > d nt a bSi/itir interlace, exactly as from
.1 j 1 .11 II Si'.HI l?.i 'till

I i > hi oil n- v nSi. solar cell;.with eHRiertcies rang-
iv’ ihnr oS -o { < rf weie rqxHWr bin no systematic

•nvesH^iuixi <>j tnccnam.sms was -undertaken. ki ihis .k‘-

a u: a ficty, . A ..-jg-g,.$•<. ;/ u; ix‘ bf xj: V’'Si'd 'XR'iiC ><>At 1

'tf:■ Arf-JX'/Ae ;S;.i. bra.'.-. .GA 31.3092. t-S.-V-

ler. w ratal yre ifte optical iiixi uptne lactron ic properi ies >
■ S i soltir cells with nanopouni.s bSt layeo. we fabritei
our recent fy 'reportedG OHC'Sti:■p t mri open te le -e at alyzt

tkrtdd etdi. ThC' Pt-Si-KS ?iuu Unw; the efticienCy of <i
L-dl:s :represent < L.;f Rtl k rtcies for dewikipiiig tiigi
;?i heic:ticy solar celts vdih density-;graded AR by' arty ted
j'iiCUi? t n ari v >.e r:'K<orukiev< :il. Aller diesertiiing oi

sis and re:-. ;.-P bS; ............ we preset!!: design ruh

for incorporating density-graded AR in solar cells.
We fabricate optical test stnictiires and solar ceils on

300 /..mi />-iype double-side polished flpd.i-zo.ne Si (1001
substrate' with ■ eXiivitv pf 2.7 fl-ent. We produce bSi sttr-
iaecs ot \.itK'i)' grade depths by immersing the Si substrate
iti 0.4 rii.M. HfiAlj solution, adding tm equal qtfatsii.y of
HF:H--O>: Hao IT:2 mtstnre, and soaking die wafer in a
simiciiiiort biiilt lor iimes iroiii i (o S litin, Increasing the bSi
etch liirie i?,7 increasB.s A. Ait iiitrtopariicier are produced rt>
iite misiiire iitid they catalyze sulisetiiseni rtiinopsi'ist-s Si
elchitis." ri-is niethraj pioiRees "disi'bie-.ssded bSi: ":® ttlsu
prepare Wne-sided hSt" by fsrotecitng stm back side tlurintt
the bSi eidiwir?’ Reraduai An on the siirhtee is removed
nticf -he eivh by i.otticitiii?g m l^xKI solution; however, sec-
otidary run i-n&s spectrometry iSiMh) anttly'is shows
nad-;0's trif " Al residual Au tn Hte nanuporoiss layer. The
Au coiteenitaiiot) hills below the 5IM.S deleettttri shrestioid
of ■"■ IO:> cm'sviiflin t.J.s... t.p yt(n ftvjsn lhe surface, ifenii-
spheric total A iAs„,} anil iransnsittance (Tsw) for normal in­
cidence tire measured on a Varian Cary bOtiO? apeurreipnp-
lotiieter with an mtey raiiiiy sphvic. The specirisnteier also
provides ihe mtnnal iranoiiiiramre .(

Figures I (ai and I (bl show the q -3 min spectral ck-pvn-
dences of 7g ;1 and for one sided tins! double-sided bSi.
resiX tetwlv. cb •irnti • 'tc ’I dv-iwifii' the most tiiipra-
tain re fi i x i and t a mt 11 liras 1 in bi a Ii ',op!e-.,
R,, is i'i >■ w- del: fi in Mi < liRo ipii <> i'cletiplh. eunlirm
ins! the goo 1 A l-l 11< i i s i hst. Figure Ua.’i shows liial

<il' the line-a lira i tr than 71., at vc.ikis ab■
sotbed itiftarei! i.u.<t? wavekxB’ths. tndicaiitiE IR scatretitix tt;
the top bSi sut’litce Isee inset). We also plot the iritnomsteot;
haze,. with Wi--9% at HRt> nm.
About 90% of JR is transmiiied ilsrough the buck bSt/air
inter.ace I Fig. l{b)| iuciinitii; that the sctitw'mg trr.n;; the
fiont Burst be mainly in lire Award direction and within a
coni: dethted lay bi..

Figtire 2(;ii .and 2t bi shoes optical measurements .on cme-
skied and iioitb-e-silted bS? samples, fespiretixely, ai 1300 tm?
'Auivekihgth tV.here, absorption is neghgiblei, tor t ipia-
trer) to E tnim l-igare 2R1 and Tid! display cross-sectional
teaumtrg electron mierosenpy iXSlaM . iinagits after 3 and 6
ruin oi bSi etching with a— 501? end lOiR rim. respectively.

4-35Q 03/525.00 85. ?S35tJi' i ©;20(.t9 America is institute of Physics
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inc hided m i u \ The in^ts sdiefriJliv.'shv die r.inm jeikxned end : r.:ns •
mid'jt: Hci.ll pjitis.

Ptxe!-by-pixel cifmpmer tmulysis of 3 3 min XSEM image
shows a roughly linear grade in density, and thecelote index
nl retraciion. images, such as Figs. 2(c.i and 2(d) show ptt>-
•’'s'sise development of target' lateral iriicuires rmd etch-
depth inhomogeneities with- chai as ten site length ‘tales
reaching the IR wavelength in Si ( Ml nm}. 'Ihvse shire-
tures are presumably responsible for the increasing IR haze
in Fig. 2(a) as t,. increases above 3 mitt. This IR scatleriiig
also mcreas A , t'lb 1 ii I"' ’*ia)  ami "'tb> there is
progressively t i t. < s u nm hoi t the I u i aractures
at rhe front hst sin1 < i I ih< ii d iiietrta) i Jh 1 at from
the back due to rhe mcreiixmg traettoti ol nglil iOrwnrd-
scauered from the bS; from at angles greater than <-i... 'file
inw- values of (?), hi 3i m conibimtlion with s diffuse back
reflector tire proven to lead to excellent light trapping in,.Si
solar cells/' Therefore the b:S> surface layer, with its total
imermtl reflection, can provide efiicient IR light trapping. As
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a second-order effect, forward-scattering from mhomogene-
Ties nt the bSi layer niay provide a photon path length m-
crease ?ii l < n pen&nes for the escape through the graded-
density in nt » dace ci the small amount of light reflecting
frem th d' '< back reflector at angles fess than H..

We f ihi ile solar cells irorn one-sided bSi wafers and
from doufl> > e polished planar Si controls. We use siiiit-
dard pr> i v-' s to create a front phosphorous-diffused emitter
and an \1 b Bk surface iieki, as detailed iti Ref. ILA 20 tint
thermal nod' i> grown to passivate the black Si surfac.' and
improve blue response. We etch this oxide locally ln-lore
evaporating a front nie-tal grid. Illuminated current-voltage
(/V) curves of pliotolilhogniphically ik-iitied ) enr ceils aic
measured with calibrated 1-sun simulators. Our best bSi .mi-
Jur cell is made with r,.-3 min and is inclepviidently con­
firmed al NREL to have efficiency ( r/) <>f 16.8'4. with open-
ititcuii voltage (V'',,,! of PI 2 mV,, sborl-ciicuit cui'reiit (TO of
34.1 rnA/cin' and till factor IFF'.') of 80.6%. This exceeds by
2.9% the highest previously reported effteieney of 13.9% tor
■a Si solar aflf’ without any deposited AR coaiittg.

Figure 3 shows the I -atm IF parameters for b.Si solar
celh normalized to the planar control cell, the saitirtii.tott cur­
rent dets-ity I,/..,- extrik' <1 uotn the illuminated,AA '' and the
average f< wets?hied ns --olm photqn flitx 'WS, J from 3S0 to
IU00 mil w y <n th ' r ns - kli of-oar bSi solar cells
have and rl- cot ant ml ><■ the planar cell, suggesting
little probk-m ;m mau,>c comam tri the nanopdrous top sur­
face The irtcrense in ./, mdaratss increasing recombination irs
litre thickening iiatioporeus layer.

Figure 4 shows the tnteritai quantum efhcieiscy t IQE1 rat
gkutiif. ?■. -L attd 6 tint; etched bSi solar cells iltnes) ic-geiher
with the results from Otir modeling with the cme-dmietwiotial
device program PC-r.» (symbols), There is a reduction in bSi-
evil KJE below --70(i tint wavelettgih and it worsens with
increased Integration of the blue IQE loss for the 3 rtsit-
bSi cell shows a J,., loss of 3.6 ntAJCitr', 1-ktwever, the
ceil Ims -2,7'3. corfespouding to a low- of only
-1 niVcnr. less than conventiomfl AR comings. We were
unable to model the 1QE of the bSi cells with any cun>hina-
lioti ol poor planar f:'t>nt-surface .ruco.m.bihatton ' elih.-ity mid
reduced hulk lifetime. Instead, we mode! the IQF. well by
.I’wi mi my iiint flu.- h-S; mtrioporou k-’,.. ■ acts .is a low-hli’imr.’
“ileikt lave:" wlrch is thiimei i i ig -I legend) than .-i We
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f;K> 4. t Colei Oiilisn-l fQlbiif piariai anil bSi siter wlL. Symbols sho-v wiil
cakuiaiof list: wsnteiw hli'bl*  teipVU statitcc deod layers <4 ite iiiJi-
s:a>c3 t!>‘iAs|>is*l:s

iinpicment she nanoporinia -dead layer
i Kr! rar' >>f Pi with h' I t'

ns a heavily doped Si
teGmln.aadoii, We ng

tribute the dead layer to >i h 1 i
nnnoporous layer itiici adv n t i
twits intemitl surface, pi.... it i

a concemraeoi! in the
liibirsaiiop. ai the eiirsr-
•rtiate.d by re-ikiisa! At!

contamination. Light scatter
increase ph>H>'it prah lei
worses Itjl ins. J’he a. i
::: LOT. bill 4 flit kl f dSIK
ttsid T. The ■'■dtw iini hcm«
mixed 3 into hSi ceil rep

nd i <. iid>•>' t ion. Fimir

11 < < I natioporous layer may
h i id the dead layer and

i tn 11 <‘ll has ;s better ST ..
i i d he 3 min veil i.Figs. 3
, in n ide depth of our opt;-

H i ti promise between AR
I d i sin ws thai 'die IQF li-mt

iltii to I tdl nm is ant higher in the bSi than in the pl,mu
•> iml di ■>' k the I’orwatd-scatieririB. of IR from i>m l>v
ui n s ()ui p amir coniml and bSt cells ail have .Al piste
illnn d link sinks, - 'i.il in m ■! ii mH , elieciivv hs.’ln
, itkut. 1 J be dinar' d dust- rclkxin n from die b.n I
vuk • • idiei v Th s Jkni t'iiln trappu g at the front YAm
ml >) a s ii drill sul’s m lai d 1 cm rice in IR opiical
pi h kn it ti tween tne mi celts.

11 r >rl ends its tn suggest four design tides for solar
disk s dm iafiosirncuired density-graded layers: li)good
\ w 11 Jeep density grade depth, t/. However, </ m.ti.sl

i as. possible to avoid excess surface recom-
i i i du.' na'Kipuroits layer. (21 Increasing the eharais-
is i m te ditriensiou. A (in this ease, the pore dtart)-

si fid > s ihe sm'luee area lor doparn in-diilusion and ini'
■on oeeatisc mmastractiires of is given mass den-

m I i> s i si n race area that scales as 1AJ. However, b tnus!
I li I sn tin .smallest •» ■■iv<T"t>lT ci' <-T 'ivcre'i ■
ni tin mt p >tons iayt u is is i It1 i<i h n o *ii<ni

ikn )•' t ukJ layer and mini,,. >n.l * t Mirra il it n
creases fc. Wall )>•■■■• 6 tn Si m tne obti-dOu nin range, Itn;

mitiijsciiie dimension should probably be less that: -'-61! rim,
(3.1 The bat:it -satface of the cell must reflect wenkiy absorbed
light at angles gretmtr than (-). to avoid the efik:lent escape of
nt'ar-nonna.:. ilghi from the density-graded front surface, (4j
The method oi iahftc.tiiine the mtnostniemmd density-graded
layer must be iriesperisivii, such as i one-step iictuid eiith.

In siiintiraty. it si triple, one-ste, anopaiikt'e-cnialyzed
bSt etch rain provide elfecUve AR i n iiK.it-ni Si solar cells,
without reducing V',., <:sr f;F. 'The J.tpt.'. tails sigiiilkanlly at
shmt wavelength as the bSi etch, time inereases, due w high
doping and/or surface recombination in the natiostriiciiired
detisity-graded Ittyer Although tlie.dettsily-graded layers pro­
vide little iriieraal relleetion of near-normal light,.a diffuse
back-reflector, sctnienrig al bSi nanoporous surfaces, and to­
tal internal ivftection from bSi above ,’t sti’>..d angk I m'
the 1R IQE little changed from a pl.rn h v> 11 »l 3 i .i 111 ■>
etch, producing a density grade about '6<)iim k p p ■ t» *
the ix'st ciiruptomtw- between suifaci ml cstim en I b ,i .QI
loss; we tabdstee a I b.S'v Si solar tut.: wtw»tn any ut-posiwu
.AR cotiiiiig.

This work was supported by the U.5. Department >
Energy iirtdet' Grtmt Nti. DE-AC36-0SGQ28308. We than
Anna Ditiia. Lorenzo Roybal, Bobby To, Robert Reedy. <m
Ptnit C'istwk for cell labrivnikyi and charsetcrizaiion iissi:
tance.
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BWRACTON GBATING STRUCTOOS IN SOLAR CELLS

Saleem H. &tidi*,  JawM G«2, snd Cfeuglas S. Rutty'
■iSratings, Ise,, Albuquerque, NM 8?i0?

sSsstfea National Laboratories, Albuquerque, N.M 87183-0732

ABSTRACT

SuMwwtesgfe psriodiu texturing (graimgs) of
aystslltoe-sltam (e-Si) surfaces for sslw cell applica­
tions m fee designed ftr mtotimiriog optfeai absorptioo
in thin yRR fems. We have investigated e-Si grating
sawttees using rigorous modeling, hemispherical reflec­
tance, and interne! quantum etlleieney nwreswis.
Medel cafcfefetoro predict almost - ICO % energy coup-
Img into obliquely propagating diffraaw® orders. By
febricatims sad optical characterfzatKm of a wide range of
ID & 2D o-§i grating stntcawes, we have achieved braad-
bsnd, low 5 %) dta» without an aati-reflection
film. By integrating grating structures fete cowmifonsl
solar ceil designs, we have demusisirated stert-eirunfe
current demity esha»ees»»ts of 3.4 sad 4.1 mA/m*  fee
ractongufer and trtasguta' ill grating Wttetum sotoparod
to piaw sontruk. The effective psfe. length
enhancements due to these gratings wm 2.2 sad 1.7,
respectively. Optimized 2D gratings are expected to have
even better perfomMce.

iNTRODUCnOH

Is must c-Rs photovoltaic mndsles, 30 % of fee
east is associated wife fee c-Si wafer (1J. Tfeeroferg, s
highly effective approach tossed st cast redaction ht
tnysteflw smci swltirorystelline c-Si solar cells Is belter
material utifia&tlon by using thinner (~ 1-20 pm) films,
Reduced film tfeckness is also attractive. dee to lower
bulk rorombmation sad increased apen-clrotiii voltages
provided complete optical .etxteM etto he achieved
|2J. 8-Sl is strongly steorptive in the UV-vlsftsle spectral
region. Itowew, i» wsr IK. region (~ O-t.l gm) and
psr&uferiy ®r fee band edge, the absorption Is weak;
e.g< fee tthmrptitm depth Is - Ife) |un at X - I pm [3].
This weak qbscsjjfean fundamentally Smits fee perfor­
mance M fete-film c-Si solar cells. Surfa® texturing
schemes aimed st enhancing »w U< absorption by
oblique csptiral eouplipg into fee semiconductor have
been extensively investigated (4|. Sucfe® stroctiiring
schemes based <m geometrical optics ronsideratiems may
have limited appttcabttsty in fete films due to texture
dimension approaching fee film feidmess.

A. periodically textured surface such as a grating
stroetttre can he used to enhance absorption in fem fems.
Sheng, et at. first proposed this -br fete film a-Sl solar
cells [5], Using a waveguide esmSgwaifen, it was show
feat s» appropriately designed gating structure ess
entemto short-elreult current by - 4-6 m.-Vem1' in
comparison wife u piasjsr surface. Heine asid Mbrf 

Investigated difftacimri grattoga in e-fii safer cells [6J, In
fefer scheme, grating structure w« designed ftw
optimum ©oupimg fete obliquely propagating difSwtkm
orders feside fee semiccmfetetor material BreadteO snts-
steferfsen chm®t«risl« »f grating structures have also
bn exwrively tevestlgsied [7].

Here, we report os an investigation of sub-
micrometer c-Si gratiog stracturas by modeling, hemi­
spherical reffectartee. and Intemal quantum efficiency
measurements. This mitigation will help tn aptimfetog
grating xRu'cranto femuti at mxltmring optics! absorptitm
tn feist-film c-Si tolar cell devices.

MOMU8G OFORATIMG STRVCTORES

light Interaction wife a grating structure is s
complex function of several patwtsto feeMng fecidm
wtvelengfe, angle, polariratfefe period, profile, duty
cycle, ttod depth (8). For solar cell applications, tire front--
surface grating shttolti be designed to eahaaee Infrared
absorption by offidefely cuuplhg of light into fee modes
fet propagate rasariy parallel is the surface while
miairoiang eaupfing into fee tmtmlly propagating xero-
ords- mode. Using eommeroltely avdfebte CMGLVER^
rmxtelfeg software, m have investigated roetangfear,
triangular, and blazed grating structures.

Figure I is an example «dcafeti<m. It Shtin's fee
diftraction effejlewy ter both T8 and TM-pfesrixaferas
for normal incidence. The grating period was selected si
0,43 fen so that both first sod secosd orders were propa­
gating. Finer periods - e,g.., fefe32 png where only fee
two tl-ordem relatively weak energy wtplfeg. For fee
T&polariratimg - 4094 of the fecifemi energy at 03 fen
depfe is osupled into the tl-dlffractimi orders
(propagating st - 30® wife respect to die norroai), and
minimal easrgy la osnpled into the ±2-difS»«t<m otders
(propagating st - bti® with ftopsto to fee normal). For
'TM«polarimi©K, simdst §9 % of fee inddm energy' is
coupled to the ±1 anti ±2-rfl®ndioo orders.. Similar
ealcfeatior® for irianguisr-protiW graimg stanfene shtsw
feat st Ti-polariaatibu, - €094 of incidttt energy la
coupled feto fee ±Miffiseti»n orders end apfsoximstely
10% Is coupled into the ±2-dittscti<sn cwriera. At 'I'M-
polsrizaiit®, - 86% of fee energy is eoopled Into tel-
difirsetion orders and - lti% into the -,t2-diffraction

■orders. Finally, fer fee blazed gra&tg profiles, nearly
180% of fee teidesit energy is coupled into diffraction
orders for fee T£ polarization. For TM-polariatfcfn, sama
behavior Is seen wife - 30% coupling into fee +2-
difiraction order. A oampariwn of fee energy distribution 
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among diffiteAioo. osdera for the thro® profiles reveals feat
■he biased grating stetuw eouples mors energy ®a the
transmitted difirstea ©refers, but that coajrfhg fete the
swfe order is compsrabfe fe the three gra&tg
steuemres. The rectangular profile show rhe least energy
ttsssfer into difeten orders-

In general, our saltations show that high
dif&aetfen effieietsdea san be achieved ax long as the
propagation angle is £ <80® with respect to the surface
storms! For higher propagation angles, mosief tea energy
is coupled bach into the normally pmpagsihg aero-order
modes.

c.s
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Figure L Diffteten efficiency calcabtbrss ass tenction
of gratiog depth for symmetric retoMgular profile grafiug
structure st X«1.Q pm*

FAWCATjOK OF GRATINS STRUCTURES

We have developed low-cost, large-area fetet-
ferometrfc lithography techniques to patient a wide mage
of ID and 21J periodic stracteres [9), Intsrterenc©
between, sw coherent laser beams produces a sjtBpte
periodic pattern at te’XSsmfi, where X Is tec exposure
wavelength, and 2$ is the angle between the two inter-
seteg ter beams. For X”355 on, ft- Sft®, periods down 

to - 2S8-nm can be easily fabricated, Typically, grating
stelws am fw fewed fe photoresist fellowed by
pattern transfer to c-Si using: nr< appropriate comttetw
of wet asd dry etehihg teduaqaBs. Figw 2 shows
scanning dates mlsroscopo ptem of ID triangular
tetd recemgoW profile gratings, astd s 20 hole ptero
etched is c*Si  using RIE and wst-diemical. dchstg
methods [IOJ, The triauguW stnsfiture shown in Fig, 2 fe
rfwaeterfeed fey period of - 420 nm. with full with st
Wf-mateum depth of- iftft dm etehed to a depth of -
riftft ran, The tdctongslar profite grating shown to Fig, 1
has a period of §00 am, linewidth of- ISO ran, and depth
of - 1088 ran. The 2D hole pattern se 880-wn period is
has a tewte - 370 san sad depth <rf - 800 w.

&'

Figure 2, SEM photaraicrographs of(u) ID triangular, (b)
10 reclangi-ta, sod (e) 2D hate pattern grating.

Speetosl reSeetanee measurements of grating
slsustures were carried out using a Cory Modfei SE (L-V-
VIS-MIR.) spetephotometer te a Lab-sphere (RSA.-CA’
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SO) integrating sphere. Figure 3 staws absolute hemi­
spherical refiectancs mmmwnto from grating stftte*
turns stows in Fig. 2, ft is sees Ast broadband reduced
reftatoa is observed fom As triangular gratag profile.
in rotates!, the rectsugular-profiled grating street®®
supports a mmitar of narrow, tow reflectance; spectral
bands, For the triangfeter profiles, the same brosdtoto
anti-retarffon behavior is seen with tads peidrizatloss.
For ths rwtosgiito proglcs, there speetal bands are &
tafieal ftaction of the tandem light pblariratton. For fto
2D tototoftent s broadband ttai«refteditat tatavfer to
observed. The roflccttat can be fuffiter rodeoed in all
cases by sppfaitat of mmtoefestfon films.

0.7
0.6
0.5
0.4
03
0.2
Q.I
0.0

0.4 0.6 0.8 1J U
Wavelength (p.m)

X

JU

Figure 3. Hemispherical reflsewce roerommems from
grating strectaes shows b Fig. 2. fefcctsncg from
polished c*St  surface is shown for crnnpariwo.

INTERNAL QUANTUM EFFICIENCY
MEASUREMENTS

Grating solar cells were febricased on 4*
diameter, p-type, I £2-em resistivity wafers at Satafe
Natrons! Latoratcmts, Wafers w® RIE textured with
petadfe patterns.. The jumtan depth was *-  03 pm trn the
planar regtam A J 0mm ihkk. passtvatfeg SiOj film was
grown during tack m rftoe field formation M •*■  Oto NX
tor comparison, pianar arid grating regions of - 2s2 car
wa-ret termed ®s each cell. httereai quantum efficiency
measttrefttente &om ptaw and grating regions were
scqtdrod to undmmd the bfitsenee of grating structure
on cell efficiency. The IQE messuiemsms of triangular
and rectaguler profiled ID gratings exhibited sabstan-
ttaly reduced blue response. This was attributed to tto
lack of adequate passivation to tfe strongly absorptive
grating region, &a4 probably io »me residual surface
damage suffered ftem the RIE process. Sy ineotporaitag
RCA cfa® process. prior to emitter formation, fee btos
response was significantly improved. Figure 4 shews the
JQH'response of a ID rectangular profile grstbg strm>
tare, tor comparis® the planar surface 1QE adjacent to

& grating is also plotted. It is saen that Ac gating
street® <tefi rfifi exhibits fewer IQB in O-AfHim
spectral regtou presumably dae to rorfsbal Rffidrefared
surf®® damage. The IQE response, howew, is slgnifi-
effltiy enhanced i« the tong wavelength regfen. The
m&ce refisetesw has also been signiEmtly radnrod.

tod

83

ro

40

is

a

f<5£tpfessr

3«r ptasr

Ust; groi&g

trSgrAjjg
rocs^gsih^

pmfee
IQrf grs®Bg.

«.4 8.5 ».« 0.? M $.<*  l.fi 1.1 U

Wavelength (^xm)

Figure 4. feteraal qaasttam efficiency from ID
remangnta profile grating. For e?mp3ri»t, IQE response
of ptaar surface is also shown.

Figlire 5 shows stall® !QE and reffeciaaee
measuremes® from a ID triangular profiled grating
street®.. This grating siractare exhibito slightly improved
IQfi response in toe short wavelength rental, fiat it is still
fewer than the planar surface. The eshancemrot fe be
long wavelength region is not as pron&teieed ss for the
rectangular profta,

W® can eliminate toe substrate varia&m by
pfeahg IQE latiss Asm the grating and plan® regfecs of
the same wfer. Fig. 6 plots toe IQE ratios for th©
smangtstef and triangular profiled gredng structures, it is
seen that for th® rectexsgylgr profile, ths ratio is less th® I
for wavelengths < 0,55 pre. and toe .maxlmwn
staamment of ~ 2.7 is observed st X» 14 pm. tor the
triangular profile, the IQfi mfo Is fess than 1 for
wavetesgths < 0.5 :pmy white the maximum enhweesmt
of - l .ei is s«i at X ~ 14 pre. The IQE masneeroem in
the IE region oats best he understood m th® basis t>f th®
diffraction crfcula&ms presented earifec. The grating
structure couples sgnifimt energy into She obliquely
progagatag dsffiaetion orders Isistde e-Si. These
transmitted diffraefion orders generate statrofotote pairs
etaser to the surface, thes, ebmcitsg the probability of
eollerffon by fc jtmefita.

ANALYSIS GF RESULTS

These ts clearly an improvement is IQS due &?
fee grating (Fig. 4-6). A etmvenfetst method to quantify 
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the effect of the grating altane or impre»vmg |QB is to
snslyze the inverse IQS versus absorption ieagth (HL
The linear regime <jf this reltofeuship m the near Intotred
region gives a taww® ef the letemal length
(L^ and Fig. 7). L;^ Is s fijac&m of ths bulk material
quality (e,g., bfek dlffeste length) and the imernal path
leagfe. Since fee pl®w and grating regions We adjacent
within the same cell and have very similar bulk prapts-
ties, a ratio of L^ between fee textured sad piartar regtes
gives fee effective taeresse in psfe length due to the
grating. We refer to ''effective" psfe length enhancemcra
shoe fee generation profile with fee grating is a wmhl»
tires of different modes traveling si different angles. The
effective path lengfe enhancement fer fee triangular sad
rectangular profiles is roughly I .7 -and 2.2. respectively,
For comparison, fee path length enhancement wife.
ctewally featured surfaces h around L3 since the fight
is coupled into the siilcos at a well-deSued angle (1IJ,

fe8
&

IQE, plwr
®0 IQE, gsstfeg

69

40

20

Rcfgra&g
S

O 9.7 G .§ O M20.4 fi.S 1.1 1.2

ID grating
mfegte

profile

IS
O'

aw

Wavelength (pm)

Figure 5. fetemi efficiesey fiom ID triangtdar
profile grating. Fur comparison IQE response of planer
snrfaee is also stown,
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Ultra-shallow p+-junction formation in silicon by
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Abstract—Heat and mass transfer at the nanosecond time scale and the nanometer length scale in pulsed
laser fabrication of ultra-shallow p+-junctions is studied in this work. A new technique is developed to
fabricate the ultra-shallow p+-junctions with pulsed laser doping of crystalline silicon with a solid spin-on-
glass (SOG) dopant, through the nanosecond pulsed laser heating, melting, and boron mass diffusion in
the 100 nm thin silicon layer close to the surface. High boron concentration of 1020 atoms cc”1 and the
‘box-like’ junction profile are achieved. The key mechanism determining the ‘box-like’ junction shape is
found to be the melt-solid interface limited diffusion. The ultra-shallow p+-junctions with the depth from
30 to 400 nm are successfully made by the excimer laser. The optimal laser fluence condition for SOG
doping is found about 0.6-0.8 J cm'! by studying the ultra-shallow p+-junction boron profiles measured
by the secondary ion mass spectroscopy (SIMS) vs the laser fluence and the pulse number. The one­
dimensional numerical analysis agrees reasonably with the experiment, within the available physical picture.
Possible mechanisms such as boron diffusivity dependence on the dopant concentration in the molten

silicon are proposed. Copyright © 1996 Elsevier Science Ltd.

1. INTRODUCTION

With today’s rapid development in sub-micron elec­
tronics, it is becoming increasingly urgent to fabricate
a high concentration ultra-shallow /©-junction for the
source and drain of the PMOS (p-channel metal-
oxide-semiconductor) transistor [1]. This need pre­
sents i a challenge to current semiconductor doping
technologies such as the furnace diffusion and the
ion implantation. It is difficult to achieve both high
concentration and ultra-shallow junctions by the con­
ventional furnace doping due to the nature of the solid
phase diffusion and the lack of controllability, even
though many efforts have been made towards develop­
ing RTP (rapid thermal process) techniques [2]. On
the other hand, by the ion implantation technique that
has been extensively studied and implemented in the
current semiconductor industry, one is still unable to
form high concentration ultra-shallow /©-junctions.
The insurmountable obstacles arise because the
required very low ion implantation energies reach the
limit of the implantation equipment capabilities and
from the greater inherent channeling effect in crys­
talline silicon for the light ions such as boron [3, 4). A
modified ion implantation method has been developed
to amorphize the silicon wafer surface first, in order
to reduce the boron channeling in the implantation
process. However, several post-anneals are needed

t Author to whom correspondence should be addressed. 

and defects are often generated within the junctions,
degrading device performance [5, 6],

To meet the mandatory requirements of both high
doping concentration and ultra-shallow junction
depth for PMOS, it is necessary to explore new tech­
niques. It would be interesting then to seek new tech­
niques that can generate the transformation to the
liquid silicon phase, where the boron diffusivity is
extremely high, thus enabling easier and more precise
control of the diffusion time. The pulsed u.v. excimer
laser as an intensive heating source can provide a new
avenue. With the peak power as high as 108 W, the
excimer laser light can be strongly absorbed by the
silicon surface within a depth of 10 nm, resulting in a
thin molten silicon layer near the surface. Since the
boron mass diffusivity in liquid silicon is by six orders
of magnitude larger than that in solid silicon, excimer
laser irradiation can confine the diffusion within the
thin molten silicon layer at the nanosecond time scale.
By controlling the laser pulse energy, the thickness
of the thin molten silicon layer can be incrementally
changed from a few nanometers to microns. There­
fore, it is possible to precisely control the maximum
diffusion depth. Also the short pulse width of the
excimer laser, which is of the order of 10 ns, provides
a complementary way of adjusting the diffusion zone
within the molten silicon layer by varying the number
of laser pulses, thereby essentially changing the mass
diffusion time. Meanwhile, the high boron diffusivity
in the thin liquid silicon layer results in a very high
doping concentration in the region. A gas immersion
layer doping process (GILD) has been developed [7],
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NOMENCLATURE

C
C„

dopant concentration
surface dopant concentration

C,.h laser intensity absorbed by the
crystalline silicon

G
d,

thermal capacity
thickness of the silicon wafer

f'l reflection coefficient at air-film
interface

d2
D

thickness of the thin dopant SOG film
mass diffusivity

r. reflection coefficient at film-substrate
interface

d, junction depth
junction transition depth

R reflectivity of the sample at
z = 248 nm

h enthalpy __ / time
i imaginary unit ( = v — 1) T temperature
I laser intensity T, room temperature
k
N
A''p

thermal conductivity
laser pulse number
total number of grid points in the
computational domain

- coordinate perpendicular to silicon
surface.

complex refractive index of SOG thin
film

Greek symbols
z absorption coefficient

complex refractive index of silicon
substrate

z
p

laser wavelength
mass density.

in which dopant gas molecules such as BC1, and PCI,
are dissociated upon the u.v. laser irradiation and
incorporated into the think molten silicon layer. It has
been demonstrated that submicron shallow junctions
can be formed by this gas phase laser doping technique
and good device characteristics have been achieved [8-
10], However, the gas phase immersion laser doping
requires a sophisticated vacuum chamber and mass
flow control systems. Solid-stale dopants have been
traditionally used in a furnace diffusion process for
semiconductor device fabrication, because of its sim­
plicity. In this work, a new technique is developed for
fabrication of the ultra-shallow p + -junction by the
excimer laser doping of crystalline silicon with a solid
dopant spin-on-glass (SOG) film. By using solid
dopants in excimer laser doping, not only does the
process itself become simple, but also the laser energy
coupling into the silicon wafer can be enhanced up to
two times due to the thin film interference effect. The
boron dopant profiles in the thin layer near the silicon
surface, which depend on the cxcimcr laser fluence
and the pulse number, are obtained by the secondary
ion mass spectroscopy (SIMS). The rapid transient
heat transfer and mass transfer in the thin molten
silicon layer induced by laser heating are studied, at
the time scale of nanoseconds and the length scale of
nanometers. Numerical simulations are conducted to
compare with the experimental dopant profiles. The
p+-junction depth and sharpness as functions of laser
fluence and pulse number are revealed.

2. EXPERIMENT

The sample structure is shown in Fig. 1. Upon the
excimer laser irradiation, the thin layer near the silicon 

surface is rapidly heated and melting starts as the
surface reaches the silicon melting temperature of
1685 K. The melting turns on the boron diffusion in
the liquid silicon immediately. After the melting front
reaches the maximum depth, the solidification limits
the boron diffusion process at the solidification front.
The sample is prepared in a clean room environment
at the Microfabrication Laboratory at the University
of California at Berkeley. A 4-in n-type (100) CZ
silicon prime wafer with the resistivity of 5-10 fl-cm
is used for the laser doping experiment. The wafer is
cleaned through the standard process by a Piranha
solution and rinsed in DI water tanks. The native
silicon dioxide on the wafer surface is removed by a
diluted 10:1 HF solution. After 1 h baking at 120°C,
the wafer is coated with the boron doped spin-on-
glass with dopant concentration 2 x 1021 cc~' by spin­
ning the glass solution at 3000 rpm. The sample is
then baked on a hot plate at 250"C for 2 h to drive
out the residue solvents inside the thin glass film. The
thickness of the dopant glass film is designed as 3000 A
in this experiment to enhance the laser energy coupling
into the silicon at KrF laser wavelength z = 248 nm
based on the thin film interference effect. The dopant
film thickness is measured as 3050 A by the Gaertner
L116A ellipsometer and the Nanospec interferometer.
A separate dopant film is spun on a quartz wafer and
optical transmission is measured about 95% at 248
nm. Therefore, the film can be treated as transparent.
The thickness uniformity of the thin film dopant glass
is found to be better than + 5% across the wafer.

The experimental setup for the excimer laser doping
is shown in Fig. 2. A Lumonics Index 200 excimer
laser with the wavelength of 248 nm and pulse width
of 26 ns (FWHM) is used as a heating source to induce
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KrF Excimer Laser

v

di

z C-Silicon

Fig. 1. Schematic sample structure for the ultra-shallow/>'’’-junction formation by the excimer laser doping
with a solid dopant spin-on-glass.

------ SOG Dopant Film
------  Molten Silicon Layer

Oscilloscope

PIN diode

Attenuators <

Beam Splitter

Joulemeter

Reflector

KrF Excimer laser
(X = 248 nm )

Lens Beam Lens Lens Sample Stage
Homogenizer (2D micrometers )

Fig. 2. Schematic experimental set-up for the excimer laser doping of the silicon dopant spin-on-glass.

the thin melting layer on the silicon surface. The
pulsed laser beam is delivered through a set of optics
that includes a beam homogenizer, mirrors and trans­
fer lenses. The optical alignment is performed to
ensure the system optimization and the laser spot pro­
file uniformity on the silicon wafer. The laser fluence
on the silicon wafer surface is varied by changing the
excimer laser electrode voltage and by using a set
of laser beam attenuators. The sample is translated 

through an X- Y micrometer stage. The laser pulse
energy is monitored by the molectron joulemeter
detecting the 10% laser beam reflected at a beam
splitter, while the 90% transmitted beam is focused
on the sample. The temporal laser intensity profiles
are recorded by a silicon PIN photodiode at a HP
54510A digitizing oscilloscope with nanosecond res­
olution. The laser fluences studied in this work range
from 0.6 J cm”2 which is close to the silicon melting 
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threshold, to 0.9 J cm 2 where the surface temperature
of molten silicon layer is still below the oxide dopant
film melting point of 1980 K. Therefore, the oxide
dopant film stays in the solid phase during the silicon
melting process. In order to study the transient ther­
mal and mass diffusion in the thin liquid silicon layer
and optimize the process to achieve the 'box-like' dop­
ant profile in the /F-junction. the laser pulse number
.-V for each fixed laser fluence is chosen as 1,5. 10 and
20, respectively. After the laser doping, the dopant
glass layer is etched away at a diluted 10:1 HF solu­
tion. Several rinses are necessary to ensure that the
silicon surface is free from contaminants.

The boron dopant depth profiles are measured with
the Phi 660 SEM-AUGER-SIMS system with the vac­
uum of 2 x 10 9 torr. The sample surface morphology
is examined by the scanning electron microscope
(SEM). A liquid gallium ion beam with a diameter
of 2 /tm is used for sputtering by scanning an area of
50 x 50 pm or 100 x 100 /tm on the laser doped p ' -
junction region. A quadrupole mass spectrometer
analyzes the sputtered material from the p * -junction
sample and counts the boron ions instantaneously
with the sputtered depth into the sample. Ion gun
alignment is carried out to ensure both the gallium
ion beam and the mass spectrometer are focused at the
same area on the sample. A boron-implanted silicon
reference sample from the Charles Evans Associates
(Redwood City, CA) is used for calibration of the
boron concentration in the p1 -junctions fabricated in
this work. The calibration is performed at the same
SIMS (secondary ion mass spectroscopy) operation
conditions such as the magnification and the gallium
ion current [11], The depth calibration is done by
measuring the sputtered crater depth in the reference
sample at the Tencor Alpha-Step 200 surface pro­
filometer.

3. NUMERICAL SIMULATION

In order to understand the heat and the mass trans­
fer in the ultra-shallow /F-junction formation under
the excimer laser irradiation on the silicon wafer with
a thin solid diffusion oxide film, a one-dimensional
numerical analysis is developed to simulate the tran­
sient heat and mass diffusion of the boron atoms
across the thin molten silicon layer. The laser energy
intensity absorbed by the silicon, is represented
as a volumetric source term in the energy equation, as
is given by

= (l-/?)/(t)aexp(-ar) (la)

r, + r2 exp( -/47rn,r/,/z) F
1 + r, r, exp( — iditn} d,l2) |

where 7? is the reflectivity of the thin SOG film on the
silicon substrate and a is the absorption coefficient of
the silicon at laser wavelength 2 = 248 nm. t/2 is the
thickness of the film which is 3050 A. r, and r2 are 

reflection coefficients containing refractive indices of
n, = (1.5. 0) and it, =(3.58, 1.68) for the dopant film
and silicon substrate, respectively. Taking advantage
of the thin film interference effect, the reflectivity from
the sample can be reduced from 0.67 for bare silicon
to 0.56 for the SOG thin film on crystalline silicon
substrate. Therefore, the laser energy coupling into
silicon substrate is increased by 17%. The 100%
enhancement in laser energy coupling into the sample
can be achieved by carefully designed thin film thick­
ness for the devices manufacturing environment. The
distance from the wafer surface into the silicon z is
defined in Fig. 1. The laser absorption depth is of the
order of 10 nm and the thermal penetration depth is
about a few microns in solid silicon, while the cross­
section of the laser beam is of the order of millimeter.
Thus, the heat transfer in the silicon can be approxi­
mated as a one-dimensional conduction problem
described by

<T c[ pT\(pCp)(T) \+Q.ih. (2)

Two boundary conditions and an initial condition
are required

cT
T(z — dt, t) = T, , —(- = — rA, t) = 0.

C’z

T(z.t = 0) = T, (3)

where d, and d2 are thicknesses of the silicon wafer
and the dopant SOG film, respectively, shown in Fig.
I. T, is the room temperature. The heat conduction
equation, in the enthalpy formulation for the solution
of phase change problems [12, 13], can be written as

c/fl'/j c / PT\
+ 141

where the enthalpy h is a function of temperature.
h = h(T). The enthalpy equation and the associated
BCs and IC are discretized using the Crank-Nicolson
formulation incorporating temperature-dependent
material properties. A nonuniform grid system is used
in the computational domain. The maximum grid size
for the possible melting regime was set smaller than
10 11 m. At each time step, the numerical solution is
iterated upon, with the convergence criterion set as

max|-’^^- k 10 "’ fori=l,.V (5)

where the subscript i denotes the grid position, the
superscripts new and old represent the consequent two
iterations. A'p indicates the total number of grid points
in the computation domain.

As a first-order approximation, the thermal proper­
ties are independent of the concentration and the mass
diffusivity in the molten silicon layer is independent
of the temperature. Therefore, the mass diffusion is
decoupled from the thermal equations. The mass 

R =
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diffusion can be solved numerically at each time step
after the temperature field and melt-solid interface
are found. Transient boron mass diffusion in this work
is modeled by the one dimensional Fick’s equation

dC 8fSC\
dt ~ dz\ 5z/ (6)

The boundary conditions and the initial condition
for the mass transport are given by

C(2 = 0,r) = Co C(Z = d2,t) = 0 C(z, t = 0)=0

(7)

where the surface boron concentration Co is chosen as
the experimentally measured value. Since the dopant
concentration is about 2 x 1021 cc-1 in SOG film and
the boron solubility in silicon is about order of 1020
cc the amount of boron diffused into the silicon at
this work does not exceed 5% of the total dopant in
the SOG film. Therefore, the surface of the silicon can
be treated as saturated at a constant concentration Co,
which agrees with experimental observations
described in the following section. Boron diffusivity
D is set as a constant 2.3 x 10“ cm2 s~ 1 in liquid
silicon [14] and zero in solid due to the six orders of
magnitude difference between the mass diffusivities
in the two phases. The thermal properties and mass
diffusivities used in numerical simulation are listed in
Table 1.

4. RESULTS AND DISCUSSION

The morphology of the laser doped p+-junction
region after the removal of thin SOG layer is smooth,
as shown in Fig. 3 by the scanning electron microscopy
(SEM). Smaller scale SEM also shows no surface top­
ography generation. This suggests that the one-dimen­
sional heat and mass transfer approach in both a solid
and molten silicon thin layer is reasonable. The thin
oxide dopant film actually helps to stabilize the molten
surface during the transient melting, while the boron
atoms diffuse into the melt. However, at this point, it is
not clear yet whether the molten silicon solidification 

process is epitaxial for the laser fluences in the range
of 0.6-0.9 J cm“2. The microstructure generated in
the recrystallized junction region plays an important
role in the heat and mass transfer driven by the fol­
lowing pulses, because of the possible changes in the
physical properties of the surface layer [15]. Ulti­
mately, this affects the p+-junction quality.

Boron dopant concentration profiles at a fixed
energy 700 mJ cm-2, are shown in Fig. 4.p+-Junctions
with depth of 70 to 140 nm are successfully fabricated.
The boron concentration as high as 2x IO20 atoms
cc“ is obtained, which is about the boron solubility
in crystalline silicon. Such a high doping level is mainly
due to the high boron mass diffusivity in the thin
liquid silicon layer induced by the pulsed laser
irradiation. The diffusion profiles extend further into
the thin molten silicon as the laser pulse number
increases, although the highest concentration is up-
bound by the boron solubility. It is interesting that,
as the laser pulse number increases, the dopant profile
shape is more ‘box-like’ rather than the gradual
decrease observed in most diffusion cases. The abrupt
or ‘box-like’ dopant profiles render the ideal p+-junc-
tion properties [8]. The art in the formation of this
‘box-like’ shape lies on the fact that, as the pulse
number increases, the boron diffusion is limited by the
maximum melting depth determined by the pulsed
laser energy and pulse width. After the boron diffusion
reaches the maximum melting depth, more boron
atoms are piled up and accumulated in the molten
layer instead of crossing the melt-solid interface,
because of the very low boron diffusivity in the solid
silicon. At 20 laser pulses, almost the entire thin
molten layer of 140 nm thickness is saturated with
boron dopant. It is also demonstrated that the p+-
junction depth can be incrementally changed by vary­
ing the laser pulse number at a fixed laser fluence.
Numerical simulation based on a one-dimensional
transient thermal and mass diffusion model predicts
similar p+-junction profiles. Both the experimental
and numerical dopant profiles at larger pulse numbers
coincide to a certain depth of about 140 nm, which
is found through computation to be the maximum

Table 1. Thermal properties and mass diffusivities used in numerical simulation of ultrashallow
p+-junction formation

Melting temperature [K] Tm = 1685
= 1980

Si
SOG (SiO2)

Density [kg tn“] p = 2.33 x 103
= 2.52 x 103
= 2.2 x 103

Solid Si
Liquid Si
SOG (SiO2)

Thermal conductivity [W m ' K '1 k(T) = 2.99 x 104/(T-99)
= 67
= 1.39

Solid Si
Liquid Si
SOG (SiO2)

Thermal capacity [J kg“ K '] Cp = (1.4743 + 5.689 x 10“T) x 106/p
= 9.6045 x 102
= 740

Solid Si
Liquid Si
SOG (SiO2)

Boron diffusivity [cm2 s-1] £> = 0
= 2.3 x 10“

Solid Si
Liquid Si

Latent heat [J kg“] A/i = 1.4 x IO6 Silicon
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Fig. 3. Ultra-shallow p + -junction surface morphology imaged by a scanning electron microscopy (SF.M).
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Fig. 4. Ultra-shallow /?'-junction dopant concentration depth profiles at different laser pulse number N
with a fixed laser fluence 0.7 cm J. The solid dots are experimental data measured by the second ion mass

spectroscopy (SIMS) and the lines are numerical results.

melting depth at the laser fluence of 700 mJ cm 2. The
computational results fit the experimental profile well
for the first laser pulse, but deviate substantially as
the pulse number N increases. Numerically predicted
dopant concentrations are generally lower than the
experimental ones. It is believed that the boron diffu­

sivity may depend on the boron concentration if the
region is heavily doped, compared with the silicon
intrinsic carrier density of the order of 1019 cc 1 at the
melting temperature [16], For the first few pulses, the
heavily doped region is so small that the effect from
the concentration dependence of the boron diffusivity
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Fig. 5. Ultra-shallow p+-junction dopant concentration depth profiles at different laser fluence with a fixed
pulse number N = 20. The solid dots are experimental data measured by the second ion mass spectroscopy

(SIMS) and the lines are numerical results.

is not significant. Boron diffusivity can be treated as
a constant in the computations. As the pulse number
increases, a larger fraction of the molten region
becomes heavily doped, leading to a change in the
boron diffusivity. A larger boron diffusivity could
result in higher computed concentration for N = 10
and N = 20 in Fig. 4. There are other factors possibly
causing the differences between the experimental pro­
files and numerical profiles at higher pulse numbers.
First, the laser fluence measured by the Joulemeter is
averaged over the pulses for the case of multiple laser
pulses. Pulse to pulse fluence fluctuations generated
by the excimer laser can be as large as 10%. The
fluctuations can result in not only changes in the ther­
mal process, but also in the mass diffusion. The final
dopant profiles are affected more strongly by the
higher fluence pulses than the lower ones during the
multi-phase doping. Second, the microstructure in the
resolidified thin layer is also of importance during
the multi-pulse laser irradiation. Assuming epitaxial
recrystallization in the thin liquid silicon layer, the
numerical simulation in this work may not be accurate
enough to predict the thermal transport due to poss­
ible changes in physical properties such as the thermal
diffusivity in the recrystallized silicon. Third, the
absorption coefficient of c-silicon may change due to
the heavily doped silicon surface during multiple laser
irradiation. Lastly, the thermal conductivity of solid
silicon layer can be decreased by a factor of 2-5 in the
temperature range from room temperature to 600 K
because of the heavy doping with boron [17, 18]. At 

higher temperatures, the thermal conductivity
becomes less affected by the high dopant concen­
tration. The decrease in thermal conductivity can lead
to deeper and longer melting in silicon. The 10%
increase in the liquid silicon thermal conductivity from
1685 to 1980 K during the pulsed laser doping may
also influence the transient thermal and mass trans­
port [19],

Figure 5 shows boron dopant depth profiles for
different laser fluences at a fixed pulse number N — 20.
It is demonstrated that the p*-junctions  are ‘box-like’
for 0.6, 0.7 and 0.8 J cm"2, but not for 0.9 J cm"2. The
difference can be explained by the maximum melting
depth. For the fixed pulse number N = 20, the boron
diffusion depths already exceed the maximum melting
depth at the laser fluences 0.6,0.7 and 0.8 J cm"2. The
accumulation of the dopant atoms blocked by the
liquid-solid interface results in the ‘box-like’ dopant
distributions. However, for the higher laser fluence
like 0.9 J cm"2, the diffusion penetration length at
A = 20 is smaller than the maximum melting length
and therefore, no dopant accumulation occurs. The
p+-junction depth increases with the laser fluence
because of the increase in both the melting depth and
the melting duration. By defining the p+-junction
depth dj as the distance from the surface to the position
where the concentration drops below 1018 cc"1, the
junction depths vs the laser fluences at two different
pulse numbers N — 1 and N = 20 are shown in Fig.
6. The computed junction depths are plotted for com­
parison. The gradual saturation of the junction depths
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and the lines are numerical results.

with the pulse number N at fixed laser fluences is
observed in Fig. 7, which shows the melt-solid inter­
face limited diffusion. The ultra-shallow p + -junctions
of 30 nm depth at the laser fluence of 0.6 J cm 2 are
successfully fabricated with this spin-on-glass (SOG) 

pulsed laser doping technique. It is demonstrated that
the incremental depth achieved by varying the pulse
number N can be as small as 20-30 nm. However, by
varying the laser fluence at an experimentally con­
trollable level (about 0.1 J cm'2), the incremental
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Fig. 8. Relative />+-junction sharpness dependence on the laser pulse number at laser fluences as 0.6, 0.7,

0.8, 0.9 J cm-2.

depth is relatively larger than that obtained by varying
the pulse number because the melt depth is mainly
dominated by the larger melting depth and longer
melting duration. The p+-junction sharpness is an
important factor in the device performance. By defin­
ing the relative junction sharpness as dj Adj, where Arfj
is the junction transition depth, it is found that the
/ -junction sharpness increases rapidly as the pulse
number N increases for the lower laser fluences of 0.6,
0.7 and 0.8 J cm2, as shown in Fig. 8. For the laser
fluence of 0.9 J cm"2, thep+-junction sharpness grows
much slower than the lower fluence cases due to the
fact that the melting depth is longer than the diffusion
depth up to 20 pulses, as mentioned earlier. Again,
the melt-solid interface limited diffusion is confirmed
in Fig. 8. The optimal fluence range in pulsed laser
SOG doping is therefore positioned at about 0.6-0.8
J cm

The transient pulsed laser induced melting and
diffusion in silicon is a complex phenomenon. Several
factors, especially the physical properties of the thin
silicon layer can be altered during the multiple laser
pulses. It should be pointed out that the boron diffu­
sivity dependence on the concentration and the tem­
perature in the thin liquid silicon layer is not known
yet.

5. CONCLUSIONS

Ultra-shallow p+-junctions ranging from 30 to 400
nm are successfully fabricated by the pulsed excimer
laser doping of crystalline silicon with a solid dopant
film SOG. The idea is to melt a thin layer of silicon
by the pulsed laser irradiation so that the diffusion
can be confined within the thin liquid silicon layer, 

because of the much higher boron diffusivity in liquid
silicon compared with that in solid silicon. The p+-
junction depth is essentially controlled by the pulsed
laser fluence and the number of the laser pulses. The
high boron concentration of IO20 atoms cc"1 which is
close to the solubility in silicon is achieved in the p+-
junctions as a result of the high boron diffusivity in
the liquid silicon. The boron depth profiles as a func­
tion of the laser fluence and the pulse number are
studied by SIMS. It is demonstrated that the junction
depth can be changed incrementally by varying either
the laser fluence or the pulse number N. The latter is
a finer adjustment than the former. Experiments also
confirm that the ‘box-like’ p+-junctions are formed
by multiple laser irradiation as long as the induced
maximum melting depth is smaller than the boron
diffusion length. The optimal pulsed laser SOG dop­
ing fluence range is found about 0.6-0.8 J cm"2. Above
this range, the dopant profiles are less sharp because
the induced melting depth is larger than the boron
diffusion length. This melt-solid interface limited
diffusion is found as a key factor in the optimization of
the ultra-shallow p+-junction fabrication. Numerical
simulations are carried out to compare with the exper­
imental profiles. It is found that, within the available
physical picture, the one-dimensional transient ther­
mal and mass transport model agrees reasonably with
the experimental results at the first pulse, but deviates
gradually as the laser pulse number increases. Possible
mechanisms causing this deviation are discussed,
including the boron diffusivity and the solid silicon
thermal conductivity dependence on the dopant con­
centration in the heavily doped region during the mul­
tiple laser pulses. Further investigation is needed to
elucidate these important issues in the complex tran­
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sient thermal and mass transport in the thin liquid
silicon layer induced by the pulsed laser irradiation.
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Abstract

We report the evolution of sharp conical spike array formed on the silicon surface under the cumulative picosecond (ps) and
femtosecond (fs) laser pulse irradiations in SF„ ambient. The experimental results suggest that the physical mechanisms of
conical spike evolutions under ps and is laser irradiations are different. Under the ps laser irradiation, silicon surface is melted
before the spike arrays formed, while under the fs laser irradiation, the formation of spike arrays does not pass through the liquid
phase. The evolution of microstructure is strongly dependent on the laser duration.
C 2004 Elsevier B.V. All rights reserved.

PACS: 68.35.Bs; 61.82.Fk; 61.80.Ba

Keywords: falser material processing: Surface modification of solid: Laser ablation; Microslrucluring: femtosecond pulse; Picosecond pulse

1. Introduction

The surface modification of solids by laser pulses
has been studied for a wide range of materials
including metals, semiconductors and dielectrics
[1-6]. For silicon, cumulative irradiation with laser
pulses can produce regularly micrometer-scale surface
structures |2—101. which possess some novel optical
properties promising for new device applications, such 

as solar cells, infrared photo-detectors, sensors and
field emission devices [7-9,15], Arrays of sharp
conical spikes located below the original silicon
surface have been formed by femtosecond (fs) and
picosecond (ps) pulsed laser irradiations of silicon in
the presence of an ambient gas SF6 or Cl2 |3.4|. The
formation of silicon microcolumns that protrude
above the initial surface by cumulative nanosecond
(ns) pulsed-excimer laser irradiation has also been
reported [5,6.10]. These experimental results suggest
that the laser duration operates the balance between
the redeposition and the ablation, resulting the formed
spikes above or below the original surface. In this

0169-4332/$ - see front mailer 4 2(X)4 Elsevier B.V. All rights reserved.
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work, we report a comparative study of’ the micro­
structure evolutions on Si surface under the irradia­
tions of femtosecond and picosecond laser pulses,
which correspond to the characteristic time for the
electrons cooling to the lattice temperature in solid
I I I - I 31. 1'he different morphologies appeared at these
two pulse-duration regimes suggest that the laser
duration plays an important role in the evolution of the
spikes on silicon surface, which hints that the
electron-phonon interaction may response to the
evolution process of microstructure formation, finder
the ps laser irradiation, silicon surface is melted before
the spike arrays formed for the laser duration is much
longer than the relaxation time of electron-phonon
interaction, while under the fs laser irradiation, the
formation of spike arrays does not pass through the
liquid phase. The molten layer formed on the ps-
formed structure hints that the sulfur may be
incorporated into the surface by a different process,
which affects the optical property of laser-structured
silicon | 151.

2. Experimental

'rhe silicon wafers used were p-type polished
monocrystalfine (10 0) with the resistivity of
1012 cm. The surfaces of samples were fabricated into
microstructures under the irradiations of ps and fs laser
pulses. The ps and fs pulses were generated by a
Nd: YAG laser at the wavelength of 1064/532 nm, pulse
width of 35 ps and repetition frequency of 10 Hz and a
Ti (sapphire laser at the wavelength of 800 nm, pulse
width of 120 fs and repetition frequency of 10 Hz.
respectively. The laser beam was incident normal to the
sample surface and focused with a 281 mm focal length
lens. The laser spot sizes are around 2(X) gm (fs) and
400 gm (ps) in diameter with Gaussian spatial profile.
All specimens were irradiated at same laser energy
density of i.OJ/cm2 and in 70 kPa Sly, ambient. The
same energy density and repetition frequency for the ps
and fs lasers make all the experiments performed under
the same irradiation power and thus only the pulse width
plays the role in the comparison. 'Hie number of pulse
shots can be adjusted from 1 to 9000 by a mechanical
shutter. After irradiation, the morphologies of the
specimens were examined with a scanning electron
microscope (SEM).

big. I. SFM (viewed at 45 ) showing the evolution of the surface
morphology of Si produced with 35-ps laser pulses in the SI-,,
ambient upon irradiation with the given number of pulses; (a) 50.
(bl 2(X). (ci K(X> and Id) 24(XI.

3. Results and discussion

Pig. 1 shows the evolution of microstructures on
silicon surface produced by cumulative 1064-nm ps
laser pulse irradiation. After irradiated by 50 pulses,
the surface shows the ripple-like pattern (Fig. la). And
then, it has been molten with widely spaced ridges at
the center after 200 pulses (Fig. lb). After 800 pulses
irradiation, some segregated protrusions form on the
surface (Fig. Ic). The protrusions develop into sharp
conical spikes irradiated by sequent pulses. After
irradiated by 2400 pulses, the spikes become narrower
and higher (Fig. Id). A crater is produced by 7500
pluses (Fig. 3a). On the bottom of the crater, the spikes
are same as shown in Fig. Id. The same phenomenon
was observed under the irradiation of a 532-nm pulse
laser with the same pulse width of 35 ps and same
repetition frequency of 10 Hz.

Fig. 2 shows the evolution of microstructures on
silicon surface produced by cumulative fs laser pulse
irradiation. The ripple-like pattern appears quite early
even after two laser pulses (Fig. 2a>. After about 10
pulses, the one-dimensional pattern changes into a
two-dimensional pattern with small hillocks and pits
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Fig. 2. SEM (viewed at 45 ) showing the evolution of the surface
morphology of Si produced witih 12()-t's laser pulses in the SF6
ambient upon irradiation with the given number of pulses: (a) 2. (b)
10. (c) 50 and (d) 8(Xk

(Fig. 2b). There is no trace of molten layer: only some
“droplets” on the surface are visible. This phenom­
enon is different from the case shown in lag. 1 b, where
a molten layer appears in the ps situation. This
indicates the different ablation mechanism from the ps
irradiation. After 50 pulses, the surface morphology
changes into columns with rounded tips (Fig. 2c).
Then they develop into conical spikes, with spherical
caps (Fig. 2d). As the number of pulse increases, the
conical spikes get slender and higher. The droplets
seem to the seeds of the spikes: subsequent laser
pulses differentially remove the silicon substrate
around of them and the remaining under of them
form the spikes. After the irradiation of more than
1000 pulses, the spikes begin to be destroyed in the
center and a deep hole formed. This indicates very
high ablation efficiency. But the conical spikes still
remain at the side of hole and the edge of irradiation
spot (Fig. 3b). No molten layer is visible during the
evolution of fs-formed spikes.

Based on the observations just described above, we
postulate that the evolution of the spikes in three
stages: (i) firstly, the ripples developing on the surface
(Figs, la and 2a) and then (ii) evolving into some 

Ms.

Fig. 3. SEN-1 images created by 7500 laser pulses of 35-ps duration
(a) and 30(X) laser pulses of 120-is duration (the parameters are same
as in Figs 1 and 2, respectively).

protrusions (Figs, lb—c and 2b-c) through self­
organization whose physical mechanism is still
unknown and (iii) subsequent laser pulses differen­
tially removing the silicon substrate around the
protrusions and depositing on their tips, eventually
forming the spikes shown in Figs. Id and 2d.

Ripple structures are found on the silicon surface at
the early stage of the spikes evolution (Figs. 1 a and 2a).
which has been observed as a result of repetitive pulsed-
laser by other authors (referred to as laser induced
periodic surface structures, spontaneous periodic sur­
face structures, or laser driven corrugation). And
considerable effort has been used in trying to explain
their origin 11,2,16-48.24], However, the physical
mechanism of the origin of the ripple structure is still
unknown. Most of models are attributed to interference 
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of the incident and a scattered or stimulated wave at the
surface |2|. Other possible origins for the ripple are
capillary wave, surface acoustic wave 119.2(1.241.
surface tension gradient [21 |. or freezing of surface
wave |22|. Recently. Emel'yanov and Babak |23|,
developed the nuxlei of periodic defect deformational
surface defect structure formation under fs multi-pulse
laser irradiation of semiconductors and demonstrated its
feasibility for explain the origin of fs-fomted spikes
reported in [3|. In our experiments, we find that the
periodicity of surface ripples produced by ps laser pulse.
shown in Fig. la. is much longer than one produced byfs
laser, shown in big. 2a. ITtese experimental results
suggest that the periodicity' of surface ripples depends on
the laser pulse duration, which appears to support the
conclusion reported in [241.

We compare the morphology of silicon micro­
structures formed in the presence of Sly, by fs laser
irradiation and by ps laser irradiation. The fs-formed
spikes, shown in E-'ig. 2d. are roughly 15 pm tall and
separated by 6—8 pm in the center of the irradiation
spot. Each spike is caped by a ball 2 pm ;n diameter
and the side of the spike is covered with nanometer­
scale dendritic roughness that appears to have tteen
deposited on the spikes (Eig. 4b). The ps-formed
spikes, shown in Eig. Id. are blunter than the fs-
formed spikes. They are about 40-50 p,m tall and
separated by 10-20 pm. While the surface of the ps-
formed spike is much smoother and typically lack the
spherical cap on the tip (Eigs. Id and 3a). In the Figs.
Id and 2d, the spike densities (the number of the
spikes per area in the center of the irradiation spot.
where the spikes were fully developed and note that
the density decreases with the number of irradiation

Fig. 4. The spike surface of laser-structured silicon forrned by (a) ps
laser pulses and (bl Is laser pulses. 

IOS

laser pulses) are about 6 x IO5 spike/cm2 and about
3 ■ !()'’ spike/cm", respectively. We believe that the
difference of spike density between ps and fs pulse is
related to the periodicities of ripples shown in Figs, la
and 2a.

However, the most striking difference between the
above two evolution cases is the existence or absence
of a melting process under the laser irradiation. The
ps-fomted spikes show molten layer features not only
on tile tips of the spikes, but also on their sides (Fig.
3a), which is similar to the microcolumns formed by
ns laser pulses |5,6.1()|. In contrast, the frozen-
droplets appear only on the tips of the fs-formed
spikes, just like caps covering on their tips (Figs. 2d
and 3b).

During the formation of the spikes, both laser-
assisted chemical etching and laser ablation are
involved. Our experimental results suggest that the
actual mechanisms of ablation are considerably
different for ps and fs laser pulses under the same
experimental conditions.

1'his difference between ps and fs ablation can be
explained qualitatively by considering the laser-solid
interaction, which has been extensively studied in
recent years 111—13], Upon impact of a laser beam on
a solid, electromagnetic energy is converted first into
electronic excitation and then into thermal, or
mechanical energy. That is to say, the primary
laser-solid interaction process is the excitation of
electrons from their equilibrium states to some
excited states by absorption of photons. A quasi­
equilibrium situation is established by electron­
electron scattering on the time scale of about 10~* 's.
At this stage, electron temperature is much higher
than the lattice temperature. Then, the high
temperature electrons cool down by means of
emitting phonons and transferring considerable
energy to the lattice on the time scale of about
10“12 s. The equilibrium between electron and
lattice could be realized. After photon relaxation.
the diffusion of heat from the surface to the bulk
follows on the time scale of about 10~” s, which can
efficiently transfer the energy into the bulk. Sub­
sequent processes are of thermal nature. When
sufficient amount of energy is transferred into the
bulk, the melting temperature is eventually reached
and a transition from the solid to the liquid state takes
place. Therefore. rt. p, rD and rL are important
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Fig. 5. Timescales of the energy relaxation processes in laser-solid
interaction.

characteristic time scales to understand the process
of laser-solid interaction. Here. r,..p is the time of
lattice heating by electron—phonon scattering, which
is in the order of 10”'^ s in Si 11 1-13]. The r,, is the
time of thermal diffusion, which is on a time scale of
10 11 s [ I 1 — 131. The r, is the duration of laser pulse.
The time of laser heating solid depends on the laser
pulse duration in the laser-solid interaction. So, the
laser pulse duration r, plays an important role in the
initial laser energy deposition on the solid surface.
The characteristic time scale rt. p and rL separate the
laser-solid interaction into two different regimes,
which we call thermal (rE > re.p) and non-thermal
(rL < Te.p) ablation regimes. Fig. 5 crudely shows
the time scales of energy relaxation processes in the
laser-solid interaction [ 121. Mechanisms leading to
structural modifications using ps and longer laser
pulses are thermal ablation in nature, i.e., they take
place on timescales longer than 10”12 s. In contrast.
fs laser pulses open up non-thermal processes that
take place on a timescale shorter than 10”12 s, hence
before thermal processes kick in. In particular, with
high intensity fs laser pulses, ultra-fast phase
transition and ablation can occur, which is con­
siderably different from thermal process. Now, we
discuss our experimental results shown in Figs. 1 and
2 using the characteristic timescales shown in Fig. 5.

In our experiments, the duration of the fs pulse
(rLts = 120 fs) is much smaller than the lattice heating
time rc p. 1'he equilibrium between electron and 

lattice cannot be established during the laser irradia­
tion period and even the heat diffusion happened is not
sufficient to transfer the energy away from the surface.
1'he deposited laser energy results directly in a solid­
vapor (or plasma phase) transition, which is followed
by a rapid expansion on the surface in a very short time
interval. Much material is ablated from the surface.
which carried considerable energy away. During all
these processes, thermal diffusion into the bulk can be
neglected due to the ultra-short duration. That is to say.
the laser ablation is a direct solid—vapor transition and
the non-thermal ablation occurs. Since most of the
energy is used to create the solid—vapor transition, the
ablation action is dramatic violence and a great deal of
material is removed from the surface. After the
columns (Fig. 2c) are formed, most of laser irradiation
is absorbed in the grooves because of the multi­
reflection and the ablation in the grooves is
accelerated. As the laser pulse increases, the columns
gradually develop into conical spikes and get higher
and higher. After thousands of pulse irradiation, a deep
crater leaves because too much material is ablated
away from the surface in the center of the irradiation
spot (Fig. 3b).

However, in the case of ps laser pulses irradiation,
the duration of pulse (rLfs = 35 ps) is longer than re..p.
There is enough time to establish equilibrium between
electron and lattice. In this case, thermal diffusion
takes place on a time scale of the order 10”11 s and
most of the deposited laser energy is transferred from
surface into bulk via thermal diffusion. The absorbed
laser energy will heat the silicon surface. As the
cumulative pulse laser irradiation, the temperature of
silicon surface reaches to its melting point gradually.
Surface gradually melts and molten layer develops on
rhe surface just as shown in Fig. lb. On the other hand,
the thermal diffusion is not sufficient for r(.ps~Tb.
Subsequent irradiation makes the surface temperature
reach to evaporization temperature and silicon is
vaporized eventually. The ablation material is
removed away little by little from the surface via
evaporization process to produce segregated protru­
sions (Fig. 1c). This is to say. laser ablation in this case
is accompanied by the thermal diffusion and
evaporization occur from molten layer. Therefore,
the ablation efficiency is lower than the fs laser pulse
ablation and less ablated material is removed from
surface. That is the reason that thousands of pulses just 
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create a crater, not a deep hole, in the central of the
irradiation spot (f ig. 3a).

Here, we briefly discuss ns-formed structures
shown in 15,6.1(),141. Silicon microcolumns protrude
above the original surface formed by ns pulse laser
irradiation in ambient gases. In this ease, the duration
of laser pulse (r,,,. = 25 ns) is much longer than ru.
There is enough time for thermal wave to propagate
into bulk and the laser energy deposited on the surface
is sufficiently transferred into the bulk. Therefore, a
relatively larger layer melts than ps formed. The
absorbed laser energy firstly heats the surface to
melting point and then to the evaporization tempera­
ture. 'The evaporization only occurs from the liquid
phase and less material is removed from surface via
such evaporization process due to the sufficient
thermal diffusion. The ablation efficiency is very
low. The silicon microcolumns are formed above the
original surface by transport from the base of cones to
their tips via the evaporization process from the
molten layer. The growth mechanisms developed by
15.6.10.14| suggest ns-formed microcolumns grow via
evaporization process to transport silicon from the
base to their tips.

We note that the microcolumns are above the
original surface for long pulse laser (ns pulse), but
below the original surface for short pulse laser (ps
and fs pulse). This indicates that laser-generated
microstructures strongly depend on laser pulse
duration. Tor short laser pulse, the removal of the
material is preferential. Mechanisms leading to
structural modification using long laser pulse are
thermal process in nature. It appears that the laser
duration operates the balance between the redeposi­
tion and the ablation.

4. Conclusions

This article has emphasized the morphology
evolution of arrays of conical spikes formed by
cumulative ps and fs laser irradiation on silicon
surface in SF6 ambient. The microstructure evolutions
are fundamentally different. The experimental results
suggest that laser duration is of key importance in the
evolution of laser-generated spikes on silicon surface.
which determines thermal diffusion and operates
ablation. In the case offs laser irradiation, the ablation 

can be considered as a direct solid-vapor transition.
Molten layer is absent during the evolution the fs-
formed spikes. But in the case of ps laser irradiation.
molten layer is visible before the spikes formation due
to the thermal diffusion. As regards the first stage of
the evolution and formation mechanisms of the spikes.
they are only briefly mentioned and not discussed in
this article, for example, the origin of the ripples on
initial surface and then how to evolve into two-
dimensional pattern, the role of the ambient gas. They
require further analysis and will be discussed else­
where.
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Optical iotensity of light in layers of silicon with rear diffuse reflectors
Jeffrey E. Crffe?
AntoFrwer. tee. AHteA; Delaware /P7/$-2l^0

(Received |? CX'Ufcr 1997; accepted for pstbifo-arion 21 March 1998)

Light trapping. is essential to the performance -of tkin-Hyer pniy crystall me silicon .solar edit. Gse
■relatively new nwfo&drrf light trapping is the use of texswd or pigmented dielectric hyersos the
tear sarfsce which diffuse and reflect light reaching the rear surface. Uris article presents a
sme-dfotenstosid aptieal model of thin silicon solar cells with such rear diffuse dielectric reflectors
■Experinteraat float reflectance meawewmts asxi ray tracing simulations trf thin, ptaar silrttm
Sayers with rear diffuse dielectric rear -reflectotx are. presented and compared to the .model with good
agrnemm. Finally, an expression for the upper limit of the opdeal enfoACethcte factor is developed
for this lyjto trf light trapping. © .199$ Anrerfom. /ssrfotet t/Ffly.sfex, (S0fiZLW79lMX)8512-0)

i. INTRODUCTION

One of the key shaltages for thin-layer polycrystailfoe
sifa*  photovoltaic technologies is oveteomiag she -rela­
tively weak absorption of light in she solar spectrtmt near and
below the besw gap energy of silleos (I. I eV), At typical
thicknesses (10—35 ^usfo the absorber of a flnn-foyer poiy-
crystisffiite silicon solar cell is traasparefo to a large, fraction
of the sola? spectrotn, retd consreptmly as ligfo-geamted
carrest is severely reduced. For this reason, thin silicon solar
cell structures often incorporate some from of light trapping:
altering the refractive and reflective properties c< the two
surfaces to trap light imide the solar cell.

Schemes based on randoraixing tefiecritig textures are
potentially very effective at trapping light and have the
added benefit of coneepmi rfmplfohy. Goeteberger?
Yabkmvitch and Cody? for example, predict that a rare
domly textured sfoccrn surface that behaves like « Lamber-
i jan emitter is espcctaHy well suited for light trapping. How­
ever, this type of surface is rarely incorporated in silkctt
.wire cells (excluding)3'-* perhaps because the most easily
ccsnceivabie method of forming the surface, i.e.» sand blast-
ing or other abrasion techniques, would resuh in imac'cept-
■able surface damage, Recently, several researchers have been
exploring the use of reflective dielectric coatings, which take
advantage of either a random texture formed during their
deposition (e.g., its oxide,'' rinc oxide?'7 rimiuro dioxide?
or thtmfom diamond)*  or hwiporete pigments to reflect and
scatter the light in the dielectric layer? to improve the optical
characteristics of polyctyslulline tfosi-Iayef and atnorphcajs
tbimfilsn siheen solar cells. Figure 1 illusirates this concept.

’lite diffuse reflector has three benefits to ■ absorption of
near-band gap light. First,, fight sot absorbed by the thin
rilk'cm layer en site fieri 'pass, is reflected back into tfie sificop
foyer. Second, rise diffasely reflected fight travels »t an -:>h-
fo-p«i angfe re the surface sorml increasing the avetege dis­
tance traveled threugh the thio siWcon foyer. Third, a fraction
of the diffuse light reaching .the from surface caw be reflected

*f;terri'<3fis«? wait j axto@« ww.tou.au

again by total Internal reflection back into the thin sihiton
foyer.

This article first presents s tnedel which predicts the in­
tensity of Hghi and the electron-hote pair generation profile
in a thin rilicou layer with a rear dtffttse dielectric reflector.
In foe second pan of this reticle, the model will be used to
predict the wavefongfo-rfependent, total front surface reflee*
tance. Experimental mctssnremenis made os thin silicon lay­
ers whh «ar diffuse diefeeifie reflectors retd ray tracing
simulations are rfso presented So eomfltorree the rondel. Fi­
nally, the model will he used So derive as upper limk for the
epical enhancement fsretor and predict the maximum light-
generated cortent as a way to evafesste the jtotenttaf of rear
diffuse dielectric reflecring foyers to achieve a high degree of
light irappisg «> fliin silkcm solar cells.

It OPTIC At MODEL OF LIGHT IH THE S1LICOH
LAVER

The light wvelfog io a silicon layer with parallel planar
swrfuces retd a rear riiffese tfiefoctric reflector can be charac­
terised by forward and reverse traveling fluxes, fit each di­
rection, foe fluxes can be divided into direct (anti diffuse
IL;) components. A valid firsi urtfer approximation is that
the diffuse fluxes behave accordiug to Beefs fow in one
slfoteosuM dramterite-d by weighted-average absorption
and tranrefossfoo ^sfokumts which account for the force-
dimensional natetft of diffuse light Irs fols toedei, the effects
SBcfi as-.ctmier-denrity-^tepcndeni free-crertot absotption sod
iiopisg'densiry-de.peodstrt band gap narrowing are ncgfocted.
Ifertbermore, if the fofo layer is relatively thick compared .to
foe crfltereace. length of surfoght in sificoo (-'-il.J pat), ia-
terferestce effects cast also be riegkxted.

With .'these aswopfow, h ferarfy ctxessary m-fotow the
intensify of each- of the fluxes-nt onepofos -witfrih the irilietjn
foyer. Theft, the tsrtal mtessity as any rttfiet point cart be
easily determined tssieg the dne-rfimensional forte ef Beer’s
law retd summing the four fluxes at that pbint. 1st this, article,
each of the fluxes are .specified as they depart from each of
she two silicon surfaces, as illustrated «n Fig. -2.

Exprasrisw for each f; and Ls can easily be written by i®
terms the ffibet I, and ;tf by iropcctfon ttf Fig, 2,

© 199S American ins&tste fo Fhystes(xs t -t ye wws.® 813
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(a)

HG 5, IMapa* 8 «f; (a) roultwsly ewtd rear 4ietaffc tefieckx, (i>) pig.
fowl jafe? io >•«$ dieSecsis feyssr ».< mi ».s«er light

<'t ~ ViJ*  ( 1 " -riff-M') ~iw}^3,

h expf-iw)i5 + {I - i - AK!)/s ,

l -~ AwHsH * ~ « <
tis~te exp{--Wff44

^- Tjlo+U ■■■ r.s)fcK^ -A'k-}£.,v

t^r2 exp( - JMLs+( I *•
T3Am&2* (W?H (1 ■■•'Tj.JexH - Kw).Lt,

«p(~Xw)£s4(l ~T Jt8.
The- tocidret Suxes are denoted by fe arid and ere repre*
seat tee direct and diffuse composed »f swtogbh foe ex-
ample. The fi & are coupled by the Iranreskfore wefg-
csctsis r{ ae T; , which reprosem foe tt»smissj» ef direct or
difete light through the silicon surfaces, respectivsfy. The
exponential. terms cretammg the product of w, foe silicon
layer fotdmess, red either i or if, foe absorption recfocieBt

yH
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*rn—sc
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<HW0 *
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S?»s- fifes?
’♦'idPBaf

W (b)

FS3. X fthgom cttits teaMtexat mxto rawing fewsrd and retene (a)
dtoct Ssss.es ftp, «srf (is) dtfbase Sassss (£$ toving tee afoeoa fey« «w-
facts, Itesqarara «»d wiwfe &-® tee MwsaJ MteTOssse &f «t>e
fear se&srtar wrf ito ftaedws cd tesrrt ggfcs rapM fsots &s <fcse? to
dif&ssr fl®.< Sy fee rear refarar. to^etowdy, **e  ato> stehaaU. 

of direct red diffuse light, respectively, -accounts fw-fosop
tio» of light s» foe silicon layer. Light isfete foe rear regector
is refleated by a factor , aod foe fraction of the direct Sox
converted to the diffuse Sax by each mfltetocm in -foe rear
roflecW is described by the factor . The reffected ftax
intensities are also indicated in Hg. 2. Although hot explfo-
idy written, each ©f foe ajefoefe-ms in Eq. (?) depend o» foe
waxeiesgfo of light. .Fwfoermcfo. sbsorptiem in foe didrxtrte
mstefai is negie£ted here, bst cosfo? be inenrynrated by in*
cfodhig appropriate exportefotei terns.

■Tbm-cighi equations are more eompasily expressed ml
more etmly sohed whes in matrix form, s.e ,

and L- ChL'i- IX

where I and L are cdwsa vectors eontaiaing i$ and L(-, e and
C contain foe rnmsmtssfen and exponential aiwsyti® fac­
tors, and 4 and © contain foe incident Suxss and foe cou­
pling of light horn foe d«a ffex m foe diffuse fotx by foe
rear diffim rxdtemt, Use ratfix algebra srrfuifens of foe
above exptessms ra

and L«~ [C'~irUS>> W

where I is foe identity rafox. Since, no light is coopted from
foe difosse States to foe direct flaxes, < contaios »o 1 terra,
and Eq. (2> can be relatively easily solved algeferafcaliy or
nraeriea^jr, espechily nsing FC mathematics software.

la general, w, sod Am can be determined by sepa­
rate exgeriteemi raranemenfo (see See.. Ill), i is known
fro® ptibSshed experimental data,30, and expressions for r4
am well known fer bas« sarfeees and single- or multilayer
qptiesS ®wings?? Fox Ts and <, howeren it is-necessary to
know or ranra foe angfosr distohufom of diflfcse light Fbr
this work, it is asramed foal foe mgwlar fostributfon of light
is Bstifwn inside foe rear diffuse dielectrfc reflector. This
assarspitoa is valid for befo cases where the textared bottom
sarfoce at foe foekctric behsres like a Lambertian emitter
astd where light is scattered in ren&m dlrecttoas by p»g-
mente fosperad in the fodeettie material. Then, the foffer-.
©rrtial Ssx at aay pom? ms the siticon surface incident from
inside foe diefeetoe layer is described by tire Lambertian
distribution

cos( (3)

where d and £ are the altitodc (defined with respect to the
surface normal) and-,:®tirafo angles and is the mfoant m-
teassty ConUmed vrifosw a differential solid smgle of
slnf^WE-

The weighted'avernge trareimton fcom tire resar fotitish
reflector.®® the sllfcusi, i.e., rs, can be found by mtegatisg.
tire pmfotel of Eg, (3) red re appropriate regfe-depe®dehi
tritnsstissire function rs( $ red fiitofong by 'foe total wtoen*
fora (after Goctetoger).5 The limits of integration are foe
Solid angle: contemmg tbe fora distribution, to this case, the
hemisphere fodhreti by foe bottom silicon surface.

I O « f s«

Je

where

(4)

J-,-kjM © tSS8. A« rights r&wsved.
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The Laisbertian distribution cannot be assumed- for the
diffuse Sexes msftfe tbs sfticue layer. Refeteikui at foe
reflector-silk-rai interface. focuses foe angular distribution ac-
ecs'dfog so Sadi’s law

sfo(<¥ft)“ «S} sin(jy ,

where *«s«  and ns are foe retractive fofosey fo foe dielectric
reflector and the sfoecm layer, respectively, and and
are .similarly defined. The. focused l-ambertiun distribullon
inside the silicon layer can be described by solving Snell's'
Jaw for foo, and svhshtuhog for fi'» Eq (?,-

1 I ’''■> 'll
fofofd fof)fo c“'; arcsin I -"■-- sirs!fi) I;? 'tef: /1

I I ss; .'d
x sin aresin 1 ~™ site ti)) t

I Ifort! /J
I d { n\. U

x;:™ arcsin 1 — sin( $) |
V««s H

{ »<a V
~; fo — I cos( $) sm( £, (5)

'Ml

Note that most foelocmc materials have refractive radi­
ces less than silicon (rr^c«3.53 near I. I eV) .and, fix' this
ease, all of the foifee flux is contained within a solid angle
defined by foL^&resifofoKji/nSi}- The weighted-average
irsnssmisskm for diffuse light escaping through the front sur­
face,-T*,  and for diffuse light eroapfog rote; into foe rear

■ diffose reflector. T3., can be found by relegating foe prodaci
of Eq, (5) and as appropriate anglMepcndent tewsnsssfoa
function. In this ease, foe limits of integration are foe solid
aogte btwded by . Then,

I PP<1we^MO). w
ro»ai Jo Jo

where, again. foSM3p“ w$.
In general, foe complexity of r;( F) mates cfosed-fornst

solutions' to Eqs. (4) and (6) difficult and numerical tech­
niques are required. However. for a hypothetical ideal anti­
reflection coating [i.e„ r,-( 1 for all angles except these
satisfying criteria for total-iteerasl reflection, where
”0], Eqs. (4) and (6) reduce to T3« 'A™ I and Trf- f/n^.

The diffuse fluxes travel, on average, a greater distance
through the silicon layer, resulting sb a greater effective ab­
sorption eoefociem, K . An expression, for < can be deter­
mined using a simihr wtghted-average approach. The frac­
tion of diffuse tight absorbed on a singfe pass through the
siticon layer,, as a fiwtion of altitude angle is

| lew i,
/fffiOM ~ exp - ZTEtej W

■, cos?, fo /

Therefore, the weighted average fraction of diffuse light ate
sorbed is given by the iategral ©ver foe disiribuiiosE

, 1 f3vpa.
r4<-^a.hUh (8)

which ca» be- Solved numerically, A« effective absorption
ojef’icie.m X can be defined by

/a " 1 sxp (~ A’ w), (9)

which 'leads-to an expresriott for ff its tetnis .of

“Infl -•■/,) (io)
w

in general, the ratio of K/l is less than the average path
length, implying, that the pet-pass absorption enhaneetnetn
factor is also less foas the path-length .enhancement factor, in
foe limit of vanishing abserptsoa coefficient, the per-psss ate
Wptios enhancement fecw approaches foe pafo-!e<tgfo en­
hancement factor, which, for the focused Ijxmtertiaa dteri-
button, is

A' ____2«st _
y > V ? i
« w wS(+T«sff'«te

where W is foe per-p-ass average path length for diffuse light.
The value rtf ff'/tv varies from 1.02 to 2.0 os nfcg varies from
t;Otoa&,

<tee m-sphte; assamptfos contained tn Eqs. (6) and (11)
is foxi the distributed of foe diffuse 8»x is not distorted as it
travels through foe sfficc® layer « as ft is rejected by 'foe
xilictfo surfaces. Absorption will tepd t» attenuate tte disfot-
buries at high augte of titter to the longer di&wee travefed.
Also, fomsmsssion at the sarfoces tend t« aiienuate the dis -
trilteticsn of the receded pmtibn <?f the dlfitete. flux for $
tetew tte critical angle for total internal refiection. These
effects are small, hpwew. as will be seen in foe -experimen­
tal and ray tracing residfo of See. iff.

Finally, from foe eifow (fox intensities al foe ssiscun
swrtaftts, X, , 1S, 3rsi t-,. the total flux protifo, F(a), arsl
carrier generation profile, g{a), can be written for a give©
wavelength of light

FhWs exp {-MTtet exp (~AT)

Tfj exp (-ifw--*))4-£ s exp{- A'fw-i:)),

(12)

and
«p (~is)+I.sA‘ exp (-AT) + TA

Xexp (- A(w~ z))+E-:iK exp (- $|w

' (13)

Note foal the units of F(z) and g(z} are detiemfoed by these
expressed tn foe incident ©axes. f« and f-0 > Therefore, for
example., f# and le must be expressed in phetoss-s ” s-em‘”2
for g{z) to have units of eteclren-hole pairs-s" '-an"5.

IIL FRONT REFLECTION IN THIN FLANAR SILICDN
LAYEHS Wffl HEAR 01FTOSE DIELECTRIC:
REFLECTOm-

Meawemtft of ftorti-surface reflection of thin sitierm
layers -with -rear dfeiwric reflectors ever foe. wavefcngfo
rang® of750-1250 urn is a straightforward way io corrobo­
rate tec rststtei rattiined above. For shorter wavefeagfos, light
is relatively strongly absorbed in the silicon layer, and the
From rete'Ciior is dominated by she front stuface. For longer
wavefengfos, light is relatively weakly absorbed, -and light is

Copyright © -jss®, All fomre- reserved.
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reflected ata scaitmd by foe rear reflector many fem be­
fore escaping back forough «he feat surface. Therefore, foe
model can be tested at two extremes ata, rmporwdy,
thraugh the transition between them.

A. Fafewfen &t dfrtase feetecfrfc reffoetocs

Two types of tear diffuse reflector were used t« this
wxk The first was a amwfeBy available, highly reflec­
tive, dtffose {reflector similar to white standards. wmmtmly
used for calibration of iniegrafaig spheres. The second was
CtaStorctta by mixiog f ar 5 vol % of titanium tlroxkfe
powder with st themtopfosirc of ktaw refrtesve index. The
titania'leaded plastic tefimor was formed by S erode casting
technique.

?»

a«

a?

0 M- '
«jjj^sds^rs;

tos.s

-i 0.8

40.7

.. . si'.S g

.™-.------- s------- ------- >------- ------- U.S
750 8SS 9f& 18SO 1150 teto

waytaogth Jrwfo

B. y®wswrt and wfraefrm of afe

The externa! tfitei and extend djffrtse-cmnptmem refleo
tivitics asd of foe dielectric redactors were
measured rerer the wuvcknclhs between /X? and I "T pb;
usfag a Perkfe Elmer Imrtrfefe-9 spectrophotometer. A glass
trap m foe integrating sphere tawed and A^usr © be
measured separately. From these two' measurements, the ex-
tenssS direct-cmpeaem reflectance can be calcu­
lated using

$««,siSs ~' ^ro.r®t "' tM)

The -measurements were made fo air, therefore to cafcas
late and h is rseeessaty to account for ragectfon as foe
reflector-air feerface. The'fraction ores be detenrered by
artayfeg rise direet-cwsprwnt relfemace date

Js^ZL (is)

where i and r <r® 1 ~ r j are. fee irarssmissfon ami re.fiectkm
csxfficims for thvet light fore to the refectfe index etarge
at fee surface, which are givers by Eq, (J7) fo fob ease.
Because * was measured fe each reflector at ta
wavetagfos. $iapM,

Far the case: where 1, foe intaml reflectance. &».
can be calculated ftom the stwred externa! total rehec-
tance, , by accounting for the effect of the. change in
refractive index at the surface

where f and r are she trwmussfcm and reffe.tfon caeffcfeau
for direct Bgfo, respectively, and F and $ {.fe i - F) are foe
tratssmtakm »ad rejection coefficients for dsfese light cs-
eapfog into afo respectively. The values of / and F are sai-
cutafo using Eqs. (17) amt (4), respectively, ata fee remhta
wtlined in Sec. II.!S Equation (Ifi) is eosammdy knowe as
fee Sauadfersoa cotrmton, and is often used fe coro&ct sur­
face transremm effects for optical wasuremeels of
pigment- fotaed materials,u

Figure ? strews the measured aod ealcutata
of the dielectric, rdfeefes used here. The sssafi tamps i» fee
dm st X ~86G«tn are due to foe fact, foai fee spsoropta-

Ffo. 3. Mtessyfe tasiwat loTO reitrewree sMnia, W-S% tiiaaia)
a»d rdrofoto imroiBJ n^enmrn (&. .!& m&d*.  0-5% ihanro ftafffsse
wW restated of wfem sfctefo? refectors. W -the a-«nsssw>«s eta sc-
taste rsf 5 sta of pure shemopimk' (■*  > footeg aa stasrpita jWafe at
5i<Wr®fs.

lomefe changes detectom ai foal wavelength. The obvious
notch its the measured rfemnee of she two psgmm-tetaed
reft&Wm st k ~ 1140 am is due to an absorption peak in the
thermoplastic medium,, which referees the reiteetssree at feat
wavelength. The feaxtassfon of a clear sfefe of tire thermo-
ptesta is afe shown its Fig. 3, indfeatfeg fetfc absnrptiers
ptas;»? X -•• i (40 Bts.

C. ktewwwumt amf pradfctfcm of front mfeetten for
thfo afifeon Isyws

Thin. sOfcon hym were prepared by chemieally fe&mnng
toW-shfed pefostak 3-5 ft cm, (1W) silicon wafers in a
22 wt. NaOH sslstfon at 105™ i 1BX. The foicknesses
were measured with a mietoscope. For a polished silicon
surface Mfe- no cpttal coming, and assuming randomly po­
larised light, as appropriate expression far M is

1 I. rt? eos(F)~ V«?~'rs|r7sM'$l2>V- i
2 [n?,cos(#)■■»■ rSWZfe f

1 [n(>. } eos(<»-- >/«?-■ ®F s

2 !«,•„.3 eprfF)4 . G'ft

where »f $nd «;... { are the refractive fafeces on either side of
d® intafete ata d is. defined rot the itadewt side of the
surface. When } ata ^dr«»aresMn#7«j_jX which
are fee crosditiom for total internal tafeefiror, r4Fs»'A.'fe 0.

The refractive index of silicon follows a well-behaved
fes^erwn taatfos between 7S0 and 1230 tan, retd is givcfi

14 ’"iFV”'

for X expressed in am.

Copyright© Ai? rights reserved.
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HG. 4. FmtR'.tassara nf sfesaa layers ©f vsty&$ (02?-S
yssss:, OSTS ,#««!. f>,'22& jgta, «4to step Sub detected dSftese white
tsSeetor (««*«  1) ®to ruo4d petoctim {solid Smet

>

i
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3.-1 •
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HG. S, Ram re8ectsmx of ss&wft isyws of vasyisg fektasses wife the
Owntaat steakfe-testei theraxsgteSsc (9-STS /u», 1% taafea, D-238 jan,

ttissfes. A-228 prat, SW dtecaa) sfttoto <Sifr«ss r.w seftectm
•« t.to> and sssesM jaediedm {wte ttofl.

The tw dretectte reSectere- ws toafoed to foe dfowsed
sflicoa layers. For foe white standard reflector,. foe reSecux
was held against the sfocns layer snd a small air gnp was
present between the silicon feyer red foe refiector, Therefore,
the effective refractive index for this reflector is «Ns™ I. The
titanla-tarta foenpopiastie refiecfor was cast direcfly onto
the this silicon layers, sad since the volumetric tactims of
pigment is stnaB (<§%)<. foe effective refractive iadex of
foe mlxttoo was asststod equal to that of the foerafoplastip,
given byi4

SWm 3.«71SXlOn
i6W+ 7BIp- r

for x. expressed in m.
From foe Baxes defined in Fig. 1, foe fete reflectance -of

thin riltaa layers with rear foeteciric reflectors east be writ­
ten

where fe and £.^ ase gives by tiresofetiw of Eq, (2). Since a
direct beam of ruoaoctawatic light was teed to ffluminated
foe sampler in this case. is. wre Figures 4 ate 5 stew foe
resfois »f tern tetamice measurement for foe two reflector
materials with different foick.aes.ses of stlfetm, afc®g with foe
model jatetems of Sec,. IK

The tea support foe model -vary well and fend credit to
foe various assmnpiin® made in Sec. B. Again, foe small
discwtinishy in foe teasmd fete rdfcctaace st h
«*  S60 am is dee to te spemrplteomeier, whfeh changes
detectors at this wavelength;

p. CompnHao® to form dlmmstote ray tewing
slmtelsterts

To Stoppon. the model of Sec, 8 for rear foffese dielectrie
tefieeto® of higher refractive index, teatted ray freeing
analysts in three dimetem was carried &t»i. The my owing
stetteier uses a recursive algorithm to keep track of she rays
as foey are reflected, transmitted, or scattered, below n.ere-
uirs fotenshy, the steteor wfches to*  Mo«ie~C«r|o algo­

rithm. wfoerefcy rays are transteted, refexte, or scattered
wifo a prefebifoy propottipnal to the vsh» nf foe transmis­
sion, reSection. o? .mattering axfficfe.m. Tire hybrid
recttevalWnre-Caito algorithm tads to fest contegete
a.<fo reduces foe hemte of trials required tn obtain a statis­
tically. sjgniSeant retet

Bofo types of rear foffte dielectric layer described. »t
Fig, I were rimfoatot Rays wkiw on a tewed surface at
foe -rear of foe dfetecte refiette art. reflected wifo aa angu-
te' fostrttefen sfetisttaSy equivatat .to a Lambedian dfes»>
teflon.. Rays itetas. m psgmem la the rear diefectrfe re*
Sector ate scattered wife an angular dferritetk® statistfe&Sy
equivalent to a teform artgaSar fostritetkm..

The foato .rc&tefen was staalated fix a IW-ysss-thta
dS«» layer wsfo plate front tod rear surfaces (no dptfcsri
coatings), aad. At»" A tod foss~ 1.0. Six different refrac­
tive tadfees were simulafod (na®**  A 1A 2A 2.5, 3.0, tod
«reS“«s») fe« tefo textured ate pigmented retartois. The
results »f foe ray tearing simulation ar® shown i« Fig. 6,
ahtog wifo the model prtefetites. Note foal foe worwMtoe
deviation between foe ray trace simfotem resfote ate foe

-

125©958 1858 115©
wavstengfo fom)

S.2 -
8.1 -
3.8 —

«50

possfirteBs (<s®Se <rf fesfe. wiSsssiWKsa &» wSsctrss <sf sSffismst rem®*
tiws totosv (Ifo w rfrlfe !Sbb<v SA tA Xft 2,S, 3.9. ston^j««jd- 

1.0 -
8.9'.

8.8 T

I '
I &5 -
f 8.S <

1 « -
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model predictions due to the assamptfons described i» Sec. B
regarding foe fostortfos of ibe optical distribetiorj sxxws for

betwees 9$0 »nd H10 ttm. however this deviaifa
is smali and not apparent m Fig. 6.

W. THE UPPER »T OH OPTICM. EHHWfCEMEHT
FACTOR AMD SHORT CmCUIT CORHEHT FOR
REAR OIFRISE REFLECTORS

Tnblwoviteh and Gxiy^ Sts? performed this type of
analysis for the case where she rear surface ©f the si}«.•©« was
randomly iexfareL They showed that the upper firnit for op-
tictsi erfsmixmestt factor, which is the ratio of effective op­
tical thjckness to physical thickness, is given by Z--4w^r
which, for near-band gap right in rflhxm, is approximately
49.. Here, foe analysts is exiemfcd fo include diffuse rafteei-
fog dirfecfoc layers oa she rear .surface.

Consider a this silicon layer fo air with an fife®! wire-
faction coating sra the firust surface and as ideal diffuse re-
facting dielectric layer o» the tw surface. The ideal diffuse
snifeteug dielectric layer has umty refiectonce and a tfafarn
angnfer dfaitefan ©f tight m its iniesw, Also, assume that
Sight is weakly absorbed is the silicas layer, ami firefey as-
some that, on its fest incidence, light is immediately ccmpted
ist© the diffuse ffex described by die focused Lambefoafi
disfobetfon (Eq. (5)| Aifooqfo this final assmptton is not
strictly we m real sfaarions, it Is tssefol fas' fradfog foe up­
per limit <s» foe optical cnhBmxnxnt factor.

The opsitrel fintaceoxrnt factor, Z, can be defined a» foe
erptmtent thickness of sifasra, Zra, that a mfeght-trapping
layer of silicon requires to absorb foe same awsnm of light
as a givers light fapping strsctere of foicto&ss w. Tires,

A er ® 1" exp (~ kZw), (18)

where Apy Is defined as the fraction of kMri&nt fight ab-
wbril by a light trapping sfacfifa mid the right-hand side is
fee faction »f light absorbed by a nofoigfo-frapping tfflWwe
of thickness Zw. Ar expression for ears be derived using
fee above nrefaewd assumptions and foe optical model de­
scribed in See. 11 First, an expression fa £j and I.3 are
written j« matrix twiaifon,

p.J |[ 0 U~T4 expMw)] j"1
h'-3i h expy - A‘;v ■ 0 ]

pul<4
for which the sotefoms are

. . ____ ___________
<#“i~fi~r4)exp(^2Kw)’

and

} — (1 ™ r.s> -exp (—2<w)'

The faction of right absorbed by foe light trappfog stnrefore
is then

*A minai auahite «s<ssps»fm fastens!.

TASLE1 SrfrsKtbe ia&x ®«i sspdral caJmsreawtrtfor vfaws <K~
eiaemB mfasfe catshraseg mates arri Cures-fofo gap rerrBaw&scwx
Wish tusBst gap higtssr Ussisj StsssS of sifasx

tlfrieOris awwiai Krirasxive iadsx Z

Air Ii.r., (fesetosfi 1.8 fou
^ss&es, MS-1.65 4.4-S.8

fcssxi h> Steer, Ol - I to S.§
zSssOjs !9 i.V 7 S. tor:
ZnS, TA 1‘ >. Z4 t2A m
C. SsC. Za&e 1.4, 25?, 2.7 iS T. 55.7, 17J
Gap, te?, Gbas i-.88. 333, 3.42 235 33 A 315

.1
A tl=® r (is -f faM I - exp (- Aw))

to

I — exp (~~2 Aw}«---------- -------------------------- rj9)
I - (l“T4) fcxp(-' 2ffw) '

This expansion cam be simplified by noting that, wife foe.
arawpifaf feat light is weakly absorbed (i.e.? ZAwrfffi
exp('“2Afafai, and I ~©XfX:-~2Afa)^2ff»*.  Also, fee the
ideal wwftecfan emting rfefin&d previously, Z4” IZr?^,
Therefore,: Bq. (19) simplifies to

4tT~2A’wn^..

fabsfofofa, ibis expression foto Bq. (18} and solving for
Z. resfatsg that, fa weakly nbsortred fight, ln( I -~2Kwrs^)
-2Aw^,

(20)

Far small abaap&m cnefficim, </& is apptwhsafay give©
by Eq (11). h this care, Eq. (20) is airalogous to Yabion©-
vfah arid' Cfaly's result,, resisemg to Z—dnlj for

Is is immediately obvious from Eq. (20) font a high re­
fractive fotfex for the diefectifc is sfesfahfe fa maximum
stihancemanl faefa. Candidate materials fatede eommtm
transparent didectri© materials, famptsreni ctraducfag <sx-
kfa, dam-band gap $em«m<iB©tors. wifo tend gap energy
greater than feat of silicsra sod while- relfaiing materials.
Table 1 hsts ssane possible materials ttai could be ssseti, as-
smrsing foal a deposiritm tecfaiqne which yields a suitably
rexterad surface is available er that it is pra.:-;ib.te to hworpo-
rate pigments into foe material. Tfate 1 alre lists foe teteu-
teted apper limit te optical enhancement factor for these ma­
terials.

FfaHy. wife fee ideal amtefaefan eoatisg and ideal
rear diffuse rfgctw Msnmprions described sbowe, asswmg
perfect cfafariea effiefejsey for gemmated charge carriers,
trad sfag terrestrial solar spectrum data,1* ao upper lifat os
she light geaeratotl eamnt can te calculated. Figure 7 shews
fo© cafafared ressfr as a fimetkm of refractive index and
sofa cell thickness, Agfa, it is apparent shat high reffauve
index is desired for maximum cmrerst gpreraticst.
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Comparison of structure and properties of femtosecond and nanosecond
laser-structured silicon

0. H. Crouch,a) J. E. Carey, J. M. Warrender, M. J. Aziz, and E. Mazurb)
Division of Engineering and Applied Sciences, Harvard University, Cambridge, Massachusetts 02138

F. Y. Genin
Lawrence Livermore National Laboratory, Livermore, California 94550

(Received 8 August 2003; accepted 7 January 2004)

We compare the optical properties, chemical composition, and crystallinity of silicon
microstructures formed in the presence of SF6 by femtosecond laser irradiation and by nanosecond
laser irradiation. In spite of very different morphology and crystallinity, the optical properties and
chemical composition of the two types of microstructures are very similar. The structures formed
with femtosecond (fs) pulses are covered with a disordered nanocrystalline surface layer less than
1 /zm thick, while those formed with nanosecond (ns) pulses have very little disorder. Both
ns-laser-formed and fs-laser-formed structures absorb near-infrared (1.1-2.5 /zm) radiation strongly
and have roughly 0.5% sulfur impurities. © 2004 American Institute of Physics.
[DOI: 10.1063/1.1667004]

Many types of micrometer-scale surface structures de­
velop spontaneously on silicon surfaces after repeated pulsed
laser irradiation.1 In particular, sharp conical microstructures
form on silicon surfaces in the presence of SF6 with either
femtosecond (fs)2 or nanosecond (ns)3 laser irradiation. Ma­
zur and co-workers previously found that fs-laser-formed
structures exhibit below-band gap light absorption and pho­
tocurrent generation;4,5 these remarkable optoelectronic
properties are attributed to sulfur impurities in a microcrys­
talline surface layer.4,6 Although the fs-laser-formed and ns-
laser-formed structures resemble one another superficially,
the differences in formation conditions and morphology sug­
gest that the formation mechanisms of the two types of struc­
tures differ significantly. We set out to determine whether the
optoelectronic properties, chemical composition, and crystal­
linity of the ns-fomied and fs-fonned structures also differ.

We made samples by irradiating a silicon wafer with a
train of laser pulses in a vacuum chamber backfilled with
SF6.4 (Mazur and co-workers found previously that the dop­
ing, resistivity, and crystal plane of the substrate do not affect
the optical properties.6) The pressure of SF6 was chosen to
match the conditions used in initial reports of these structures
(0.67 bar of SF6 with fs pulses2 and 1 bar of SF6 with ns
pulses3). A regeneratively amplified Ti:sapphire laser deliv­
ered a train of 800 nm, 100 fs pulses with a Gaussian spatial
profile; the average fluence of the laser spot was 8 kJ/m2. A
KrF+ excimer laser delivered a train of 248 nm, 30 ns laser
pulses with a flat-top spatial profile and a fluence of 30
kJ/m2. Irradiation creates an array of structures on the sample
surface only in the region illuminated by the laser.

We structure areas up to 10 mmX 10 mm by scanning
the laser beam across the sample. The average number of
laser pulses on any part of the surface is determined by the
scan speed, the size of the laser spot on the sample surface, 

a'Ejlectronic mail: mazur@physics.harvard.edu
’’'Present address: Dept, of Physics & Astronomy, Swarthmore College,

Swarthmore, PA 19081.

and the laser repetition rate. To produce fully developed
spikes, an average of 500 laser pulses was delivered to each
area with fs pulses,4 and an average of 1500 laser pulses with
ns pulses.3

Images of the structures are shown in Fig. 1. The struc­
tures formed with the fs laser are one-fifth the size of those
formed with the ns laser. The fs-formed structures are
roughly 8 /zm tall and separated by 4 /zm; the ns-formed
structures are roughly 40 /zm tall and separated by 20 /zm.
The tips of the fs-formed structures are at the level of the
original surface of the wafer [Fig. 1 (e)], while the ns-formed
structures protrude above the original surface [Fig. 1(f)]. Fi-

800 nm, 100 fs, 10 kJ/m2 248 nm, 30 ns, 30 kJ/m2

FIG. 1. Scanning electron micrographs of laser-microstructured Si surface
formed in SF6 [(a), (c), (e)] with fs laser pulses, and [(b), (d), (f)J with ns
laser pulses. In (a)-(d) the sample is viewed at 45° to the normal; in (e) and
(f) the sample is snapped in half and viewed edge-on.

0003-6951 /2004/84(11 )/1850/3/$22.00 1850 © 2004 American Institute of Physics
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1.0
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FIG. 2. Dependence of absorptance (A) on wavelength of fs-laser-formed
and ns-laser-formed microstructures, before and after thermal annealing at
875 K for 45 min in flowing Ar. The absorptance of the unstructured Si
substrate is also shown.

nally, the fs-formed structures are covered with nanoparticles
10-50 nm in diameter that appear to have been deposited on
the structures [Fig. 1(c)], while the surface of the ns-formed
structures is much smoother, with 500 nm size protrusions
that appear to grow out of the surface [Fig. 1(d)].

We measured total hemispherical (specular and diffuse)
reflectance (R) and transmittance (T) to determine the ab­
sorptance (A=-1— R T) of the structured surfaces. Mea­
surements were performed with a Hitachi U-4001 UV-VIS
spectrophotometer equipped with an integrating sphere de­
tector. Figure 2 shows the wavelength dependence of the
absorptance of both structured surfaces and of the unstruc­
tured substrate silicon. The absorptance of the ns- and fs-
formed structures is very similar: near-unity, featureless ab­
sorptance from 0.4 to 1 ^ctm, a small decrease in absorptance
around 1.1 ^ctm (the band edge of ordinary silicon), and
strong featureless absorptance from 1.1 to 2.5 ^im. The ab­
sorptance at wavelengths longer than 1.1 ^ctm is particularly
remarkable, as unstructured silicon is nearly transparent at
these below-band gap wavelengths. The absorptance of the
ns-structured material (98% in the visible, 95% in the infra­
red) is somewhat stronger than that of the fs-structured ma­
terial (95% in the visible, 85% in the infrared).

Annealing the structured surfaces at 875 K for 45 min in
flowing Ar leaves the visible absorptance essentially un­
changed, but dramatically decreases the below-band gap ab­
sorptance (Fig. 2). The below-band gap absorptance of the
ns-structured material changes less with annealing than that
of the fs-structured material, and further annealing of the
ns-structured material for up to 12 h causes little additional
change. The morphology of the structures observed with
scanning electron microscopy is unchanged by annealing at
875 K.6 These observations suggest that the visible absorp­
tance is due to amplification of the intrinsic visible absorp­
tance of silicon by multiple reflections from the rough sur­
face, but the below-band gap absorptance must come from
electronic structure changes that are affected by annealing.
(In the 40-^tm-deep ns-formed structures, the below-band
gap absorptance should also be significantly amplified by
multiple reflections; geometric effects may be less important
to the below-band gap absorption in the fs-formed structures
because these infrared wavelengths are not much less than
the 8 ^tm structure depth.)

Both the fs-structured and the ns-structured material ex­
hibit photocurrent generation at wavelengths from 0.4 to

1.65 (Ctm; annealed samples have the greatest photorespon­
sivity. Both the fs-structured and the ns-structured materials,
when annealed, have a photoresponsivity on the order of 10
mA/W in the near infrared, with the responsivity at 1.31 ^tm
roughly twice that at 1.55 /im.5 The infrared photoresponsiv­
ity is orders of magnitude lower in unannealed samples, al­
though the below-band gap absorptance is several times
greater; we surmise that annealing dramatically increases the
mobility of the photocarriers, and the increased mobility
more than compensates for the loss in absorptance.

Mazur and co-workers found previously that fs structur­
ing must take place in the presence of sulfur to produce
featureless, near-unity below-band gap absorption; structures
formed in air or in vacuum do not absorb strongly at wave­
lengths longer than 1.1 /im/’8 Likewise, ns-formed struc­
tures formed in air do not absorb at below-band gap wave­
lengths. Sulfur impurities in the structures therefore appear
to be critical to the below-band gap absorption.

To determine the concentration of sulfur impurities, we
performed Rutherford backscattering spectrometry (RBS)
and ion channeling on the structured samples, and compared
the measured RBS spectra to simulated spectra from planar
material. We measured the backscattering spectrum from 2.0
MeV He4 with an annular solid state detector. As the RBS
signal from deeper sulfur is masked by the silicon signal, the
spectrum measures only the average sulfur concentration in
the uppermost 100 nm of the surface. To simplify the RBS
spectra, the surface oxide layer, which also includes fluorine
impurities, is removed from the samples by etching for 4 min
in 5% HF; etching has no effect on the optical properties or
surface morphology.

The RBS spectra of the fs-structured samples indicate
that the sulfur concentration in the uppermost 100 nm is
0.7±0.1 at. % before annealing and 0.5 ±0.1 at. % after an­
nealing. The sulfur signal obtained with ion channeling is
slightly lower than that obtained with randomly aligned
RBS, suggesting that some of the sulfur impurities are sub­
stitutional. The fs-structured samples channel poorly (^^
— 50%), however, and the reduction in sulfur signal with
channeling is comparable in magnitude to the possible
sources of error. Hence we can only determine that between
20% and 70% of the sulfur in the unannealed fs-structured
sample is substitutional, and we cannot determine how much
sulfur is substitutional in the annealed fs-structured sample.
In the ns-structured samples, the sulfur concentration in the
observable near-surface region is 0.5 ± 0.1 at. % before an­
nealing, and 0.4 ±0.1 at. % after annealing. The ns-structured
samples show much stronger silicon channeling (xSn
= 5.6% before and 6.6% after annealing), and nearly half of
the sulfur is substitutional (43% ±7% before and 48%
±8% after annealing). The sulfur concentration is therefore
very similar in the two types of structures, but much more of
the affected material in the ns-structured samples is single
crystal than in the fs-structured samples, and a great deal of
the sulfur is definitely substitutional in the ns-structured
samples. The sulfur may or may not be incorporated differ­
ently into the silicon in the two types of structures.

Given that annealing changes the optical properties dra­
matically, but only reduces the amount of observable sulfur
by about 20%, it is likely that the local environment of the 
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FIG. 3. Bright-Held transmission electron micrographs of (a) cross section
of fs-laser-formed microstructure [insets: (upper panel) higher magnification
view of disordered material, (lower panel) selected area electron diffraction
pattern obtained from the tip of the sample); (b) cross section of tip of
ns-laser-formed microstructure; and (c) cross section of side of ns-laser-
formed microstructure.

sulfur impurities is important to the optical properties. To
learn more about the material structure, we examined cross
sections of the structures with bright-held transmission elec­
tron microscopy (TEM). Figure 3 shows micrographs of a
fs-structured sample [Fig. 3(a)] and a ns-structured sample
[Figs. 3(b) and 3(c)]. The fs-formed structures consist of a
core of undisturbed silicon covered with a highly disordered
layer of silicon less than 1 ^cim thick including nanocrystal­
lites, nanopores, and sulfur impurities. Selected area diffrac­
tion [inset to Fig. 3(a)] indicates that the core is crystalline
and the surface layer is polycrystalline or microcrystalline;
energy dispersive x-ray spectroscopy detects roughly 1 % sul­
fur impurities in the disordered layer but none in the core.6
The TEM images and diffraction patterns obtained from an­
nealed samples are similar.6 The ns-formed structures like­
wise have a crystalline core, but the disordered layer is even
thinner (200 nm or less) and covers only parts of the struc­
tures; the tips of the structures are free of visible disorder.
Although the bases of the ns-formed structures [visible in
Fig. 1 (f)] cannot be observed in TEM, they are visible to ion
channeling, which averages over the projected surface.
Hence the observed good channeling indicates that even at
the bases, the surface of the ns-formed structures cannot be
as disordered as that of the fs-formed structures.

How do such different structures have such similar op­
toelectronic properties? In both the ns- and fs-formed struc­
tures, sulfur is required for strong below-band gap absorp-
tance, and thermal annealing reduces the absorptance
strongly while reducing the observable sulfur content by
only 20% and having no obvious effect on the crystallinity.
The disordered layer covering the fs-formed structures is not
essential for below-band gap absorption, as both TEM and
RBS indicate that the ns-formed structures are nearly single
crystal. Most likely, laser structuring incorporates sulfur into
silicon in an optically active configuration; then, during ther­
mal annealing, some of the sulfur is deactivated by complex­
ing with other defects or by forming precipitates. Sulfur is
known to stabilize ion implantation-induced damage against
thermal annealing,9 so it is plausible that sulfur can form
relatively stable defect complexes. Annealing at 875 K for 45
min would indeed permit both defect annihilation in the sili­
con lattice10 and diffusion of sulfur over hundreds of
nanometers;11 the observed reduction in sulfur concentration
most likely comes from sulfur diffusing to depths greater
than can be observed with RBS.

Such an optically active configuration of sulfur may be
able to exist in either the single crystal ns-formed structures 

or the highly disordered fs-formed structures; the deactiva­
tion process must not require a significant increase in the
crystallinity of the fs-formed structures. Alternatively, differ­
ent optically active configurations of sulfur could be present
in the fs-formed and ns-formed structures, although none of
our results directly suggest this interpretation.

In the ns-formed structures, the sulfur incorporation pro­
cess is probably similar to gas immersion laser doping,12 in
which a semiconductor is doped by melting the surface with
ns laser pulses in the presence of a gas containing the desired
dopants. The dopants are incorporated into the melt and rapid
solidification that follows laser melting can produce highly
supersaturated solid solutions.13 Sulfur may be incorporated
into the fs-formed structures by a similar process; the fs laser
fluences used are not far above the ablation threshold, and so
a molten layer forms at the surface after the laser-induced
plasma recombines and the electrons and lattice equilibrate.14

In summary, laser microstructuring of silicon surfaces in
the presence of SF6 with either ns or fs laser pulses produces
strong below-band gap absorption and photocarrier genera­
tion. Both types of structures exhibit these remarkable opto­
electronic properties in spite of significant differences in
crystallinity and morphology. Our results suggest that laser
structuring and sulfur doping of silicon is a robust way to
extend the photoresponsivity of silicon into the near-infrared.
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1 Introduction

Silicon is widely used for solar cells and photode­
tectors, but the band gap of crystalline silicon renders it trans­
parent to wavelengths longer than 1.16 pan; amorphous sil­
icon and microcrystalline silicon have band gaps similar to
crystalline silicon. Silicon is, therefore, not used to absorb or
detect light al wavelengths longer than 1.1 pm. Near-infrared
detectors for wavelengths longer than 1.1 p.m are widely used
for both telecommunications and scientific instrumentation.
Consequently, a silicon-based near-infrared detector that can
be integrated with other electronics through standard silicon
processing has many applications.

We previously reported that silicon surfaces microstruc-
tured in the presence of SFg with high-intensity femtosec­
ond laser pulses have near-unity absorption from the near­
ultraviolet (250 nm) to the near-infrared (2.5 pm) [1,2], We
recently found that microstructuring in ILS [3] or m the
presence of elemental sulfur has the same effect, as does
raicrostructuring with excimer laser pulses in the presence
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ABSTRACT We niicrostractured silicon surfaces with femtosec­
ond laser irradiation in the presence of SFg. These surfaces
display strong absoiption of infrared radiation at energies below
the band gap of crystalline silicon. We report the dependence of
this below-band gap absorption on microstructuring conditions
(laser fluence, number of laser pulses, and background pres­
sure of SFr.) along with structural and chemical characterization
of the material. Significant amounts of sulfur are incorporated
into the silicon over a wide range of microstructuring condi­
tions; the sulfur is embedded in a disordered nanocrystalline
layer less than 1 pin thick that covers the microstructures. The
most likely mechanism for the below-band gap absorption is
the formation of a band of sulfur impurity states overlapping
the silicon band edge, reducing the band gap from 1.1 eV to
approximately 0.4 eV.

PACS 78.68.+m; 81.15.Fg; 81.40.Tv; 81.65.Cf; 85.60.Gz 

of SFg [4.5]; microstructuring in gases that do not con­
tain sulfur does not produce comparable below-band gap
absorption [3,6]. Silicon surfaces microstructured in Sfy
also produce significant photocurrent from 1.31 or 1.55 pm
illumination [7].

Here we report the effects of processing conditions and
thermal annealing on the below-band gap absorption, chem­
ical composition, and lattice structure of these microstiuc-
tured silicon surfaces. We observe below-band gap absorption
in samples produced under a wide range of conditions; the
maximum wavelength of strong below-band gap absoiption
is 3.5 pm. We attribute the absorption to sulfur impurities in
a nanocrystalline layer covering the microstructures.

2 Experimental methods

The samples are microstructured by irradiating
a silicon (111) wafer (n-Si( 111), 260 p.tn thick, with resistiv­
ity p = 8-12 Q :ii) with a train of 800-nm, 1 OO-fs laser pulses
in the presence of Sly [2]. The samples discussed in this
paper were all made on the same substrate silicon; we pre­
viously found dial the doping, resistivity, and crystal plane
of the initial substrate do not affect the optical properties. Ir­
radiation creates a quasi-ordered array of microstructures on
the surface of the sample. The microstructures form only in
the region illuminated by the laser. We microstructured areas
up to 10 mm x 10 mm by scanning the laser beam across die
sample; the laser fluence [8] arid average number of pulses de­
livered to each region of the sample determined the shape and
depth of the microstructures. 'The number of pulses was set by
the scan speed, the size of the laser spot on the sample surface,
and the repetition rate of the laser [9].

We determined the absorptance (A) of the microstructured
surfaces by measuring the total hemispherical (specular and
diffuse) reflectance (R) and transmittance (T) with a UV-VIS
spectrophotometer equipped with an integrating sphere de­
tector; we then calculated the absorptance A ---■ 1-R-T. We
measured transmittance at longer wavelengths with a Fourier
trans form i nfra red spectrophotomete r.

3 Experimental results

Figure 1 shows (he microstructures formed by laser
irradiation under our standard conditions of 500 laser pulses,
8 kJ/m2, and 0.67 bar SFg. These conditions produce sharp
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FIGURE 1 a,b Scanning electron micrographs of laser-microstructured sil­
icon surface formed in SFs under “standard” conditions for this paper (laser
pulse duration: 100 fs; 500 laser pulses; laser fluence: 8 kJ/irk; SFg pressure:
0.67 bar). The sample is viewed at 45° to the normal, c Bright-field transmis­
sion electron micrograph of cross-section through a row of microstructures.
Insets: (upper) high-magnification view of the disordered region at the tip of
the spike (indicated on main image with dashed square) and (lower) selected
area electron diffraction pattern obtained from the disordered region

conical micro structures about 8 pm tall and 1 pm across at
the tip, separated by 3-4 pm (Fig. la), and covered with
nanoscale particles (Fig. lb). As can be seen in the bright-field
transmission electron micrograph of a cross-section through
one of the microstructures (Fig. 1c), the microstructures con­
sist of a crystalline silicon core covered with a layer of dis­
ordered material less than 1 pm thick. The surface layer con­
tains silicon nanocrystals (^ 10-50nm in diameter), pores,
and impurities. Selected-area electron diffraction (inset) indi­
cates that the surface layer has a crystalline order. Energy dis­
persive X-ray emission spectroscopy indicates a sulfur con­

centration of roughly 1 % in tliis layer; there is no detectable
sulfur in the crystalline core.

Figure 2 shows scanning electron micrographs of the
microstructures formed with an increasing number of laser
pulses (a-c), laser fluence (d-f), and the background pressure
of SFg (g-i). All of these samples were made by varying just
one processing condition relative to the standard conditions of
Fig. 1. At fewer than 10 laser pulses or less than 4 kJ/m2 flu­
ence, we observe ridges parallel to the laser polarization rather
than conical microstructures. Increasing the number of laser
pulses or laser fluence produces conical microstructures that
are shorter and blunter than those obtained under the standard
conditions. For SFg pressures between 27 mbar and 400 mbar,
ridges form; at lower pressures, larger, blunt structures form.

Figure 3 shows that the absorptance at 1550 nm increases
strongly with the number of pulses delivered to the sample,
up to 20 pulses; additional pulses have little effect. The inset
shows that the absorptance increases over the entire wave­
length range as the number of laser pulses increases. For un­
structured (crystalline) silicon, the absorptance drops sharply
around 1.16 pm, corresponding to the band gap of silicon,
and is very low for longer wavelengths. For the microstruc­
tured samples, the absorptance is essentially constant between
1.2 and 2.5 pm, with its value increasing with the number of
pulses.

Figure 4 shows that the absorptance at 1550 nm increases
strongly with fluence for fluences up to about 5 kJ/m2 and in­
creases more slowly for higher fluences. Surfaces made with
4 kJ/m2 or more display constant absorptance vs. wavelength
at below-band gap wavelengths; at lower fluences, the ab­
sorptance decreases gradually with increasing wavelength.
With 500 laser pulses, fluences below 2.5 kJ/m2 do not pro­
duce uniform microstructuring of the surface (fluence less
than 2.0 kJ/m2 neither alters the surface nor affects the optical
properties).

Figure 5 shows that the absorptance also increases with
i ncreasing SFg pressure, and the greatest rate of increase is ob­
served at low pressures. Above 27 mbar, the below-band gap
absorptance does not vary with wavelength, while at lower
pressure, it decreases with increasing wavelength. For sam­
ples made in vacuum, the gradual decrease of absorptance for
wavelengths longer than 1.2 pm is consistent with the pres­
ence of band tails of Urbach states due to a high density of
defects [10].

Figure 6 shows the effects of annealing for 30 minutes in
flowing Ar on the absorptance of samples made under stan­
dard conditions. Annealing at temperatures below 575 K has
little effect on the absorptance. Annealing between 575 K and
875 K does not affect absorptance above the band gap, but
lowers the below-band gap absorptance; the higher the tem­
perature, the greater the decrease in absorptance. Raising the
annealing temperature above 875 K does not produce any ad­
ditional change. As shown in Fig. 7, annealing has no visible
effect on the shape of either the microstructures or the surface
nanoparticles.

To determine the extent of the below-band gap absorp­
tance, we measured specular infrared transmittance at wave­
lengths longer than 2.5 pm. For a standard sample (8 kJ/m2,
500 pulses, 0.67 bar SFg), the transmittance is only a few per­
cent at 2.5 pm but begins to rise at approximately 3.5 pm,
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FIGURE 2 Scanning electron mi­
crographs of laser-microstructured
silicon surfaces formed in SFg with
a 2, b 5, and c 20 laser pulses
(fluence: 8kJ/m2; SFg pressure:
0.67 bar); with laser fluence d 3,
e 4, and f 5kJ/m2 (500 pulses,
0.67 bar SFg); with SFg pressure
g 7 mbar, h 27 mbar, and i 400 mbar
(500 pulses, 8kJ/rrr ). Samples are
viewed at 45° to the normal
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FIGURE 3 Dependence of the absorptance at 1550 nm of microstructured
silicon surfaces on the number of laser pulses used in microstructuring. All
samples were made with 8 kJ/nU laser fluence and 0.67 bar SFfi pressure. In­
set: Wavelength dependence of absorptance for a subset of the samples shown
in Fig. 3 and for the unstructured silicon substrate
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FIGURE 4 Dependence of the absorptance at 1550 nm of microstructured
silicon surfaces on the laser fluence used in microstructuring. All samples
were made with 500 laser pulses and 0.67 bar SFg pressure. Inset: Wave­
length dependence of the absorptance for a subset of the samples shown in
Fig. 4 and for the unstructured silicon substrate

and reaches 50% at roughly 6 pm. Because this measurement
was not made with an integrating sphere, scattering reduces
tire transmittance; 3.5 pm is therefore an upper bound on the
wavelength at which the below-band gap absorptance begins
to decrease.

To determine the effect of the microstructuring param­
eters on lattice structure and chemical composition of the
microstructures, we performed Rutherford backscattering
spectroscopy (RBS) on selected samples. We measured the
backscattering spectrum from 2.0 MeV alpha particles with an 

annular solid state detector. To determine the chemical com­
position of the microstructured material, we compared the
measured RBS spectra to simulated spectra [11] from pla­
nar material. The observable sulfur signal measures only the
average sulfur concentration in the uppermost 100 nm of the
surface; the RBS signal from deeper sulfur is masked by the
silicon signal. Transmission electron microscopy indicates
that the uppermost few hundred nanometers of the structures
is modified, with crystalline silicon beneath (Fig. 1c), and en­
ergy dispersive X-ray emission spectroscopy indicates that
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FIGURE 5 Dependence of the absorptance at 1550 nm of microstructured
silicon surfaces on the pressure of SFg used in microstructuring. All samples
were made with 500 laser pulses and 8kJ/mr laser fluence. Inset'. Wave­
length dependence of absorptance for a subset of the samples shown in Fig. 5
and one made in vacuum (base pressure less than 10“6 bar)
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FIGURE 6 Effect of annealing temperature on absorptance at 1550 nm of
microstructured silicon surfaces. The data point at room temperature (300 K)
corresponds to a sample that was not annealed. All samples were made with
500 laser pulses and 8 kJ/m2 laser fluence in 0.67 bar SFg, and were annealed
for 30 minutes. Inset'. Wavelength dependence of absorptance for the samples
shown in Fig. 6 and for the unstructured silicon substrate

the sulfur is in the modified layer. Consequently, to determine
sulfur concentrations, we simulate just the modified layer.

The RBS spectra indicate that the modified surface layer
consists of oxidized silicon with fluorine and sulfur impu­
rities. Neither the oxide nor the fluorine contributes to the
optical properties; etching the samples in 5% HF for 4 min
removes the fluorine and the oxide without changing either
tire sulfur concentration or the optical properties. To simplify
simulation of the spectra, we therefore measured RBS spectra
on samples etched in HF.

Table 1 shows that the concentration of sulfur follows
a trend similar to the below-band gap absorptance with pro­
cessing conditions. The amount of sulfur increases from
roughly 0.2% for the sample made with two pulses to roughly
0.7% for the sample made with 50 pulses. Additional pulses

before annealing after annealing

TABLE 1 Sulfur concentration in samples determined by Rutherford
backscattering spectroscopy

FIGURE 7 Microstructured silicon a,b before annealing and c,d after an­
nealing at 800 K for 3 h. The same region of the sample is shown in all four
panels

Average
laser fluence
(kJ/m2)

Number
of pulses

Annealing
temperature

(30 min)

Sulfur
concentration

±0.1 at. %

Absorptance
at 1550 nm

2.5 500 0.3 0.47
3.0 500 ... 0.3 0.59
4.0 500 — 0.4 0.78
4.9 500 ... 0.6 0.81
8.0 500 — 0.7 0.85
10.0 500 ... 0.7 0.85

8.0 2 0.2 0.18
8.0 3 — 0.4 0.37
8.0 5 — 0.4 0.48
8.0 10 ... 0.5 0.68
8.0 20 — 0.6 0.83
8.0 50 ... 0.6 0.84
8.0 500 - 0.7 0.87

8.0 500 875 K 0.5 0.14
8.0 500 725 K 0.5 0.54

have no effect; the sample made with 500 pulses also has 0.7%
sulfur. Likewise, the sulfur content increases from 0.4% for
the sample made with 2.5 kJ/m2 to 0.7% for the sample made
with 8 kJ/m2; the sample made with 10 kJ/m2 also has 0.7%
sulfur.

Sulfur concentrations in the annealed samples, however,
do not mirror the below-band gap absorptance. Upon anneal­
ing a standard sample at either 725 K or 875 K for 30 min, the
sulfur content in both cases decreases by only 40%, while the
infrared absorptance decreases by almost an order of magni­
tude. The concentration of sulfur in the annealed samples is
comparable to that of the sample made with 4 kJ/m2 and 500
pulses, or the sample made with ten pulses and 8kJ/m2; for
these samples, the infrared absorptance is only 20% less than
that of a standard sample [12],

Finally, we performed bright-held transmission electron
microscopy (TEM) on cross-sections prepared from a sam­
ple made with 10 laser pulses, a sample made with a laser
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fluence of 4kJ/m2, and an annealed standard sample. These
micrographs are shown in Fig. 8. We find that the samples
made with 10 pulses (Fig. 8a) and 4kJ/m2 (Fig. 8b) show
a disordered surface layer that is similar to that of the sam­
ple made under standard conditions (Fig. 1c), although the
microstructures themselves are smaller than the microstruc­
tures made under standard conditions. The annealed sample
(Fig. 8c) also has a disordered surface layer similar to the non­
annealed standard sample of Fig. 1c. Selected area diffraction
indicates that for all three samples, the surface layer (insets

10 pulses, 8

500 pulses, 4 kJ‘nr

580 pulses 8 kJ/m2, nnnesied

FIGURE 8 Bright-field transmission electron micrographs of cross­
sections of microstructures formed with a 10 laser pulses, laser fluence
8kJ/m2: b 500 laser pulses, laser fluence 4kJ/m2; and c 500 laser pulses,
laser fluence 8 kJ/irk, and annealed at 875 K for 30 minutes. All three sam­
ples were made in 0.67 bar SFg. Insets', (lipper} high-magnification view of
the disordered region at the tip of the spike and {lower} selected area electron
diffraction pattern obtained from the disordered region

to Fig. 8) has significant crystalline order, and the core is
crystalline. The diffraction rings are sharper for the annealed
sample (Fig. 8c) than for the others, which most likely indi­
cates that annealing increases the crystallinity of the sample
somewhat, as would be expected. Other factors such as the
different crystal plane of the specimen could also sharpen the
diffraction pattern.

4 Discussion

Surfaces laser-microstructured in SFg using a wide
range of processing conditions exhibit strong, featureless
below-band gap absorptance from 1.2 to at least 2.5 pm. The
samples also display very high visible absorptance, as re­
ported previously; as the visible absorptance is not affected
by annealing, we attribute it to amplification of the intrinsic
visible absorptance of ordinary silicon by multiple reflec­
tions [2]. The transmittance at longer infrared wavelengths
rises at roughly 3.5 pm, indicating that the absorptance de­
creases in this wavelength range. These optical properties sug­
gest an altered band structure in which the band gap is reduced
to roughly 0.4 eV. Further evidence for this altered band struc­
ture comes from our recent finding that the microstructured
material has a diodic I-V characteristic and high photore­
sponse to wavelengths longer than 1.1 pm, indicating that the
band gap of the surface layer is different from that of the
substrate [7].

We attribute this altered band stiucture to the formation
of an impurity band due to the presence of high concentra­
tions of sulfur in the nanocrystalline layer at the surface of the
sample. We established previously that sulfur is essential to
the below-band gap absorptance; surfaces microstructured in
the presence of sulfur or sulfur-containing gases show strong
below-band gap absorptance, while surfaces microstructured
in environments that do not contain sulfur show absorptance
that resembles that of surfaces structured in vacuum [3,6].
At low concentrations, sulfur impurities introduce states into
the band gap of crystalline silicon [13,14]. Bands of impu­
rity states can form at concentrations as low as IO16 /enF [15],
so at the sulfur concentrations we observe, it is plausible that
a sulfur impurity band forms.

As described in the previous section, we find significant
concentrations of sulfur even in samples processed with very
few laser pulses or with laser fluences near the threshold
for plasma formation, and such samples display significant
below-band gap absorptance. In samples that have not been
annealed, the sulfur concentration observed by RBS follows
a trend similar to the below-band gap absorptance.

Annealing causes the below-band gap absorptance to de­
crease in a manner that does not mirror the sulfur concentra­
tion. For example, samples annealed at 725 K and at 875 K
have the same sulfur concentration, but the absorptance at
1550nm of die sample annealed at 725 K is five times that
of the sample annealed at 875 K. The observed sulfur con­
centration in the sample annealed at 875 K is the same as
that from the 10-pulse or 4-kJ/m2 samples, but the 10-pulse
and 4-kJ/m2 samples di splay 80% of the below-band gap ab­
sorptance of a standard sample, while tire below-band gap
absorptance of the sample annealed at 875 K is reduced to es­
sentially the same value as the original substrate silicon. The
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decrease in the observed sulfur concentration upon anneal­
ing most likely reflects sulfur diffusing deeper into the sample
than can be observed by RBS [16].

The annealing results indicate that absorption is not deter­
mined by sulfur concentration alone. The most likely explana­
tion of the below-band gap absorption is that laser microstruc­
turing incorporates the sulfur impurities into the silicon ma­
trix in optically active states, and annealing causes bond re­
arrangement within the silicon matrix that renders the sul­
fur impurities optically inactive. (Complete recrystallization
of the material is not necessary to eliminate the below-band
gap absorption; the annealed material is still significantly dis­
ordered [17].) It is also possible that optically inactive precip­
itates or sulfur-silicon complexes form upon annealing.

While we cannot identify specific optically active sulfur
states, we do have some information about them. The TEM
images of Figs. 1 and 8 indicate that samples made over a wide
range of conditions are covered with a layer of nanocrystalline
material containing the sulfur impurities. It is known that after
ion implantation of sulfur into silicon, the sulfur impurities
form complexes with the implantation-induced damage [18].
After laser microstructuring, it is therefore likely that the sul­
fur is present in close proximity to defects rather than in the
nanocrystalline grains. It is also possible that amorphous-like
material is present between the nanocrystalline grains. Ke-
blinski et al. [19] found that tire structure of the intergranular
phase in nanocrystalline silicon is remarkably similar to that
of bulk amorphous silicon. The presence of either defects
or amorphous material is likely to provide a wide variety of
electronic environments for the sulfur impurities, producing
a band of impurity states.

Further work is required to determine the mechanism by
which sulfur is incorporated into the surface layer. However,
tire results presented here provide some clues. The sulfur con­
centrations in our structures exceed the solid solubility of
sulfur in silicon [20] by many orders of magnitude, indicating
that sulfur is incoiporated through a highly nonequilibrium
process. The fact that the sulfur content reaches its maximum
value with just 20 pulses, and that the surface layer formed
with just 10 pulses is similar in both thickness and struc­
ture to that formed with 500 pulses, suggests that the surface
layer may re-form with each laser pulse once the pattern of
microstructures is established. The increase of sulfur with
increasing laser fluence indicates that more sulfur is incor­
porated when more energy is deposited in the surface. This
result would be consistent with sulfur being incorporated into
a melted layer formed on the surface of the microstructures
after equilibration of the electrons with the lattice; such a layer
is expected to form [21] because the laser fluences used for
these samples are near or not far above the ablation threshold
of approximately 3 kJ/m2 [22].

Silicon can be doped by melting die surface with excimer
laser pulses in the presence of a gas containing the desired
dopants [23]. The dopants are incorporated into the melt and
the rapid solidification that follows laser melting can pro­
duce highly supersaturated solid solutions [24]. We recently
found that microstructuring with excimer laser pulses [5] also
produces strong below-band gap absorptance. Our femtosec­
ond laser microstructuring process may incorporate sulfur in
a similar fashion.

5 Conclusions

We report here the dependence of the below-band
gap absorptance of laser-structured silicon on the laser condi­
tions used to structure the surface and on the sulfur content of
the microstructured surfaces. Our observations suggest an al­
tered band structure in a layer of sulfur-doped nanocrystalline
silicon covering the microstructures; the band gap is reduced
to roughly 0.4 eV by the formation of a sulfur impurity band.
The sulfur may be present in regions of amorphous or highly
disordered silicon that fill spaces between submicrometer­
size crystalline grains. The dependence of the optical proper­
ties on annealing temperature is consistent with sulfur-doped
amorphous silicon.

The altered surface layer forms over a wide range of pro­
cessing conditions; consequently, different conditions can be
designed for different applications. For example, for field
emitters, high aspect ratio, sharp conical structures can be
formed with large numbers of pulses and high fluence; for
detectors or other devices fabricated on a heterostructured
substrate, lower fluence or fewer pulses can be used to form
shallower microstructures, in order not to disrupt the underly­
ing heterostructure.
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Thin Film Silicon Solar Cell on Highly Textured Substrates for
High Conversion Efficiency

M. Despeisse, C. Ballifi G. Bugnon, M. Boccard, P. Cuony, C. Eminian, F-J. Haug, F. Meillaud, S. Nicolay,
T. Soderstrom, N. Wyrsch.

Eco'le Polytechnique Federate de Lausanne (EPFL), Institute of Microengineering (IMT),
Photovoltaics and thin film electronics laboratory. Rue Breguet 2, CH-2000 Neuchatel, Switzerland.

The development of high-efficiency thin-fiim silicon solar cells requires a cell design allowing for a
high light trapping while maintaining optimum cell electrical properties. Light scattering at highly
textured interfaces is first a decisive feature to improve the light management in the cells 1-3. In the
superstate configuration, efficient light trapping can be realized with the use of zinc-oxide (ZnO) front
electrode textured as grown via low-pressure chemical vapor deposition (LP-CVD). The control of the
ZnO growth modes allows for the design of front electrodes with varying surface morphologies 4 (Fig.
1), so that, layers can be developed with different haze in transmission, angle of light diffusion and free
carrier absorption. Studies presented led to the development of low free-camer absorption TCO
allowing for a high total short circuit current of 28 mA/cm2 in micromorph (hydrogenated amorphous

Figure l.SEM top view o f different ZnO front electrodes grown by LPCVD, from standard pyramidal layers to controlled
growth layers demonstrating multi-scale, texturing.

silicon / microcrystalline silicon tandem) solar cells.
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In combination to an efficient light scattering at the interfaces, light trapping can be improved in the
top cell of a micromorph solar cell by the use of an intermediate reflector layer (IRL), realized here as
a silicon oxide matrix incorporating silicon nano-crystals 5, developed in semi-industrial reactor with
an index of refraction down to 1.7 at 600 nm 'wavelength. The combination of such IRL with a multi­
scale textured ZnO front electrode (Fig. I) with quasi-1 ambertian light diffusion potential permitted to
reach a short circuit current density approaching 15 mA/cm2 in a 250 nm a-Si:H top cell. This
demonstrates the importance of the angular diffusion of the scattered light to reach a high current in
the top cell and therefore to improve stabilized efficiencies of micromorph solar cells. The light
management approach developed for micromorph solar cells in the substrate configuration will also be
presented. The use of a periodic sinusoidal structured substrate and of a textured asymmetric IRL
permitted the development in this configuration of micromorph cells with up to 12.5 mA/cm"5 matched
current6.

A possible limitation to the development of thin film silicon solar cells onto substrates with higher
light trapping potential can originate from local variations of the silicon layers when grown on rough
surfaces, with potential local variations of the material and diode quality. A rough substrate can lead to
the creation of undesired local current drains, degrading performance and reliability of the cells '~3. 
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The optimization of the cell processing and of the cell design can first lead to an improvement of the
electrical properties of cells grown on highly textured substrates. An improved microcrystalline silicon
deposition process is shown to lead to a single junction cell with an initial efficiency of 9.5 % fully
developed in a KAI large-area reactor, and to allow for the development of a micromorph cell with
13 % initial efficiency while incorporating reasonable junction thicknesses (250 nm a-Si:H cell and
1.8 pm pC-Si:H cell). Moreover, the incorporation of a thin resistive interlayer is shown to allow for a
quenching of the cells leakage current, improving the electrical properties of a-Si:H single junction
solar cells developed onto highly textured substrates 9.

Advanced concepts are still required to continue improving the thin film silicon solar ceil efficiency. In
the substrate configuration, silver nanoparticles embedded in a dielectric material have strong
scattering properties, due to localized surface plasmons, and were studied as back reflector. In order to
achieve high light trapping, the concept of a-Si:H solar cells deposited on nanorods was also studied
and preliminary results are presented demonstrating the high potential of such solution, also applicable
for the superstrate configuration. An alternative approach to improve micromorph solar cell
performance is also reported, with the possible surface morphology adaptation at the IRL in the
superstrate configuration, allowing for the growth of a microcrystalline bottom cell with improved
electrical properties, and possibly leading to an asymmetric intermediate reflector design (Figure 2).

:c-Si:H bottom co

a--Si:H top coj

lectoi

pc-Si:H
ZnO- Atf

ZnO intermediate
AT .-A

Textured PEN

Figure 2.SEM cross-section of a micromorph solar cell in the substrate configuration (n-i-p, left), and in a superstrate
configuration (p-i-n. right) with a surface morphology adaptation at the intermediate reflector layer, here realized with
ZnO.'

Advanced concepts were studied to improve the light trapping of thin film silicon solar cells and are
presented. The impact of the proposed cell design onto the cell electrical properties could be mitigated
by optimization of the cell structure. The presented advancements should allow for an increase of thin-
film silicon solar cells stabilized efficiency in a near future.
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Detection of X-ray and Gamma-ray

Photons Using Silicon Diodes

Detection Technology, Inc.

Micropolis, Finland

December, 2000

Direct Detection in Silicon -- DC Current Mode

Direct detection of X-ray and Gamma-ray photons in Silicon utilizes PIN diodes with a relatively thick
active (wholly or partially depleted) region, as exemplified by the XRA, XRB, and PDC-series of devices
from Detection Technology, Inc.

When x-ray or gamma ray photons penetrate the active region of a PIN diode, some (or in certain cases all)
of the photons' kinetic energy may be absorbed through interactions with bound electrons resulting in
ionization — liberation of unbound charge in the form of hole-electron pairs.

3.6 eV of gamma or x-ray photon energy absorbed in silicon are required to liberate one electron-hole pair.
The holes (+ charges) drift toward the anode, and the electrons (- charges) drift toward the cathode under
the influence of an internal electric field which is directed across the diode junction from cathode to anode.

This electric field arises -- even in the absence of any external applied voltage -- from a concentration
gradient of donor and acceptor atoms at the interface between P-type and N-type material, and results in the
well-known built-in junction voltage ^(~0.6V) which is typical of silicon diodes. In some applications, an
additional, external back-bias may be utilized to augment this built-in voltage.

The (+) and (-) charges drift in opposite directions, summing together to form a current which, in turn, can
be measured with the aid of an external amplifying circuit.

Example 1: Calculate the current produced in a Si PIN diode for 1000 MeV per second of absorbed energy from x-ray or gamma ray
photons.

Solution: 3.6 eV of gamma or x-ray photon energy absorbed in silicon are required to liberate 1 electron-hole pair.

(IO1’ eV / sec) ~ (3.6 eV per electron-hole pair) x

(1.6 x 10 "19 coulombs per electron-hole pair) = 4.444 x 10 amperes.

But 1000 MeV7 / sec - 1.6 x 10"10 watts

Thus, the responsivity, expressed in amperes per watt for x-ray or gamma ray photons absorbed in Si is:

(4.444 x 10 "!1 amperes) ~ (1.6 x 10"J° watts) = 0.2777 amperes per ’watt.

Spectral Responsivity
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Figure 2 Spectral Response in PDOseries Photodiodes
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Fig. 2: Spectral Responsivity for PDC-series Photodiodes

Figure 2 (above) shows the response in amperes per watt for light of different wavelengths incident on
PDC-series PIN photodiodes. The two curves are for different entrance window materials. A wavelength of
1100 nm (just beyond the extreme right side of the graph) corresponds to a photon energy of 1.12 eV, below
which photons cannot excite electrons into the conduction band. Thus, silicon "goes blind" at wave-lengths
of 1100 nm and longer.

Compare the value (0.277 amperes per watt) for the responsivity for penetrating x-rays or gamma-rays,
found earlier, with the spectral responsivity for photons in the visible and infra-red portion of the spectrum,
shown in Fig. 2 for PDC-series photodiodes.

Dose and Dose Rate

In many applications it is dose or dose rate, rather than absorbed energy that is the quantity of interest. Dose
is defined as Energy absorbed, per unit mass. Dose rate is defined as energy absorbed, per unit mass per unit
time. The standard SI unit for dose is the joule per kilogram, which has been named the gray.

Example 2: Calculate the current produced in a DTI type PDC-24S-CB diode (2.4 mm x 2.4 mm x .380 mm thick) for a dose-rate in.
Si of 1 gray per hour.

Solution:

Volume = .24 x .24 x 0.038 = .00219 cm~

Density (of Silicon) = 2.336 g / cnr
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Mass of active region = .00219 x 2.336 = .00511 g = .00000511 Kg

Dose-rate = 1 joule / (Kg 3600 sec) = .00028 joule / (Kg sec)

Rate of energy absorption, or "Power" absorbed in diode =

[.00028 joule / (Kg sec)] x [0.00000511 Kg] =

1.43 x 10 “9 joules I second , or 1.43 x 10“9 watts

Current (per gray per hr in a 2.4 mm x 2.4 mm x .38 mm thick diode) =

[0.2777 amperes per watt] x [1.43 x 10~9 watt] = 3.97 x 10'i0 amperes

An older unit of dose, the rad, (100 ergs per gram) is still in wide use. One gray equals 100 rads, so that:

Current = 3.97 x IO"'1” amperes per rad hr’1 in a 2.4 mm x 2.4 mm diode.

In round numbers, this is ~0.7 pA per (rad / hour) per square mm.

Or 70 pA per (gray / hour) per square mm.

Response to external radiation

In many applications a measurement of the intensity of an external radiation field, rather than an explicit
measure of absorbed dose or dose-rate in the diode, is required, In radiation protection applications, the
intensity of the external radiation field is termed exposure dose-rate and is commonly expressed in units of
roentgens per hour. The roentgen is defined as an amount of x-ray or gamma radiation which produces 3.33
x 10'10 coulombs of electronic charge in 1 cm3 of air at standard temperature and pressure.

Calculating the current-response to an external radiation field is somewhat more complicated than the
previous examples, since both the probability of photon interaction in the silicon diode (detection efficiency)
and the amount of energy deposited per photon interaction are complex functions of photon energy.

For the moment, we shall define detection efficiency rather loosely as the ratio (x 100%) of the number of
photons which deposit some (as yet undetermined) energy in our diode, divided by the total number of
photons which are incident on the face of the Si diode. For direct detection in a Si PIN diode (i.e,, without
the use of a scintillating screen or crystal) the detection efficiency is a function of the thickness of the
silicon wafer, as shown in Fig. 3 below. For a wafer thickness of 380 microns (the thickness which is now
used in DlTs standard line of diode products) the detection efficiency is close to 100% at 10 KeV, falling to
approximately 1.60% at 100 Ke V.

The curves shown in Fig. 3 below are for the Si wafer only, and do not take into account any effects due to
the window, substrate, or package in which the diode is mounted. At low energies (below ~30 KeV), photon
interactions in Si are primarily photo-electric. For energies above approximately 60 KeV, photons interact
in Si almost entirely through Compton scattering.
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X«ray Efficiency vs. Energy in XRB-senes Diodes
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Example 3: Calculate the DC-current response for a 20 inCi point-source of B+ - emitting activity (gamma-ray energy = 511 KeV
annihilation radiation) at a distance of 10 cm from a type XRB-24S-CB PIN diode detector.

Solution:

9 9
Let A. = area of the diode in cm'' = .057 cm

N =- flux of incident gamma rays (gamma's / second-cmz' on face of diode)

r = detection efficiency at 511 KeV = ,0077 from Fig. ,

E = average energy of recoil electrons in Si detector, expressed in eV

s = ionization constant in silicon = 3.6 eV / electron-hole pair

e = electronic charge = 1.6 x 10“f coulombs

Then the average current produced in the diode is given by:

I = N A r E e / s

In this example, two 511 KeV gamma rays are emitted back-to-back from the source for each B+ event. The photon flux at the
detector is: N = (2 x 20 x 3.7 x 10/) / (4 x 102 ) = 1,177,740 gamma photons / cm2-second. This is equivalent: to an exposure dose­
rate at the face of the diode of ~1.08 roentgens / hour. An exact expression for the average energy of a Compton recoil electron may

•'21 A
be found in An approximate formula -- accurate enough to be useful over a wide range of gamma ray energies 1*4  — is given by E 
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= 1/2 Emax, where Emax is derived from Compton's formula for the energy of the 180° (back-scattered) photon:

Eraax ~ h {2 hv / (tn.QC + 2 hv)} ~ energy of the back-scattered photon

hv = the energy of the incident photon (expressed in eV)

m0c2 = 511,000 eV

In this example hv = 511,000 eV, so that Emax = 340,000 eV, and E = 170,000 eV. Therefore, the radiation - induced current in the
diode ■■= 1,177,740 x .057 x .0077 x 170,000 x 1.6 x 10"19/ 3.6 = 3.90 x 10’12 amperes.

Notice that, in this example, an exposure dose-rale of ~ 1 roentgen per hour produces approximately the same current in the diode as
an absorbed dose-rate (i.e., energy absorbed in Si) of 1 rad per hour. This generally holds for gamma ray energies above -100 KeV,
where Compton interactions predominate within materials of relatively low atomic number (as in the constituents of human tissue).

The scale factor relating total charge to exposure dose for this example is:

(3.90 x 10 amperes) x (3600 seconds per hour) / (1.08 roentgens per hour), or

Q
1.30 x 10 coulomb / roentgen.

_ 1 fl 4
One roentgen produces, by definition, 3.33 x 10 coulombs in 1 cm of air at standard temperature and pressure. Thus, our XRB-
24S-CB diode (.057 cm“ x 380 microns thick) produces approximately the same radiation-induced current as a (1.30 x 10 ) / (3.33 x

-10 310 ) = 39 cm*  standard air-ionization chamber.

The effect of the window and device packaging

Some sort of "window” is always required on the face of the diode to maintain chemical passivation of the
surface of the silicon. Even a "window-less" diode must have such protection in the form of a very thin
aluminum or silicon nitride layer. At very low photon energies, the thickness and type of material used for
the window can introduce substantial attenuation, as showm in figures 4 and 5 below.
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Fig. 5

If the diode is mounted in some sort of package (which is almost always the case) the active region of the
diode is in electronic equilibrium with the surrounding medium comprising the diode package, substrate,
window and outer coating, etc., so that at higher gamma energies Compton recoil electrons which are
produced near — and close enough to penetrate — the active volume of the diode, are also detected. For this
reason the overall effective volume (or equivalently, the overall, effective efficiency) at 100 KeV and above
may actually be somewhat greater than shown in fig. 3.

Amplifying small currents

For dose-rates encountered in laboratory monitoring or general survey applications, the radiation-induced
photo-current produced in Si diodes normally ranges between ~10‘12 and ~10-8 amperes. Such small
currents demand particular care in the design and implementation of amplifying circuitry.

Utilizing the diode’s terminal voltage is generally not advisable, since the diode voltage is a logarithmic
rather than linear function of dose-rate. In order to preserve linearity of response, the diode must be
connected across a very low-resistance circuit. For this reason, diode current is almost always measured
with the aid of a transimpedance amplifier (current-to-voltage converter).

A transimpedance amplifier is generally implemented as a high-gain, inverting amplifier (usually in the
form of an integrated-circuit operational amplifier) with a feedback resistor connected from output to input,
as shown in Fig. 6 below. This particular example shows the photodiode with its cathode grounded (+
current flowing into the amplifier) producing a negative voltage at the output of the amplifier. High forward
gain forces the voltage at the amplifier's inverting input to be essentially zero, thus satisfying the
requirement for low resistance across the diode.
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Unbiased-Mode

Fig. 6

Assuming the amplifier's open loop gain is sufficiently high (Av >106), the transimpedance gain of this

circuit is just the value of the feedback resistor, in ohms. Thus, for example, a 100 megohm feedback
resistor provides a gain of 108 ohms (1 volt output for Iff8 amperes input).

Speed of response

Some applications, such as pulsed X-ray measurements, require precise measurement of rapidly -varying
signals. A system rise-time response in the micro-second range, or faster, requires that the diode be
operated in biased mode in order to maintain a \ow junction capacitance, and also to insure rapid and
complete collection of all the available charge - particularly the holes — which drift more slowly than
electrons. Biased - mode operation is illustrated in Fig. 7 below.

Bis&ed-mode Operation

Fig. 7:
Both jwMCf/ow capacitance and leakage current or dark current are functions of reverse bias, as illustrated 
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in Figs. 8 and 9 below.

Terminal Capacitance vs. Reverse Voltage in
PDC 24s and PDC 50s
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Fig. 8
Dark Current

Dark current is also a very strong function of temperature, increasing by a factor of ~2 for every 5-6 deg. C
increase in temperature. Since dark current cannot readily be distinguished from radiation-induced photo­
current, it may become a significant source of error when undertaking low-level radiation measurements.
This is particularly true if the temperature is not held constant (a back-biased Si diode makes a highly
sensitive — albeit non-linear — thermometer!)

Guard Ring

Leakage current in a planar diode generally comprises three components: 1) a current component flowing
folly vertically in the depletion region of the diode, 2) a component due to the edge-field of the depletion
region, which is generated just outside the true active area and, 3) a component due to surface effects in the
oxide layer. This last component is one which is most heavily affected by radiation damage in the silicon /
silicon dioxide interface outside the active area, and is also strongly affected by temperature changes.

The magnitude of the dark current can be reduced by exploiting DTPs unique, proprietary guard ring. This
feature is particularly useful when operating in biased mode; the guard ring collects most of the latter two
components of dark current (noted above), and thereby decreases the dark current by approximately a factor
of 0.5.
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Another advantage of the guard ring is that it reduces potential gradients at the edge of the diode's active
area, thereby increasing the breakdown voltage rating. A third advantage becomes important in
spectroscopic applications (to be covered in more detail in a subsequent tutorial) wherein the guard ring
collects most of the signal charge which is generated close to — or outside of — the actual active area,
reducing the number of interactions in which imperfect or incomplete charge collection would otherwise
occur.

Compare the respective values of dark current (for the same device and the same reverse bias) with the data
in Fig 9 in which the guard ring was not used. Equally dramatic is the comparison between different
devices; A 5 x 5 mm diode (PDC-50S) with the guard ring connected shows less than half the leakage
current compared to a 2.4 x 2.4 mm diode (PDC-24S) whose guard ring is not connected!

The circuit connection for the guard ring is shown in the schematic in Fig. 10. Please observe that the
cathode of the diode is common to both the main diode and the guard ring. Therefore, the guard ring is
useful only when the cathode is connected to a positive voltage supply, and the input of the preamplifier is
connected to the anode of the diode. We strongly recommend this configuration. (Some users prefer
connecting to the cathode since that provides a positive signal output from an inverting amplifier. However,
in most applications, this will result in poorer performance.)
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Conn-ecting th® Guard Ring

Fig. 10

Amplifier Offset

If high-speed response is not required, then errors due to dark current are substantially reduced by operating
the diode radiation detector in unbiased mode. However, there is yet an additional confounding factor which
must be taken into account: the amplifier's input offset-voltage error.

Unless precisely and specifically "trimmed out", some degree of input offset error is present in virtually all
amplifiers. Offset voltage error is represented schematically as a voltage source in series with the (+) input
terminal of the amplifier. In our transimpedance amplifier (fig. 6 & fig. 10), this offset voltage is returned
via the feedback resistor so as to appear at the (- ) input terminal of the amplifier.

Thus, the "unbiased" diode is not actually operating at zero bias, but rather at a small positive or negative
bias (depending on the polarity of the offset voltage) which is on the same order as the amplifier's offset
voltage and which, in turn, introduces a finite dark-current component.

Shunt Resistance

Potentially much more serious is the effect of the diode's shunt resistance. The quotient of (voltage v
current) at a diode bias V ~ 10 m V is defined as the device's shunt resistance. If the value of the diode shunt
resistance is substantially less than the value of the transresistance amplifier's feedback resistor, then the
voltage gain of the amplifier, referred to the (+) input terminal is approximately: (Rshunt + ^feedback)/

(^shunt)

Example 4: Estimate a transresistance amplifier's output voltage assuming the following:

1) doserate = 0

2) diode shunt resistance = 100 megohms

3) operational amplifier offset voltage = 1 mV, and

4) amplifier feedback resistor = 109 ohms

Solution: The output voltage error (for zero doserate) is dominated by the amplifier's offset error voltage multiplied by the gain of the 
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amplifier referred to the (+) input terminal....

out v offset x (R shunt T ^-feedback) ' U^shiint) ”

(.001) x (109 + 108) / (108 ) - 0.011 volts

This is equivalent to an input offset current (at zero doserate) of 11 pA in the diode detector.

Worse yet, dark current is a very strong function of temperature as we saw earlier. If the diode's dark current
increases by a factor of two for every 5-6 deg. C increase in temperature, then so too must the diode's
shunt resistance decrease by a factor of two for the same temperature rise, leading to a near doubling of the
output voltage error (or, equivalently, the input current error) for every 5- 6 deg. C temperature increase.

Further Reading

While the topic of transimpedance amplifier circuit design principles and techniques is far too broad to
cover in any detail in this article, the good news is that a variety of excellent — yet relatively inexpensive —
integrated-circuit operational amplifiers are available from a number of vendors. Some of these^ feature

extremely low input bias currents (in the range of ~10 amperes at normal room temperature) and very
respectable offset voltages on the order of 100 pV (typical) . Many manufacturers also provide extensive
and detailed application data^, with tips and techniques for minimizing sources of error in precision, low-
current measurements,
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1. Introduction

Thin-film solar cells based on microcrystalline silicon (pc-Si:H) or amorphous silicon (a-Si:H)
have gained considerable attention as promising candidates for future generation of
photovollaics [1,2]. With an absorber layer in the range of 1 pm, complete utilization of light
incoupling and light trapping is imperative for realizing efficient thin-film solar cells based on
these materials. Efficiencies higher than 10% have been achieved for microcrystalline silicon
solar cells by introducing textured interfaces in the solar cell [3-5], Introducing nano textured
interfaces leads to reduced reflection losses and enhanced scattering and diffraction of light in
the device. Whilst these optical phenomenons can be measured in the far-field, in order to
understand the optical propagation within such thin-film devices, it is imperative to use
numerical methods and solve the Maxwell's equations rigorously. By considering the near
field optics, the nano texturing process for efficient solar cells can be understood and
optimized. In this work, a Finite Difference Time Domain (FDTD) simulation tool
(OptiFDTD®) was used to investigate the wave propagation for nano textured
microcrystalline silicon solar cells. So far the optics in such structures has been investigated
by solving the Maxwell's equations using the Finite Integration Technique (FIT) and Finite
Element Method (FEM) algorithm [6-9]. FDTD approach has also been used, but to analyze
the wave propagation in amorphous silicon solar cells [10], In this study the nano texturing of
the front interface of the microcrystalline solar cell property was investigated by introducing a
triangular grating which represents the textured front interface of a real thin-film silicon solar
cell. Triangular and pyramidal structures have been extensively investigated for solar cell
applications in the past decade [ 11-13]. But they were mostly addressed for crystalline silicon
solar cells, where the period of the structures were larger than the wavelength of the incident
light in many folds. Hence, geometric optics was sufficient to understand the behavior of
optics for such solar cells. A recent paper has studied pyramidal textures in thin-film silicon
solar cells [7]. However, the manuscript does not provide a detailed description of the wave
propagation for small surface textures. Such small textures have distinct influence on the
incoupling of blue light in the solar cell.

The influence of the period and height of the triangular profile on the short circuit was
investigated for a microcrystalline silicon solar cell to determine the optimal geometries.
Results on smooth substrates were used as a reference to investigate the influence of the
grating parameters on the solar cell parameters. Optimized designs of the triangular structure
were derived to maximize the short circuit current and the efficiency of the microcrystalline
silicon solar cells. The optical model used to calculate the optical power losses in the
individual regions of the solar cell is introduced in Section 2. Simulation results including
power loss profiles, quantum efficiencies and short circuits currents are described in Section
3. The manuscript is summarized in Section 4.

2. Optical simulation model

To increase the effective thickness of thin-film silicon solar cells, many different concepts
exist. More light can be coupled into or trapped within the solar cell by applying anti-
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reflection coatings [ !0,13], optical filters [14], or using highly reflective back contacts [15]. In
the case of microcrystalline silicon thin-film solar cells randomly textured contact layers have
resulted into the highest efficiencies [4,5], These textured layers have been realized by direct
growth of zinc oxide films by low pressure chemical vapor deposition or etching of sputtered
zinc oxide [5,16], A surface profile of such an etched aluminum doped zinc oxide (ZnO:Al) is
shown in Fig. 1. The sputtered zinc oxide film was etched for 10 seconds in a 0.5% diluted
hydrochloric acid (HC1) solution. Figure 1(a) shows a three dimensional surface profile of the
substrate. Surface texturing of the film leads to surface morphology that very closely
resembles a pyramid-like structure, albeit not perfectly symmetrical ones.

-193.75 nm

!
£
,9s
£

(b)
150 

125

100

75

50-

25

01
0.I0 0.5 1.0 1.5 2.0 2.5 3.0

Distance [urn]

Fig. 1. (a) Atomic Force Microscope (AFM) image of a randomly textured aluminum doped
zinc oxide (ZnO:Al) film, (b) Surface profile of the same textured substrate, showing the
triangular grooves that are formed due to etching by a hydrochloric acid solution.

A line profile of the nanotextured surface is shown in Fig. 1(b). In this figure, the
triangular profiles exhibit an almost periodic arrangement with a period of around 500 nm.
Based on these observations, the model investigated in this study consisted of periodic
arrangements of triangular gratings. A schematic cross section of the investigated unit cells is
shown in Fig. 2. The microcrystalline silicon solar cel) structure consists of a 500 nm thick
aluminum doped zinc oxide (ZnO:Al) front contact, followed by a (p-i-n) hydrogenated
microcrystalline silicon diode (pc-Si:H) with a total thickness of 1000 nm and a back reflector
consisting of an 80 nm thick ZnO:Al layer and a metal reflector. The device structure is
consistent with the standard microcrystalline silicon solar cell process used by several
research groups like the Research Center Jiilich and University of Neuchatel [17,18].

Maximal conversion efficiencies of 10.3% have been achieved for microcrystalline silicon
solar cells with an absorber thickness of just 1000 nm [19]. The cross section of a solar cell
deposited on a smooth substrate and a triangular texture is shown in Fig. 2(a) and 2(b). In this
study the period of the unit cell and height of the triangular profile was varied. The period of
the unit cell was varied from 50 nm up to 6000 nm and the height was varied from 0 nm up to
500 nm. Alternatively, the triangular structure can be described by the opening angle of the
triangle, which was varied from 6° to 176°. The unit cell was illuminated under normal
incidence for the entire spectrum of wavelength 300 - 1100 nm. The complex optical
constants used in the model system were determined by optical measurements of the
individual layers [20]. Since a two dimensional FDTD algorithm was utilized, it splits the
Maxwell’s equations into two independent sets of equations for transverse electric (TE) and
transverse magnetic (TM) polarized waves. The polarization of the input wave was assumed
to be TE, thus only one component of the electric field, Ey had to be solved.
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Fig. 2. Schematic sketch of a thin film microcrystalline silicon solar cell (a) on a smooth
substrate and (b) with triangular textured substrate. The different unit cells in Fig. (b) are
separated by dashed lines.

3. Results and Discussion

In order to compare different textured designs the power loss profiles within the solar cell, the
quantum efficiency, the short circuit current were utilized. The power loss was calculated
using the equation

2(x,y) = |c£0na-|E(x,z)|2 (1)

where c is the speed of light in free space, £0 the permittivity of free space, a is the energy
absorption coefficient (a = 4xk/ A), with n and k being the real and imaginary part of the
complex refractive index, 2 is the wavelength and E is the electric field. The power loss
profile for thin film solar cells with integrated triangular structures under blue and red
illumination are shown in Fig. 3.

The period of the triangular profile for all the cases was 900 nm with heights of 100 nm
(Fig. 3(a) and 3(c)) and 400 nm (Fig. 3(b) and 3(d)), respectively. The incident light has a
wavelength of 400 nm and 700 nm with amplitude of 1 V/m. In the case of short wavelength
illumination (X = 400nm) photons get absorbed within the first 200 nm of the silicon absorber
layer. The high absorption coefficient of silicon for wavelength 400 nm inhibits the
propagating wave to hit the back reflector. By having a small period height, like in Fig. 3(a),
the opening angle is close to 180°. Hence the high power loss pattern concentrated around the
front interface almost resembles that of a solar cell on a smooth substrate; it is almost
continuous along the boundary. Whereas, by having an opening angle close to 90°, a “flame­
like” power loss pattern is seen in Fig. 3(b). The “flame-like” power loss pattern is caused by
the formation of evanescent fields at the boundary between the zinc oxide texture and the p-i-
n solar cell. Such "flame-like" patterns are observed because the refractive index difference
between zinc oxide and silicon is relatively large for short wavelengths. As a consequence a
relative large fraction of the incident light is reflected by the interface. Due to the triangular
shape of the interface, a standing wave pattern is formed in the region close to the tip of the
triangle. Since the electric field at the boundary between zinc oxide and the silicon diode
cannot be discontinuous, an evanescent field extends in the silicon diode. The “flame-like”
power loss pattern disappears for longer wavelength and smaller periods of the texture.
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Fig. 3. Simulated power loss profile for textured unit cell with period 900 nm and profile
heights of (a. c) 100 nm and (b. d) 400 nm under monochromatic illumination of (a, b)
wavelength 400 nm and (c, d) wavelength 700 nm.

Due to a low absorption coefficient of silicon for longer wavelengths, the incident light
has to be confined in the solar cell. Only if the light completes multiple passes inside the
silicon layer the light can be completely absorbed. The power loss profile for a structure under
monochromatic illumination of wavelength 700 nm is shown in Fig. 3(c) and 3(d). Diffraction
from the front and back grating constructively interfere towards higher absorption. Within the
multiple passes, the diffracted light interferes with the backward propagating waves and also
with other diffracted waves from neighboring unit cells. By following the path of the different
diffracted orders from the front and back grating, the highest intensities are observed where
the second diffraction (front grating) orders from the neighboring cells meet at the center of
the unit cell. A similar behavior is observed for lamellar gratings integrated in
microcrystalline silicon solar cells [21]. The diffraction from the back reflection does not play
a significant role in creating high intensities at the center of the unit cell. But the back grating
contributes to the formation of high power losses close to the back reflector. The power loss
close to the back reflector depends on the confinement angle of the back reflector. If the
opening angle is close to 90°, the power loss close to the back reflector, as seen in Fig. 3(d), is
maximized.

In the next step the quantum efficiency was determined The quantum efficiency is defined
as the ratio of the power absorbed in the silicon layer with respect to the total power incident
on the unit cell. The quantum efficiency was calculated using the equation

QE = -J- Jg (x, z) dxdz (2)

where Q(x,z) is the time averaged power loss and is the optical input power. The
collection efficiency taking the electronic properties of the material into account is assumed to
be 100%. In other words, the internal quantum efficiency is assumed to be 100%. Therefore,
the determined quantum efficiency defines an upper limit of the achievable external quantum
efficiency. The calculated quantum efficiency is shown in Fig. 4 for a solar cell on a flat
substrate, and two solar cells with integrated triangular gratings. The triangular profiles have
periods of 100 nm and 900 nm, both with a profile height of 400 nm. For shorter wavelengths
(300 - 500 nm), the quantum efficiency for the solar cell with a texture period of 100 nm is
higher than that of the flat case. But with increasing wavelength, both devices exhibit the
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same quantum efficiency. The thickness of the p-layer of the microcrystalline silicon p-i-n
solar cell was assumed to be 30 nm for all the cells. For small and very small texture periods
(P <, 200 nm) the grating acts as effective index matching layer, so that the incoupling of light
with short wavelength is improved. Due to the enhanced incoupling, the quantum efficiency
for the shorter wavelengths is increased, whereas it remains almost unchanged for longer
wavelengths (600 - 1100 nm). For longer wavelengths, the solar cells with grating period of
900 nm exhibits distinctly enhanced quantum efficiency compared to a solar cell on smooth
substrates. Compared to that of a solar cell on smooth substrates, the optical path length is
increased. For the blue and green part of the optical spectrum the quantum efficiency remains
almost constant, since the absorption length for blue and green light is significantly smaller
than the thickness of the solar cell. Subsequently the blue and green light will be absorbed
within the first few hundred nanometers of the cell.
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Fig. 4. Comparison of quantum efficiency for solar cell on smooth substrate with triangular
structures of height 400 nm and periods of 100 nm and 900 nm.

Based on the quantum efficiency, the short circuit current was calculated for the sun
spectra. The short circuit current was determined by

tic i
(3)

where q is elementary charge, 2 is wavelength, h is Planck constant, c is the speed of light
and S(2) is the weighted sun spectrum (AM 1.5 spectral irradiance). The influence of the
grating dimensions on the short circuit current in blue and the red/infrared part of the optical
spectrum is shown in Fig. 5(a) and 5(b) as a function of the grating period. In Fig. 5(a) the
short circuit current was calculated for a spectral range from X^n = 300 nm to Xma*  = 500 nm.
The dashed line represents the short circuit current of a solar cell on a flat substrate. For larger
texture periods the short circuit current is comparable to the solar cell on flat substrates. Due
to the small penetration depth in this range of the spectrum, light trapping is negligible. For
smaller and very small periods an enhancement of the short circuit current is observed. The
enhancement of the short circuit current is caused by an improved incoupling of the light.
Compared to that of a solar cell on a smooth substrate, enhanced short circuit current in this
spectral range is increased from 2.9 mA/cm2 to 3.6 mA/cm2. This increase in the short circuit
current is observed for periods smaller than 200 nm. For such small periods the wavelengths
of the incident light is much larger than the period of the triangular grating, so that the
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triangular grating acts as an effective refractive index gradient. The refractive index linearly
increases from a refractive index of zinc oxide to the index of microcrystalline silicon. As a
consequence the reflection at this particular interface is reduced and more light is coupled in
the solar cell. If the grating period is smaller than 2/(2n), where 2 is the wavelength of the
incident light and n the refractive index of the grating, the behavior of the grating can be
described by an effective refractive index gradient. The triangular grating can be
approximated by an effective refractive index gradient for periods equal to or less than 100
nm. For texture periods larger than 200 nm the short circuit current starts converging towards
the value calculated for the solar cell on a smooth substrate.
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Fig. 5. Short circuit current for different triangular profile heights as a function of the period of
the unit cell under (a) Hue illumination (wavelength 300 - 500 nm) and (b) red and infrared
illumination (wavelength 700 - 1100 nm).

The short circuit current under red and infrared illumination (from = 700nm to Xnw =
1100 nm) as a function of the period is shown in Fig. 5(b). The highest short circuit current is
achieved for periods of 700 nm and 900 nm and a triangular profile height of 400 nm to 500
nm. Compared to the short circuit current of a solar cell on a smooth substrate, the short
circuit current is increased by almost 200% from 2.5 mA/cm2 to 7 tnA/cm2. The gain in the
short circuit current for this part of the optical spectrum is due to light trapping of the incident
light inside the silicon absorber layer. Figure 5(b) can be divided into three regions. For
texture periods much smaller than the incident wavelength, the triangular grating can be
described by an effective refractive index gradient. One might expect an effect similar to the
previously described situation under blue illumination. However, the refractive index
difference between zinc oxide and microcrystalline silicon is small for longer wavelengths,
whereas the refractive index difference for short wavelength is relatively large. For a
wavelength of 400nm 21% of the incoming light is reflected by the interface between zinc
oxide and microcrystalline silicon, whereas the reflection is reduced to 12% for a wavelength
of 800 nm. Therefore, the effective refractive index gradient has a distinct influence under
blue illumination, whereas the influence is significantly reduced for red and infrared
illumination.

For texture periods which are much larger than the incident wavelengths (Period > 3 pm);
the short circuit current drops as well. Light is only diffracted at small diffraction angles,
which can be seen by the grating equation

Pn-sin(0m) = /n-2 (4)
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where P is the period of the grating, n denotes the refractive index of the propagating media
after diffraction, m specifies the diffraction order and being the diffraction angle. With an
increasing period, the diffraction angle for the integrated triangular grating is reduced.
Henceforth the diffracted orders do not interfere with diffracted orders from neighboring unit
cells. The constructive interference of the diffracted orders is essential for effectively trapping
light inside the absorber layer. Thus the short circuit current for such large texture periods
converges towards that of a solar cell on a flat substrate.

If the period of the triangular grating is comparable to the incident wavelengths the
diffraction angles are large enough to propagate into their neighboring unit cell. Diffracted
waves can thus interfere constructively within the thin absorber layer contributing to the
higher short circuit current that is observed for periods of 700 nm and 900 nm. The higher
current values are obtained for structures with triangular profile heights of 300 nm and above.

For the entire spectrum (300 nm - 1100 nm) the short circuit current was calculated to be
12.3 mA/cm2, 15.33 mA/cm2 and 18.9 mA/cm2 for the solar cell on smooth substrate, with
triangular structures of period 100 nm and 900 nm, respectively. The latter, where the period
is in the range of the incoming wavelengths, has the highest short circuit current because it
best utilizes the diffraction and scattering of light. The enhancement comes from light
trapping of the longer wavelengths. On the other hand, with a texture period of 100 nm, the
small gain in short circuit current is due to its better incoupling of the shorter wavelengths into
the cell.

4. Summary

Light trapping and incoupling of light in thin-film microcrystalline silicon solar cells with
periodic triangular profiles was investigated. Compared to that of a solar cell on a smooth
substrate with 1 pm thick absorber layer, the short circuit current and quantum efficiency are
enhanced with the introduction of triangular texturing. The degree of enhancement highly
depends on the period of the triangular profile unit cell. When periods of the texture are
smaller than the incident wavelength, enhancement in the shorter wavelengths (300 - 500 nm)
of the spectrum comes as a result of better incoupling of the fight into the absorber layer. For
longer wavelengths (700 - 1100 nm) the short circuit current is distinctly enhanced if the
period of the triangular profile unit cell is in the range of the incident wavelength. Along with
the period, combination of the period and height of the triangular unit cell is also important.
Optimal dimensions were found to be for combinations of the triangular profile where the
opening angle of the triangle is equal or close to 90°. The total short circuit current for the
entire spectrum is increased from 12.3 mA/cm2 by 60% up to 20 mA/cm2 for the best case
triangular profile (period of 700 nm and height of 500 nm).
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