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Infrared detection using thermally isolated silicon diode

Yong-Ping Xu, Ruey-Shing Huang and Grabam A Rugby
Schoet sf Elecirien! Engoeering, Unsrsiy of New Sousth Wales, # O Box 1, Kensmgion, NSW 2033 {Austrabia}
{Recerved June 2, 1992, wm revized form Deoember 8, 1992, acoepied Devernber 22, 31992

Absivact

A pew sheon-dhode-based mfrared thermal desector has been developod The stheon diode, 25 8 temperaturs-sennng
dewice, s bult on 3 tho canbfever structure that s fonmed by mscromachsng The thuckness of the cantdoves s
about Spm A thm layer of bumuth o evaporated on the cantdever-as an wfrared madution absorber Wab
cantdever dimensions of 264 pm x 112 pm x 5 pm and ap achve arez measunng 102 pm % 102 wa, the fabricated
detector arvay ywlds 3 responsvaty of 53 VW and a detectavity of 27 x 5107 om H2'/W  An wnproved shcon-
diwsde-based wfrared thermal detector 15 also proposed, s suponor prrformancs bas been realized w2 ducrete form
and wall b mnplemented n an integrated form m the future

Intreduction

Infraved {IR} detectors are generally dovaded mto
wwo categones IR photon detectors and IR thermal
deteciors The former are based on the mierscuon
between the modent photons, quanted energy
particles, and the electrons m the matenals, while
the latter are based on the effect of temperature
change caused by the heat absorbed from modent
radristion upon the detector Although the photon
detector has high senmtwvity and fast respounse, IR
thermal detectors are still popular m some industrial
and commercial appheations, since they have a
number of advantages mcluding wide spectral re-
sponsa, room-iemperatire operauon, and low cost
There are several types of IR thermal deteciors
available, such as thermoples [1, 2}, bolometers {3},
and pyroclecine devices [4] among others Ther-
mopiles are based on the self-generating Secheck
effect, m which an external power-supply arcut
15 nof needed and thers 15 no offset m the ouwiput
signal However, for thermopiles consishing of metal
elernents, generally speaking, a large number of
metal strips 18 required o reahze a relatvely ugh
sensifivity, since the Seebeck coefficients m metsl

. matenals are very low (typically, 50 s VK Thiswall

result 1 a detector with a large size, m order to
accommodate the large nuraber of strips Although
the Seebeck cocficient 1 mibcon thermopsles s
rather hgh (typically, 0 5-1 m¥/X}, it 18 propoe-
tonal o the logarithm of the resistivity of sihicon

244347193435 06

peiscispiers LA N

sirips [5] So the high sensitivity normally comes
wath a fngh ohmec ressstance, which inherently has
a large Johnson soise mn the detector

This paper desenbes a new sithcon-diode-based
wmirared thermal detector {(SPITD) array, which
s fabricated by standard IC processes aad mucro-
machinmng The detector structure and s fabrica-
fion processes are first desenbed, then a theoretical
analysis of the SDITD 15 given, m which the per-
formance of the detector 15 caloulated The exper-
maental resulls of the detector are prosented with
some discussion Finally, a modified silicon-diode-
based wmfrared thermal detector (MSDITD) 15 pro-
posed, which has been constructed and tested m a
discrete form This new detector can be readily
mntegrated mto a monobiluc detector array

Detector structure sod fabrication

The basic struciure of the SDITLy array 18 shown
w Fig 1 The cantilever beam s formed to create
a large thermal resmistance between its suspended
end and the stwon supportmg nm Bismuth, a
hest-absorption material, 15 evaporzied om the
cantilever to absorb the madent mfrared racdiation
and generate a temperature difference between the
cantilever beam and the sthoon rim A silicon diode
15 fabncated m the canblever, admcent 1o the
absorplion area, achng as 3 lemMpOralure-sensing

device When the silicon diode 15 forward mased at

& 1593 — Elsovwer Sequoma AR nghes seserved
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Fig | Stomeue of the SDITD arvay {2} schematc dagram ()
Gross secton

a congtant current, the voliage developed across the
diode changes as 2 luncuon of temperature Thus,
the wmadent wirared radation can be semsed by
measunng the voliage change across the siicon
diode

The SDITD array 15 vnplemented by standard
IC processes and mcromachung A petype 8-
15 R oxn {100} sslcon waler 15 used as the starting
matenial An n-type emlayer 1s grown om the sub-
strate, with 2 resustiveity of § D om and a thuckness
of 15 pm Sidicon membranes are first formed on
the wafer by KOH anmotropwe stching and the
p-8 unchon stop techugue [6] Since the eiching
starts from the p-iype substrate and stops at the
n-type epilayer, these membranes, where the detec-
for arrays will reside, have the same thickness as
the epfayer Whes the membranes are formed, a
typical IC process s employed to fabneate the
diodes After the metalhization, the heat-absortung
laver of bsmuth s evaporated on the membranes
and defined by Lft-off photohthography The fnal
step of the process 8 to eich the mombranes mio

Fig 2 Ph

B of a fab d SDTTTR srvey

caniilevers, ussng plasma etching wih photoresist
as etchung mask The wafer s firs! plasma eiched
frovs the frontsude of the wafer to eich grooves
to a depth that determunes the tuckness of the
cantilever, this 13 followed by a backsude blank
cichsng to thin down the wafer The sichung pro-
ceeds unil the fromt grooves are reached and the
canitlevers are formed The final tuckness of the
canptilever 15 about 5 poy Afler the cantilevers are
fabncated, the photorcsist 18 removed, and the
detectors are ready for test A pholograph of a
fabnicated detector 15 shown m Fig 2

Theorstical soelysis

A thermal detector iz typecally characterzed
by the following parameiers responsSivIlY, noBe
equsvalent power, specific detectivity, noke equiva-
lent temperature difference and time constant The
responsivity, R,, s defined by

where ¥, 18 the output voltage of the detector and
B, 15 the modent radhabion power

In the case of the sihoon dwde detector, the
surput voltage s proporiional to the tempersiwe
difference, hence egn {1} can be rewntien as

_ AT
N ¢inAsﬂ

where o 1s the temperanoe cocfficient of the silicon
diode wvoltage, AT 13 the lemperature differsnce
between cantdever and sibcon nm, @, s the mo-

(2}
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Fig 3 Coordt
jatien

for the

FEX RY = T

difference simu-

dent radision power density, and 4, 18 the active
detector area :

The temperasturs difference on the cantilever
can be caloulated using a two-dimensional model
The coovdinates are arvanged as shown m Fig 3
According to the Fourner Law, the basic equation
of beat transfer m 2 sobd s

pcggr:x‘fzw-{»@’ {3}

where u 15 the jemperature, g 15 the density of the
matenal, ¢ 1 the speoific heat, x 1 the thermal
conductivity, and € 1 the madent radiation
power per unit volume

For the cantdever structure, of we assume that
{a) there s no heat flow through conduction mto
or out of the edges of the cantilever and along the
z direction {§%}8z% = (), and (1) the radhative loss
through the awr around the cantilever v neghgble,
then egn {3) can be rewniten as

S o {8%  Jwl ufha

e {é}“ + 5;5] Foed 4
where ¢, s the modent radation power density
per unit area, » 18 the absorptance of the absorber,
which s defined as the ratio of the absorbed
radiation flux over the madent radweiion Buox [7],
and 4 1 the thuckness of the caniidever In steady

state, Juj0t =0 and egn {4} becomes

Fu Pu iy

5T T >

. 25391988 {1 >

2k

For the cantdever with n layers of different reaten-
als, the denomunator, xd, can be simply replaced
by 7., x4, where the &, and 4, are the thermal
conductivity and the thickness of the rth layer,
respectively, of we asswme that there 15 no tempera-

_ ture gradient along the z dwection By applving

the first central-difference approxsmation to sec-
ond partial dervauves of temperature with respect
to the distance, we bave

e _Vu,,H--Zu,,—é—u”mg &
dx? Ax® 6
and

2
e vy, Ay,

& Ayt o

With the coordinates arranged as shown m Fig 3
and the boundary condstion u =, when x = L,
where u, 15 the temperature of the sthcon rm and
L 1s the kength of the cantdever, the equation can
be solved numencally for our deisctor, which has
a cantilever consisting of two layers, sihcon diox-
we and sithoon The tucknesses of the 5:(3, and
sithcon lavers are 05 and 5 pm, respectively, and
the thermal conductivities of 5103, and sibcon are
014 {8 and 085 Wem K [2], respecuvely. The
size of the cantdever 15 264 pm x 112 pm and the
active arez s 112 pm x 112 pm The modent rads-
ation power denstty 15 1| W/em® The absorpiance
of the absorber 5, 15 assumed to be equal to one m
thes sumedation The resull of the sumulation s
shown m Fig 4 Obwicusly, the temperature duffer-
ence generaled by the madent radiation along the
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cantdever 1s related to the distance from the sdicon
supporbmng rum the longer the distance, the higher
the temperature difference

Siicon diodes are commonly wsed a5 tompers-
ture-sensiive devices, whene, for a given current
passing the diods, the forward p-n junction
voltage drop s 2 measure of temperature The
emperature coefficient of the p-n junciion voltage
can be sstumated with some raeasured parameters,
though it depends on the fabrication process The
I- ¥ charactenstie of the diode 35

¥
B(T) = I(T) emp(%;%) (8)

where Fp, & the current through the diode, Vi 8
the voliage acrosy the dinde, g ¢ the electron
charge, & 15 the Boltzmann constant, 7 15 the
abzolule temperature, and L7} 15 gven by

. Y @¥so
- b nm rmnnnnnes @
L{T}=C7 exp{ T ) (%}
where € 18 & constand, and Vg 15 the band-gap
voltage extrapoiated to 0K By substituting egn
{9y mio egu (8} and solving the diode junction
voltage, we have

Vil T) = Voo + %{'Ein IAT) ~ Il C—31n T}

(i

The term In O egn {10} can be determmned by
lettmg ¥ = 7,, the reference temperature, then

0 C=in B(Te) — 3 To +,%%m; — Vool

(I

B we substituie eqn {11} mio egn (10), and
assume that the diode 13 biased at 2 constant f,
which 13 mdependent of the temperaturs, then ¥y
can be sxpressed by

3 o gy E »
Vel = Ve — {WE’.?;__EE(_.;IS.}; 3*_.,:?.% T;n(n_g_)
q \ fa

{12y

Thiz equanon shows that the diode voliage Pp(7)
13 ot hnearly dependent on the lemperaturs, but
has hgher-order components as well

In the temperature sensor, the higher-order torms
mntroduce errors m megsuring the temperature But,
1 the case of a thermal mfrared sensor thus s dess

ugmficant, as the temperature range 1o be mes-
sured 15 rather small, being lonited by the thermal
resistance of the siruciure To estumate the exror
wiroduesd by the hgher-order components, we
hfferentiate ¥p{7} with respect to T, and obtam

ETq 1
Voo + 32— ¥p(T;
Lty N R olTo) o3k m(}‘j
47 3 Ta g 7y
{13}

¥ we approxumate ogn (13} by the first thres
terms of its Taylor expassion at ¥, and let

Veso + Egﬁ — Ve T}
@ - — 7 {14}
then egn {13} becomes
dVa(T) 3ETAT 1/ATY
A F A 4

where AT =7 — T3 and o 3 the lnear term of

the tomperalure coefficsent, wihich s typecally
about —2mV/K If the detecior 18 opersting at
room temperature {300 K) and AT « 75, the error
miroduced by the higher-order term 15

& < 0 BIAT (pViK) {i6)

AT 13 normally only a fow degrees For example, of
AT = 1D K, the mtroduced error 15 only about
8 &7 pV, winch is less than 0 5% of the bnear term
En our case, with 2 seeasured Fp(¥,) of 845 m¥V, the
bnear term « of the tcmporature coefficent »
calcufated 1o be — 197 mV/K For an moideat
radiztion power of | Wiem®, AT 18 09 K, and the
error calouiated 5 only 078 oV, or 0 04%% of the
lnecar term Therefore, the lemperature cosflicent
of diode voltage Vi, can be approxunzsted by the
hnear term o

Wub the calenlated o and AT, the responsivity
of the detector can be found from eqn (2} The
resuit 3 shown m Fig S, where the size of the
canttlever 13 264 prn x 112 pim, the aclive ares 15
$12 pm x 132 pom, the theckness of S60y 3 § 5 pm,
and the thickness of sihcon 13 Spm The diode s
located about 112 um away from the cantlever
tip, so the actval respomsivity of the detector s
about § 5 V/W

The noise eguivalent power {NEF} of a detector
15 definexd as the roquired incident radiation power

BNSDOGIO: <XP
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Fig 5 Swmulated mesponsivity profile of the SDITD

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

NEP =V,iR, {17

- where ¥, 1 the rms value of the nose voltage of the

detector The detector noise 15 basically the nowse of
the diode, which consists of two noise sources,
Johnson noise and shot nowe I we assume that
shot nowse domunates the nowse response, since the
ohmac resistance, from which the Iohnson nose
ongmates, 15 usually very small in a2 diode, then the
nozse of the detector can be expressed as

2= dgbn Af or. VI=2qgiprh Af {IR)

where rp=&T/gly Wuh {p operated at 100 pA,
the calculated nowse voliage 15 |5 aV/HZY, and
the ¥EP of the detecior 15 2 3 » 107 WiHz'"
The speaific detectivity of the detector 1s defined
by normalzing the NEP to detector active area

- and nose bandwidth

D* = (Aol AFY PINEP (1%

With 4; egual to 104 % 10 *om’®, D% 15 44 x
19° om Hz VAW »

The detector tune constant can be calculated by
using 8 one-duncnsional model I we assume that
the thermal tsme constant s domnant, the ume
constant can be expressed as 1 = /K, where H
the heat capacity of the cantidever and X 5 the
thermal conductance from the diode to the sthicon
rim  In our detecior struciure

t = pel Lfx 20

TABLE | SDITD performancs

Parameter Lnsy Sumuistion  Measuped
value

Cantstever dimension pom® 264 % 112
Cantilever thukaess i s
Active amea pan’ 162 = 162
Responsivity,

R, {00 O, 26 Hx) Viw &3 33
Nowise equvalent power

NEP {508°C} Wik 23 x40 38 x 197
Speaific deteruvity,

2% 588 °C, T Ho) cm B2 W 44 %19 2T w1
T constant, © ws (13023 18

where L 15 the length of the cantlever, measured as
264 g, and L 1s the distance between the deode
and the sihcon nm, which was measured s 184 um
For sihcon, the density g 15 2 33 glan®, the speafic
hent e 0 7S Wafg K, and k13 0 85 W/om X, sothe
ume constant, 1, 15 calculated 10 be ¢ 7B ms MNote
that the ume constant s dwertly proporional (o
the length of the cantdever Thus, m detecior design
a compromise must be made between responsivity
and response twoe constant In the case of a ther-
mopile detector, the nununoem size of the detector
15 bnaited by the number of thermopsles, as a large
number of thermocouples m senes 18 normally
mvolved 11 could be difficult to design if a faster
detector s reguired For the diode-based detector,
the design can be flouble, since the diode only
occupies 3 small area, therefore, a faster detector
can be achieved compared with the thermopile
detector The calculated performance parameters
of the detector are surmmarwed m Table 1

Experimental results and discussion

Fahneated detector chips are mounted sn 3 DIP
package with an opeming wmdow 1o pass mnfrared
radianon The detectors are tested using s black-
body {300 °C) radiatton source The detecior 15
pontionsd 13 6 om away from the blackbedy with-
out usmg any optical lens A chopper i placed
beiween the detector and the blackbody The mo-
dent radmbion power denmty 15 10 mW/om?, which
5 calibrated by an infrared radiometer The actual
mosdent radiation power upon the detector s
104 % 107 °W The typical responsivity measured
for these detectors 18 33 V/W, which s shghtly
lower than the calcolated value This 1 atunbuted
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Fig & ' PO of the y of the SDITD

1o the heat loss through e air, and the lkess than
unsty absorplance of bssuth The tme constant 1s
charactenzed by the measureracnt of the freguency
response of the rcsponsivity, and the result

shown m Fig 6 The cormer frequency 18 estunated

to be 98 Ha, which gives 2 tuve constant of | & ms
Thus 15 velatively fast for 3 thermal detector

The measured nowe of the detector i3 very
small, and s accuracy 18 bmuied by our measunag
mstrumentation  set-up  The sstunaied nose
voltage of the detector » about 2aV/Hz'” The
nose equivalent power, NEP, 18 measured to be
38 x 0T WHS?, which commesponds to the
o mcident power density of 36 » 107 W/
em? Hz'?, and the measured specific detectrvity 1s
about 27 % 10" cm Hz2Y3/W These measured re-
sults are semmarzed m Table |

Wowmse s always a problem 1 thermal detector
apphcations, sce the output signal of the detector
15 normally very small The nowse 15 not only from
the detector tiself, but also from external notse
sowrces Therefore, the noise prk-up 1 the signal-
conditonng oot will reduce the signal-to-nowse
ratro of the whole sysiem, especially when the cutput
signal of the detector 1 very small compared to the
nowse piock-up One way to solve thus problem 8 10
werense the output ugoal level of the detector
without losig much of its signaldo-poise rako &
modified sticon-diode-based mnfrared thermal de-
tector {MSDITD) 18 proposed, as shown m Fag 7,
dessgred for promoting 18 output signal fevel The
detecior meorporales a current murror cucuxl by

L R5391868 1 >

=

¥ig 7 Schomeix disgrase of the MSINTD

adding a transisior jo the SDITD, whess the detee-
tor diode, D3 s bult on the castlever and the
iransivior, TE, 15 on the bulk sshoon The transistor
here acts as 3 preamphfier, wheh amphifies the signal
from the SDITE The advantage of thue structure
15 that no extrz buasmg circast 15 needed for the tran-
sistor Thus, the preamplifier 15 rather simple and
can be readily misgrated i the SDITD The output
veltage at the collector of the transistor, 1e¢, the
cudpmt of the MIDITD, can be expressed sunply by

Vo= ~gaReV,

where ¥, 5 the output signal of the SDITD
Obvicusly, m the MSDITD, the output signal
of the SDITD s amplhiied by a factor of —g, &
The same amphfication facior applies to the re-
spopmvity of the BMEDITI, &, wiich can be
represenied as

¥
B = ;Ei = “"gmgeRvd

£

where R.q. egual 1o ¥V, /@, 15 the responsinty of
the SIBITEX Thus, the responmvity of the MS.
DITE 13 also moreased by the zame factor

Apart from the responsivity, the additional nose
ongnatiog frore the transistor T1 also needs to be
considered Applymg @ hybnd-z model to the
transistor, the nose eguivalent crcutd of the MS-
DITI? 18 drawn m Fig 8, where the cocurt on the
fefi-hand side of the dotted bme represents the
SDETE where V), 15 the output signal voltage, 75 =
k¥ jgls 18 the outpul remstance, £, = {Jglpry®)
18 the outpul noise voltage for vt bandwadth, and
the nose on the ohume resistance of the SDITD
neglected At the outpul, the signal-dc-nomse faio
of the MSDITD can be expressed by

SIONYX1403000045.0076
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o BB g =
- 3 TABLE 2 Expenmental results of MSDITD
T """?b‘
g L]
g 4 23 v Parametos Unat SDYTD RASTITE
Ll
A b {3 Eg 65 Reaponsiaty,
s} L lewn e R (S0OC, MG VW 38 a8
X = Whnsa voltsge,
Yo {on -f e ¥, {at 26 Hay a¥ [Ha 13 &6
£y
£ Plouse cquseatent power,
HEP {380°C) W2 39 =807 1T a0
Speaific detecivily, -
- D (560 °C, 1 Ha) om B2 W 26 x 807 [
Tume constant, v S I8 18

Fig B Mowe squivalent ciesus of the MSDITD

wvhere B’ = 4k Triy, £, = TR, EJ = 2qlar?,
120 =2k, 1.2 = 2q8, for uat bandwidth The 1ff
potse 15 not conudered at this stage, and will be
discussed later 1 thus Sechion Ifwe choose I =I5,
henge ry=r,=r, (8, and assume {ry b ri,) €7,
sgn {21} can be rewntien as

st v S
Mot Zgloro’ 2(& PR S P (l + ﬁi‘y
ngc 7 ﬁ L)
(22
or
2 b4 2 .
Se* S 3 18 23

S it e e rnsringn 455 ana mabsy
Not N7? sy 2 NP
21+ o

where Hg.R. <1 and (1 + rinfro)¥f <1 are as
sumed, 8, ¥, represent the signal and nosse at the
mput of the transistor, respecuively Note that the
factor 3.2/ 2gfpr® moeqn {223 1 the square of the
signal-to-noise ratio of the SDYTD, §2/N? There-
fore, for the BMSDITD the maxwnum signal-to-
nowe rato can be

el - V28,
W AR} =5

which s lower than that of the SDTLY, since there
1S extra noise contnibuted by the wansistor T This

{24}

will reduce the spectfic detectivity of the MEDNTD

Accordmg to the above analysss, we can conclude
that comparsd with the SDITD, the responsivity of

the MSDITD 15 moereased by a factor of —g. K.,
whereas 1ts specific detectivity 15 decreased by at
least about 30%

While the expenmental work on miegrated
monohthuc MSDITD 15 vet to be pursued, a dis-
crete MSDITD was constructed and tested A
stand-alone SDITD was frst measured, then an
external transistor and a resstor were configunsd
to the SBITED as m Fig 7 to form the MSIHTD,
where fp, was set 1o 100 A and I, = 136 pA with
R, =220 Table 2 summanzes the measured re~
sults for the mdmvidual SDITD and MSDITD As
expected, the responsivity of the MEDITE 5 m-
creased by a factor of 107 compared to that of the
SDITD, which 15 very close to the theorstical value
Of gl (Eaf. = 115) However, the detectivity 18
reduced by 70%, well below the estunaled maxi-
mum reduchon vaiue (30%) This 15 beheved to be
due mamnly to two factors Fust, the contribution
from the ¥/f nowe m the iranusior 15 not taken
into account i the sbove theoretical analysis The
nose measurement shows that the nose at low
frequency {below 80 Hz) s about twice 35 much
as that 8t 2 frequency above 80 Hz, as shown m
Fig 9 Smce the transistor uvsed here 13 not spe-
cally designed for this purpose, the noise feature
of the transistor can be smproved by a proper
device fayout and processing desigmed for nosse
reducuon {0 ruanmewze the degradation m detective
iy The second factor is the noise pick-up from
the externally conmected trammistor T, smce any
nose pck-up will degrade the nowse equvalent
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Froquency (Hz)
Fig ¢ Messured nose spectram of the MSESTE

power {NEPF}, and heoce the spocific detecuvity
This can be waproved ux the micgrated MSDITD
The tene constant of the MEDITD remams the same
as that of the SDITE3, a¢ 1818 essentally deternmuned
by the thermal capacity of the cantlever

A new sshoon-diode-based infrared thermal de-
tector has been developed The theoretical analysis,
desnign, fabrcation, and st results of the detector
have been presemted The detector uses 2 sbicon
diode, bult on a2 cantdever structure, 10 semse the
iemperature difference penerated by absorphion of
the modent IR radimvon To enswwe good IR
absorption, an evaporated bemuth thun flm was
used 2s an IR absorption coatmng The detector was
fabricated by standard IC prooesses and microma-
chimng Wuh a dwode dewector fabncated m a
canttlever roeasurmg 264 pooe x 132 um x Sum, a
respoasivity of 3 3 V/W and a specfic detectivity of
27 x WY cm HgVHW were achieved The detector
has a tume constant of § & ms, whuch s faster than
that of other types of thermal detectors In order to
promote the output signal level of the detector, a
modified sficon-diode-based wfrared therrnal de-
tector was also construcied and tested m & discrete
form Compared with the simple SDITD, measured
results of the modhified detector demonstrate that
while mamiamang the fast tupe response, the re
sponsivity was moreased by a factor of 187, how-

2BI2ISGA__ 1 »

ever, the speciic detectivity was reduced by more
than 70% The degradation m detectivity s 8-
tnbuted to the 1/ nose assocated with the transis-
tor and the ooise prk-up from the externally
connected transisior
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mmﬁﬁity Enhancement in Textured Optical Sheets
for Solar Cells

ELI YABLONOVITCH ano GEORGE D. CODY

Abstraei-We adopt a sintisticsl mechanical approach toward the
optics of textursd and inhomogensous optleal sheets. As z gmezai
rute, the local Hght indensity in such 3 medlum will tendfobe 2 n (x)
times greater than the externally incident Hght intensity, where n{x) b
the local index of refraciion in the shest. This enhancement can don-
tribute toward a 4 2% (x) increass in the sffective absorption of indirect
gap semiconduciors like crystalling silicon.

i, INTROBUCTION
N THE PAST DECADE, there have been a number of sug-
gestions for the use of light trapping by total internal reflee-
tion to increase the effective absorption in the indirect-gap
serpiconductor, crystalline sifficon,
{11, [2] were motivated by the progpect of increasing the

responge speed of silicon photodiodes while maintaining high

quantum efficiency in the nearinfrared,

Subsequently, it was suggested [3] that hgh‘a trapping would
have important benefits for solar cells as well, High efficiency
could be maintained while reducing the thickness of semicon-
ducior matedal required, Additionally, the constrainis 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 snhancement., With such important ad-
vantages, intevest in this approach has continued, but prog-
ress in this field has been hindered because thers was no
method available to calculate the degree of enhancement to be
expected.

For exaraple, St. John [1 } mentions that total internal re-
flection will result in two or more passes of the lght rays with
a proportionate intensity enhancement, On the other hand,
Redfieid {31 regards the number of light passes, or degree af
enhancement, as an adjustable parameter which could var
anywhere between 1 and 100 and he plots the collection of.
ficiency as a function of this parameter, In calculating the
ideal efficiency of silicon solar cells, Loferski er 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 enhancemsnut to be expected due fo total infernal
reflection is 2 »* which for silicon is ~25. In other words,
2 light ray in cilicon may be expected to make 28 passes on
average before escaping. With a proper angular average of the
longer path length of oblique rays, the “effective” absorption
enhancement factoris 47}2 over the case of single pass normaily

Manuscript received May 25, 1981; revised September 28, 1981,
The auwthors are with the Carpmafe Ressarch-Science Labmrmonesg
Exxon Research and Enginsering Co., Linden, NJ 07036,

The original suggestions .

BLACK-BQDY

\ / RADIATION
n s
nfx)

Fig 1. An inhomogeneous and texiured optical sheet with position-
dopendent index of refraction x (¥} immersed in black-body radiation,

jncident rays. Also, we will show that the geometrical details
of the siicon shape are relatively unimportant. Whether the
silicon is simply roughened on one side [1], {21 or whether
precisely angled grooves are etched into the surface [3], [41,
the overriding tendency will be for an enhancement factor of
4n* 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 emploving the local index of vefraction n{x).

Two distinet derivations will be presented in the following
two sections. In Section I¥, we will give a derivation based on
statistical mechanics. Such an approach is very powerful and
it can bg generalized to situations where geometrical optics is
inappliceble {though we will not atiempt such & generafization
in this paper). In Section IH, a geometrical optics derivation
will be presented, [ts 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 presense of ab-
sorption. Two specific solar cell structures will be mathemat-
ieally analyzed,

11, Bratistical MeCHARICAL DERIVATION

Consider an inhomogeneous optical slab with position

ependent index of refraction n(x) as ilhusirated in Fig, 1. Let
the index of refraction vary sufficiently slowly in space, so
that a dengity of electromagpetic mc:u es may be defined, at
1east locally inside the sheet,

Mow place the optical medium into a reglon of space which
is filled with black-body radiation in a frequency band dor at
a temperature 7. When the electromagnetic radiation inside
the medium spproaches equilibrivm with the external black-
body radiation, the electromagnetic energy density [5] is

00189383/82/0200-G300800.75 © 1982 IBEE
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Fig. 2. Two optical sheets with qualitatively different surface textures,
{a) Angular randcmization and intensity enhancement do occur.
{b} In & plane-paraliel slab, thers is no angulsr randomization and no
intensity enhancemsnt,

1= A ak* dk ®
exp {Ae/kTy~ 1 (2xf

This is the standard Planck formuia for black-body radiation-

in a vacuum, but as Landau and Lifshitz show [53, it can be
adapted to any optical medivm by making & = nw/e. In addi-
tion, the energy density may be changed fo an infensity 7
{power per unit area}, by multiplying (1} by the group velocity
vy = dewfdk, Making both changes in (1} we obtain

Fito
exp {AwfkT} -1 @) ¢

F= oy = {2}
This differs from the vacuum black-body intensity simply by
the factor n%, Therefore, the intensity of light in a medium
which is in equilibrium with external black-tody {bb) radia-
tion is 1% times greater

(3

This factor comes about simply due to the fact that the
density of states in such a medium is proporiional to #° 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, inelastlc events such as absorption and reemission at
another frequency are not permitted. Therefore, each speciral
component may be consldered individually. In this ciroum-
stance, departure of the exiernal field from an exact black-
body frequency distribution will not affect (3), which will
remain valid separately at each frequency w.

A much mors sericus question, which will be the main focus
of this paper, is: What happens when the exiernal radiation
field departs from the¢ isotropic distribution of black-body
radiation? This situation is illustrated in Fig 2(a), where the
exiernal light is shown to be collimated. If the surface of the

I“_“‘ {0, X3 = r*{e, X} I:;g ().

optical sheet is quite frregular 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 {ltuminated surface of the sheet. If this condition is satis-
fied, then a collimated incident heam of intensity 7, 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 fllyminatss the opiical medium equally from all direc-
tions produces identical internal light distributions under those
respective conditions. The condition of isotropic fllumination
g, howsver, equivalent to that of black-body flumination,
Therefore, {3) remains valid whether the external feld is iso-
tropic as in the black-body case or whether it is collimated,

)

Eguation {43 will be corrected for certain surface transmis-
sion factors in Section HY, but it is a key formula in this paper,
It rests on the assumption that all correlation of the internal
rays with the external angls of incidence is lost almost ime
mediately upon entering the medinm andfor upon averaging
over the flluminated surface. Bven 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 ccour on the first internal reflection,

B} If not on the first reflection, then on the second.

¢} If not then, it can still be the result of a spatial average
over the fluminated sueface area.

d)} If not even then, it can still result from angular averaging

Iim (w> X} = ?32 (i.d, x} Iext (w}'

due to motion of the source, like the sun maoving through the

sky,

in other words, there s a rather overwhehming 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 shown in Fig. 2(b).
Cleasty, there is no intsnsity eohancement in that case.l To
distinguish between the class of geometries for which (4) is
valid and the class of geometries in which it is invalid is 2 prob-
lem in ergodic theory and in measure theory, We will not at-
tempt in this paper to distinguish between these two classes
mathemaiically 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 clrcumstances lsted
eatlier, a) to d). Equation (4) will be valid provided any of
those prerequisites, a} to dj, is satisfled,

MNow 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 shest has been doubled by virtue of reflection from
the white surface. The total intensity enhancement will then
be given by

! Another situation In which {4y is not valid is an optically thick
turbid sheet fluminated from only ome side, In this case, angulm
averaging is no probiem, but spatial averaging will be incomplete. The
side of the sheet away from the source of illumination will be dazk,
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White Surface

Fig. 3, A white reflective surface effectively doubles the external in-
tensity and increases the enhancement factor to 22°,

}line

iy C_G“J&

N

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

o~
1%
Yo

Lo, x3=2 n* (e, X} Zine ()

where fi,. (w) js the incident Light intensity.

One of the key inplicit 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 maio conclusion of this section is that a statistical me-
chanical approach results in the intensity enhancement given
in {5). The factor 2#° can be quite substantial; i.e., approxi-
mately 25 for silicon and approximately 15 for Ti0,. Even
conventional glass with an index of 1.5 has an enhancement
factor equal 1o 4.5, In view of the importance of this result,
we give an alternative derivation based on geometrical opiics
in the next section.

Jil. GEOMETRICAL OPTICS DERIVATION

Qur approach is based on “Detailed Balancing” of the light
which s incident on a small area element d4, and the light in
the loss cone which escapes from it. Consider the geometry
shown in Fig 4. Let §,, be the incident radiation power per
area element d4. A fraction Ty, {¢) of this light will be
transmitied through the incoming interface, where ¢ 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 By, be the internal intensity per unit

internal solid angle. The internal intensity fi,; on both sides

of an area element d4 is given by
fipe = [Bt‘m cos & d82

whers cos § 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 {i,, is bidirectional while the in-

WANRCAY RRAGVARII LY DYFIE AV GARINEIA WA CAIATIALL A SAWIWAWAY

~2

g =2X 2 | Bigg cos 8 sin§ df

o

= Y
i = 21 By

Only a small fraction of this power per unit area will escaps,

 since the loss cone solid angle is much less than 47 steradians,

The intensity which escapes is

ralil

7 =9 ¢ ding
egc = 4T ;
)

Toge (8) cos 6 5in 6 {6}
2 v
where n sin #, = 1 and § is the internal angle of incidence. If
we substitute a weighted average transmission factor Tey for
the angle-dependent surface transmission factor Toe {8}, then
the integral in (6} may be easily computed

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

, 7,
Tine (B} dine = Fiae X E’:% '

Therefore
_ Lo
iy =207 X Tine®) Jin- )
e

As (7) shows, the enhancement may be increased beyond
27* if Tipe (¢}, the transmission factor into the medium, is
greater than T;;:, the average transmission factor out of the
mediuvm, Of course, time-reversal invariance guarantees that
Tine (8} = Tee (8). If the incident radiation is isotropic then
the 13tio Tige/dee = 1 would appear in {7), ensuring that the
enhancement factor is 2#° as it must be for black-body radia-
tion, For coliimated radiation, an additional small enhance-
ment Tine {(¢)/Teee is possible, but this comes at the expenss of
angular selectivity, This is fully consistent with the ordinary
“Brightness Theorem” of geomeirical optics [5], which states
that intensity increases must come at the expense of angalar
selectivity, Because of the fendencies toward angular averag-
ing described in Section II, the Factor Tin. (¢} Tee Will be
approximated as unity and, for most purposes, {7} can be
rewritten

Ig,kt = 2??2 X ‘iinc‘ {8)

t is interesting that {8} itself could also have been derived
directly from the “Brighiness Theorem” [6] by taking note of
the fact that the brighiness defined in a medium differs from
that in a vacuum simply by the factor #*.

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

IV, ABSorPTION ENHANCEMENT
Twa 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 example, in a semiconductor solar
cell material, there would be absorption in the semiconductor
itself and also at the surfaces due to absorption in the “irans.
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 geometti&s
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 lght from the optical
medium by absorption and refraction through the escape cone.
The light input is 4 line Tine, Whers Ay, is the surface area
on which lght is incident and the other symbols have the same
meaning as before. To estimate the loss of light, we will pro-
cead along the same lines as in Section [H. We will assume
that the light internal to the medium is isotropic due to the
randomizing inflyence 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

A%\ 1; int T%C

where A, is the surface area from which light can escape,
which is 1ot necessarily equal to 4y, and the other symbols
have the same meaning as before.
2) Light may be absorbed due to imperfect mﬁeamn from
the boundaries
)

N4 zendy
j %1 roridine COS 6 sin 8§ 46 = refiiint
¢

where 7 is the fractional absorption due to imperfect reflec-
tion at

“fect reflection,
3) Finally, there may be absorption within the buﬂa

P
j 2 dVdQ ~ g lI‘f‘tA j; sin 6 dg = zaifimfi;m (9}

where d¥ s a volume element in the bulk, o is the absorption
coefficient, and (9) may be regarded as » definition of the ef
fective thickness /. This will be approzimately the mean thick-
ness of the sheet. Equation {9) implicitly assumes that the
bulk zbsorption is sufficiently weak that Z,, is uniform
throughout the volume,

Eqguating the light gained to the light lost

Aege Tose A

Aine Tinedine ® {”":;%& * %@” * zagAmc}Iinb (1%
Regarding {j;, as the unkuown, the expression may be re
writien

Tim Jmc
J’{Aerxc/*’ixnu (Tescfiznz)"‘( {23 (A posi /A e} + 2 al}’

7 int =

11

Although {11} is much more complex than (7) and (8), there

are many realistic situations where the simpler exyressi«ms 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

the boundaries and Ap is the surface arsa of imper-

WHITE
} SURFACE

INTEGRATING
SPHERE

‘XUCC‘N WAFER

Fig. § . The integrating sphers was used to determine the light absorbed
in tht, siticon wafer, A compsarison i made beiween the reflectivity
of a wafer with 2 rough ground rear surface {as shown) snd with 2
polished rear surface. In the foimer case, there was some Hight lost
out the sdges of the siticon wafer as well as by absorption.

enhance volume absorption. Using (11} the volume absorption
may be written
208400 8
2004 Do dine
{{4oseldinc) (T,_SL/ZJ’EZ) +(0/ 2 {4 resilAinc) ¥ 2al} ’

The fraction of the incoming light which is absorbed in the
voliume s

20ldine L

Fygp B oo
’ ﬂmr; Iinc
20iTipe )
T Ei " ey
{{AesclAing) Tese/ 207+ (D {Aperi/diney + 2001}

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

A corresponding éxpression raay be written for the total
fraction sbsorbed, including absorption due to imperfect re-
flection at the surfaces

2el+ (0/2) (Arenr/Aine) .
{4 esctdine) (Tescliznz) +{nf2) (Amﬂjgiew) +2al

f;fot = Timc

{13

The absorption eshancement in (12) and (13} is of direct
interest for weakly absorbing indirect-gap semiconductors ke
crystafling silicon. As {12) shows, volume absorption can be
very substantial even when ! Is only 1/4#° which is 1/50 for
siicon, The absorption enhancement factor is twice the in-
tensity enhancernent factor due to angle averaging effects.
The use of these formulas is best {Hustrated 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 mes-
suremnents, a white reﬂhc,we medium was plawd 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 gither ground rough or polished smooth, The compari
son is made in Fig. 6. With both surfaces polished, we have a
olane paraflel plate, the situation described in Fig, 2(b) where
angular randomization within the silicon does nor occur. The
tight simply makes a round {tp in the wafer,

On the othér hand, if the rear surface of the silicon is ground
rough, internal angular randomization does occur. We may
apply (12} and (13} to this situstion, The Fresnel transmission
of the silicon front surface Tj,, is about (.68, The areas ey

SIONYX1403000045.0083

SAMSUNG EX. 1002 - 1041/4148



%

BO%!

70%)

60%)

2]

40%p

INCIDENT | )
~reped U5 15
05 UGHT 1Y ;
‘ L4
10%F b
A 3, H
1,85 V.2 .08y .50 075

Fig. 6. The reflectivity of a silicon wafer whose rear surfsce is either
ground rough or smoothly polshsd, Smooth Bnes 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 swrface ag
sumes simple round-trip absorption, :

and Ay, are the samme and equal to the front surface area, The
rear surface was covered with MgCO; an almost perfect white
reflector, which is frequently used as a reference of whiteness,
In the geometry of Fig, 3, the edges of the silicon wafer are
actually external to the integrating sphere. Some of the in-
ternally trapped Hght, therefors, escapes across the cylindrical
surface defined by the periphery of the round opening in the
integrating sphere. This cvlindrical surface in the silicon canbe
regarded as an imperfect reflector of area dyq = 27 where r
is the radius of the opening in the integrating sphere. There-
fore

Arerilhine = 2nrtinr® = 2y,

The parameters in this experiment were r=1 cm and {=
0.025 cm. The quantity n which represents the departure
from unit reflectivity at this edpge is difficult to estimate @
priopi, since it depends on the details of the roughness, The
value 0 =0.82 describes well the wavelength-independent

backscattered light in Fig. 6 in the transparent region between

1.2 and 1.35 wro. With these values for parameters and the
known wavelength-dependent [7] absorption cosfiicient; a
fairly good fit & obtalned between {1~ fio¢) from (13} and
experiment through the band-edge transition wavelengths
{dashed and smooth lines, tespectively, in Fig. 6).

The geometry described in Figs. 5 and 6 is & very favorable

one for solar cells and was first described [1], [2] some time

ago. Fig. 6 shows clearly the shift of the effective sbsorption
edge toward the infrared for the light-trapping case.

Another geomretry which has received some interest [8],
consists of grains of silicon embedded in a glass sheet as shown
in Fig. 7. It basg already been recognized that the light which
falls in the glass between the grains is not wasted. It tends fo
be trapped and eventually find its way into the silicon grains,
We may analyze that situation in 2 similar vzzy‘as_ previously.
Lzt us denote the quantities pertaining to the incident Hght by
the subscript 1, those pertaining to the sillicon by the subscript

uGHT

GLASE

WHITE ACK!NG

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

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

Azs Taska (Am‘fm Ané‘";s)
R e A Tisdy = * L (4
ot s 13833y 2 5 s (14}

where the first expression on the left-haund side is the lght
escaping from the silicon into the glass and the second expres-
sion is the incident light. On the right-hand side are the two
texras describing the cscape of light into the air and into the
silicon, respectively, A shmilar energy balance may be writien
for the silicon

An T
“‘ks"g‘““%"s““"j“a“ +A T dy
(A1 Ty | ATy N, .
= =k 4, 15)
2 Angjna P 2“"‘4”) h (%)

Here there is an additional term due to absorption and 7 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 §; and 5. A specifie

- pummerical sofution would be helpful in estimating the extent

to which Ught 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 4;, squals the area 445 filled in
by the glass. For numerical simplicity, let us assume also that
Aqs Is also the same area, For the indices of refraction take
1y =3.53 in the silicon and mz = 1.5 in the glass. For the
tranemission factor Ty of the glass-siicon interface, take
the noumal incidence Fresnel reflectivity, 1- (np ~ n3¥*/
(1, + 3 ) =084, Let us assume there is an antireflection
coating for the incident rays into the silicon so that ¥y, =
(.96 which is the same as the transmission coefficlent into the
glass, With these values of parameters, the simultansous equa-
tions {14} and {15} can ve solved

( 0.8316

L= (16}

2

af +0.0319

where 0,967, is the transmitted incident intensity, and the
quandtity in parentheses is a type of enhancernent factor. The
important implications of (16) become apparent only upon ex-
amination of its various limits, Congider, for example, the sit-
uation in the region of wavelengths within the bandgap of
silicon where a = . Then

4

} 0.964,

1;:

which just happens to be 251, = 2nd . This, of course, must
be according to the considerations of Section i1,
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The most important paramster we are interested in Is the

absorption in the silicon. This may be expresséd as
1.6632 el
2ally =
0.0319 + al

when normalized to the area of the silicon grains,

In the lmit of very smal af the enhancement factor is 273
as before. In the limit of large wf, i¢., in the visible wave.
length range for siticon

= 16632 X (.961,.

3

X 0.961, an

lim Zall,

x> oo

{18)

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 plass, the balance (=0.68) will tend 1o
be collected by the adjecent silicon grains, In other words, 83
percent of the light which enters the sheet will end up being
usged, in spite of the fact that the area coverage of the silicon
graing 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
siticon. The extraordinary utility of the structure described in
Fig. 7 is doubly confinmed when it is also realized that because
of the enhancement in the low-absorption regime, the thick-
ness of the layer of graine can be reduced by 50. Therefore, 2ll
the advantages of a thin solar cell, mentioned in the Introduc-
tion of this paper would acorue to the structure in Fig, 7. Not
the least of which i the likelihood of that structure being
cheaper to fabricate than conventional silicon solar cells,
- The methods described in this section are mesnt to supggest
the approach which can be used for intensity enhancement in
the presence of absorption. Refinements are still needed for
the high-absorption case. The formulss given here tend to

lectors..

RINARANDEL S BANELANGEDNEINVY I OB 1 0A LUV RSL WP RIS DRSS At

undsrestimate the absorption in that instance, since they as-
sume randomization; but the sbsorption may be complete
before randomization sais in,

In this paper, we have shown the utility of 2 statistical me-
chanical approach toward the optics of textured and inbo-
mogeneous sheets, This work was mainly motivated by its
applicability toward solar cells and other types of solar col-
The basic enhancement factor for intensity of 2#°
becomes 4%* for bulk absorption and n* for surface absorp-
tion, due fo 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.
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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 um 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.

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

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

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 [4,5].
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Fig. 2. Relation of full-depletion voltage of Si PD to wafer thickness.
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Fig. 4. Laser irradiation on Ti.

. ..,\
s N

Fig. 3. SEM image of black silicon structure.

3. Optimization of laser conditions are related by the following equation:
. . A=1-T-R
A Ti:Sapphire laser (800 nm, 1 kHz) was used to process the
silicon surface. First, we investigated the relation between the where A, T, and R are the absorption, transmittance, and reflection,
microstructure and transmittance. Absorption and transmittance 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 = Ti:Sapphire
Wavelength = 800 nm
Frequency = 1 kHz
Energy = 3001 400 1ij
Microstructure size b <1 pm =1 i
Sample 3

e
N \

7

i

Fig. 5. SEM images of microstructures.

Transmittance late[%]

0.5 1.0 1.5 2.0 2.5 3.0 3.6
Wavelength [um]

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.

hv

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 0.15mm. 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 veltage 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” microstructures on an Si
photodiode was investigated. The following characteristics were
obtained from a processed Si photodiode: QE increase from 25% to
72% (A=1064 nm), and temperature coefficient improvement
from 0.6%/°C to 0.2%/°C (4A=1064 nm). 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 metion 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 0.18um
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-SiO; 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.1 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 V) is necessary. The
Vp 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 (FD) 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 Vg 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 Vp
leads to a higher charge transfer efficiency. The maximum
Vp, however, is limited by the minimum width of n-type
region which is determined by the design rule of fabrication
technology. In the layout shown in Fig.3, Vp 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.

Output
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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-um 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 7.5um. 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 1V 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 Vp 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 N, reqer 1S given by

[Ven

- Ve D
where Vyj, is the thermal voltage, which is 25.9mV at 27 °C .
The conversion gain G is measured to be 33 pV/e™. There-
fore Ny, reser 18 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 1000fps 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
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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 1000fps. To show the motion of fast moving object(”chopper
blade”, rotating at 15Hz), 128 x144 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-p2m standard CIS 1P4M
Chip size 13mm(H) x 10mm(V)
Effective pixels 1024(H) x 1024V)
Pixel size 7.5 ym X 7.5um
Frame rate >1000fps
Sensitivity 0.95 V/lux-sec
Conversion gain 33 puVle™
Random noise(sensor) 8l e
Random noise(pixel only) 63e”
Random noise(ADC only) 78 e
Fixed pattern noise 229 e”

Dark current

284 e /sec at 18 °C

ADC resolution

12bit(Full scale 2V ek to peak)

Power supply

1.8V (Digital)/3.3V(Analog)

Power consumption

T2W(@500ips)

Fig. 8.

Sample image at 1000fps

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 1M 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 1000fps
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Light trapping effect from randomized textures of Ag/ZuQ back
reflecter oo hydrogenated amorphous and napocrystallive silicon
based solar cells
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Subhends Guba
United Solar Ovonis LLC, 1100 West Maple Road, Troy, Michigan 48084
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ABSTRALY

We pport our prugress in the optintisstion of Ag/@n(d back reflcctons (BR} for - 81H and ne-BiH soler
solfs. Theordtiosily, o BR with s smooth metd surface and ¥ xtured disleotrie surfase wondd be more destrabile. &
sreneth metalidielectrie iorface reduces the plasmoniv resonance loss and pasasitic fosens Jue to Hght eopped dn
sharp angles; o jowurnd disfeoicsnmicondnans interiaes provides sesfisring for Hgle wapping. In order i obiuln
sufficient Hght seattering ot the Zoldailicon inturians, & highly tectured 300 loyer & soooally wand Howeyer, 8
highly textred T surfhce causes deterioration of ao-SEH raterial quality. To additon, @ make 3 highly textensd
Fa0 sueface, ¢ thick Told layer ke nended, which could inteddues addivional abisonstion in the bulk Zo layer and
redune the photoswrget density. Thessley, AgEad BE strucines for ae-8iH solar colle seeds to be aptimined
experdmeniadly, In s shady, we fhund et ancoptindzed AgEatd BR for ne-8id solar sells iy constructed with
sexiured Ag and thin Zad fovors, Although v textured Ag Tayer might catse certals lowes resulting Fom plasmonie
abuorplins, the sobareed Hpht scattering by 8 moduately tostured Ag layer makes # posaible 10 use 8 tin 200
layer, where the absorption fn the nd layee iy low, Witk sich & BR, we achivved o shorolroult current density of
aver 35 majn from & po-SEH Sngle-junstion solar cell, Using the high performancs ne-SEH coll i an a8t e
ShHne-RidT tripdeJunciion sheluce, we wehloved an fnitial aotve-area officionsy of BRI with « Gl capvent
destatty sxeneding 30 maAkm®,

Key words: oo8EH, so-81H, sular coll, Hght trapping, baek reflector,
L INTRODUCTION

Hydmgenated smoophos slicon (B-SLHY and nanoorestalling silloon GroSEHY we low cost matedisls have
boon used 88 shoorter fyers dn thin fikn silivon solar eolle. Thelr shanrption confficionts see better than that of
cryatal silicon {813, wtvwing @81 and re-80H solar colls 1 be ek thinner then o8 solar culls, Howevey, e
irdeingds layers of 280K and no-SUH cannay be made tdok soough to generste & high photeowrent densily without
severely sserificing H favtor (FV) aven when pelar o aeiep strusiones are used to enhaner photo-carvts cellention
boosase »-80H and no-StH have pooter iraspart charitenstios than o-8L In order to make thesolar celis have s
seasoniable FF he § laver thickaosses e sovrmally 206300 o and <3 s for 280 H and no-SUH, raspactively, To
resolve the genteation s collention fssee, one normally uses & Hght trapping mathod 1o sobance the photusisrent
density. The commonly vsed Heht tapping techoignes are Habt soetiering by textorad aneparent conduetive txides
{TCOY I pedonr solir cell smctoees o gupsesteates o by wsted back rofloctors (BR} in aodp solar cells on
subsirstes. & oonventiomal extured BR &8 with & moali@eloctis Helsyer structure dopositad on son-ranspargst
subtrates such 2e atsinless ateel (33) or polymer, Siiver pud shuninuen wre e of the metabs vsed ag rellestors and
00 Is used s the distectrie Javer o svedd the mixture of metals with siicon wad provide w buffer of refrustive
iradex enasehing {121 The mextures of the motal and diefoctric lavars rosult in light soattering. The soattered e
wwith we sngle grenixr thar the totel reflociivn sogle I irapped in the solar cell and snhances tis photosurrent density,

Faio Fin Solee Techmaiogy §, edited v &en B Detatioy, Louay & Biads, Prog, of P8
Vol TEFS, TRV - @ H0 BRE < OO0 code QIFTVTESRAIRIR - dod 10 VIR asgser

Proc. of SRR Vel TITH FIrieea

SIONYX1403000046.0009

SAMSUNG EX. 1002 - 1052/4148



0100°9¥0000€0¥ L XANOIS

RLPLLLS BEEL 100 BRI PR

Py Al Ot WP povEnoucsd 2 gRUE 5 B0 SSIRKeL BLE Gl pugmeisded i samyer e 4] Pratiig ARt
T o PRGNS M vadny Oy por Sy N IR 1B 20y e gy seoepes By phe Oup e Suuageow
4y 0 SRNRESe 8 (YB) PR SRR 153 ¥ U0 WE Oupsy po ofene pRIX v ossews (gl 1 sl

SISO AVJOF §UR-0U 208 JUROTel Ry Qv jo sepemmndn YUY
ROISBOSIGONY BUINSEY ¥

TRABEE
T PRRIR0K B Ui WIngosds S ¢V S o sealinpy A paenige sk sonjea PR Qi s gRage
LG I GREY BNR B ooy waaaey ofme pBigsana i W posnome awa wanads () Susimps wimeenh
TRUSISY DHT 16 RURIDUNY SOI08 1PV N SODI PRasu SIS S MRS 30 anama (A1) sfenoa snies Sumasp
~rpar {Rror] ssgansi paysand S vty Hee B0V 91 10 siEsd Is1] seppad wolloapdy pue sims
sopseday T 18 sanhungsay 2fsennp s (aaad Aouenbog ulnr Lo s povendey mde gaadng oRBRE
WL NS pormey Uy EY pUn §5 90 Yo SHRIeRNe SHOUR B0 SUNSAY DAY et Tumsn pesodap s
sy ey eonotnlodis uSOUARICLING-E P vonourd Ry Higon praninns dhe BN WYy

W HRCT ®UBR 500 mag sBues iBundat My 0 pRATERG R taads HORINEN AP pUR Paw
S SSHRTRITERIE BOISAHA SIS UY Remn opdine Su OF Reok 51 iy RN M DG SoRRNe ahuns By o
wradexe s soIBm 3O UOUIIIY § T8 PNt e SORUni Wik peanmns g reiesenses Suuepmes el e uy
RUARRTEI Ry DOIIOTIAL DI IO 2ReOR € Y Fupsanwas 1l Ruen porunosIegn &I SR e seniedasd
pronde sy Sdoogonpuds Suponsve faey 4G pURIGIIEES e SRR s Sy (R Adeenuas
HOSIRGS HRISSIISURG [PUDERNT-SI0s RTEE POTIIRND B0 SR SHOL JIIS-OU SR {9 5% ST 4 JO Sanans passiy
SHY O Adosporone noansus Ruoumes pus Uy} SorOmpe-amp-aHuom s PRITISTIE R AL i B ey
AORIINRY PRB R0NEAns e, CI0E ois Buren Buiynid morinys SG posEanU oS B RI0AU) QN O I ShamENe By
“Rea AR Y I SRRRRUORG W IopR srmned vonpmodp oyt Susnipn A4 pacniang 4w SR QU PUR YRRl
Fig pog ey tnnpaed pe Aomoged (RS IR PO B AR RIT SUIISIE NS00 PUS AI0mI0gy 393 1 paen
AT SPUNIIOIN GUVEE TSRO (FO-Urepal P HOIG H0G I SNeHNN 88w plyvodsp e 23 Quzdy

TYLMINMRLYT T

e QA wnsanore Bounieliln FOIS-OIHIT-OWIIS R g Lo pe Wy
sEmmaadu I PIE SRS e pig-on w Suddes Wl saeoge wy egg oerdy jo sopenando oyt w seufosd
g masad 2 uaded sup v ] eonne vonmad-oRin HIGISANIN-SETEISR D8 e ASHHITIR RIGRRT R0 ¥
speu pavy aa SR OOy peanupde s Basry Toi- 11 opu useg ey swasload mrempeBiy Bes RO Hugow
B 5g OBy B sonwepnmih pup B0 POSMR0Y Ramy R FARENEny il Sunne N0 panosr HIGNE %L S
P pey gongs {1 ] siien suey uopsunboplut WSO RO TG0 0y padopiaRp o FER QUERAY Bt
OBy oBny Lm0 o Uy RS FONMKE PIIERpPU i Baddu gy pobms SRARNE FIY RI0S PR

“{6] PRPAGRNT Y PINWE JHGY VIS I8 Sy SNOBI:
WIELIT SIpUN Yo prevEp AP pponmseant v olsl pesedoad uaog seey seyonoadde Buiddey n iy eon iossg
“aydoy togy S84 RO SR SID Fupue veps vy ol Buddens vl o veys sfepuaon S hargeing
U POBE APIAs IRGY GV J0TONE Uk ST 06 0 prres swpling eohdiougr R B W JENERRGREES W wE PRalep
Aogt ponpeanBguey dams s Fuisy) opunen RapdionoR 10 SoRNNE S pasTRSTRS oupy Awyy il s e
Sums a5 /By PO SYI ASTRRNG A WA UOPIUL SN S5 B QNN 21 JO IpIe ARKORE ALY s By
apyene Aysenuy SR SYII0 WOUIR 0T S QS SURME Mapdioaqu-ton o wRg wp Aesumng g pogpans do o
Ry AFURIGH SOPUINENE wesg R v oopy Wy PRENSUoWsY ARG antmsepias edead pRapuny B e poged
€ PUT XIS PRITHRR PRIauopun ARoE BB e GO [Rume aupemy € w Aaatt wly Mg g poanp
Sy ‘eondy A EUERTE U0 DS CSHE PRt eEivopuns wapsd Ag Sudden By S PPN Appaong
fy"c] sordeayes S PR ROUAOUOGR “RGY U5 MR SOMS PUPIIS UaRg g pus poscdond see Buddes Wi

SAMSUNG EX. 1002 - 1053/4148



fsyer. Because the oversll device performance depends on both Hglt sbsorption In the imtsfosle laver and curries
extenction fom the nttasde by, seversd fiotore peed 0 be sonsiderad for oplindaing Ag/nQ BR o imprave -
SEH solar ool perfomonnne, Firsy, the Hight scaitering meeds ie be stiong encegh for affectve light rapping; second,
the losx in the BB and doped loves should be ordniodeed; snd thied, the se-80H material queliy should be
minfmsdly bapsetad by the BR structure. Frove the Hght soattering polnt of viow, highly extured Ag/f@a( and
EolVSH interfaces ave dosirable. b partionlar, the techures 2t the Ag2nld intrflce are wove effective & seattering
than fom the Ze0/SE iderface because most of the lght s reffected a8 the Ag/En0 Interfice. Huwevern, 3 highly
tesctured AgTaly interfrce could cause w sigoifinnnt plasmonie s and some other parasitic Joss i narrew angle
valfeys, Thereforg, one aends to ke thess two fsclors inte considerstion when opimideg Ag tesuess, The
soattering ol the EnlyST inteefice alse contributes to the Hght vapplog An oo fesire vomes fom the natiee of the
polysrystalifne groanh of the Tnd fayer. I Tos been obcerved thet totave bonrerses with Za0 ftlm thickness.
Wormlly, & tick Za0 i needed for vaough testuen 1t the TndySE interfaee 1o scatter light sffectively, A side sffent
of increasing TnOr thickoess i thay It sauses s axirs shaorption in the thick Zald layer. Therefore, ens might need te
avond saing w very thivk Za0 laver unless the bulh sbeoption soefficient is sigaificantly low, Another side effent &
that se-SiH deposiicd o g bighly textured surfaee hag 3 pocrer swterial quadlty. The ae-80H maiedals sontain
nasncter dheed orysialiites smbaddad in amorpbouy tanies, The orystsdlitss Bove the ondassy w0 oo Sustens
{oafied Jage praingl, which normally grow perpendiculsr o e locsl surfoce, When the substrate hes high extus,
soarby clusters of ceysiallites weed vach ather, resultiog i Righ defect denalty snd poor coll perforosnse. Therefory;
we st oomprsmive between the sebstrate teative and 5o-S50H meteriad guality. Boeause e somtisring ot the
AEnd interface Is more eifectve San o e SalrSl nterlboe, one might bave a good chanoe o Improve the acx
HiH solar ool performancs using textored Ag and thin 0 i the phiveonie shsorption and parasitic loss srg nal
shanifizant, Il clear thay the a8 dhe arpinendy seanm to have sdvantages. Thus, soitaide BY stosctures for ne-SEH
need io he opiimized expevimentally.

Suatiering st [¥nl

Seatsring at 2nddeg
intorface

Figeve §. o) XoTEM of Ag/Znty BR on # o-81 suluirate and (dght) achemstiv of Hight scuntoring ot the SiZalt and
ZolWag nterihoes,

Figure 2 plote myetsured totd sad diffse effection specten of four Ag/doD BR coated S5 substrates, Froe
thé il reflection, we make the Rllowing chasrvations. Flrst, S Hat Ag sod thin Znld {130 nm) combination gives
the Mghes toted seflection. Tosturing the Ag lover shuges 3 plasmonic rsonanve faguensy Sl o loager
wavelonpils, bt i is 56l 1o i sway & alfost e hoog wavelongh segion, Themsfors, the plasmonie shsorption
oos Is not an obvious isus: Second, the fosture of the Ag slse reduces the refleciance over fhe whole wavelongth
eegion. Two ronsons soold explaln tds observatian: Hght trapping B the ZaQd laver snd persitie foss in shamp
sngles. Bevotse Zad bas o reluctive ndex of ¥, e seattersd Hght with an sagle lorger thaw the onttival angle {38
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degressy of oud rwfivetion with be trapped in the Za0 laver, Howevey, this portion of sbsorptanes will be recovered
when 3 S haver {5 deposited on the Sdd fayer, Undormately, the pansiiic los fn sharp angles will never be
revaverad, At his menent, we do nnt koo how mach of e loss fo-due o the Hght tapping sad bow wack i ot
i shary sngles, Thivd, the tvo samples whth thick Zots (3 pod showed similae toted suflection speeiva with very low
reflosiance in the short wevelmgth veglon. Beowsse the tnvosase i Talk thivkness should oot affedy the AgiiaQ
inteefien, wy bellove i the Interfice plasmanis absorption shoold o be incrased. The raduced reffovtance ds
mtaly froon ths fncvenssd T bulk shesrption andfor enhanved Haht trapping thee to the bursased textue by the
shick $a0 kyen

{64 54
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Figare 2. Traed and Siffuse reflvetion speotrs of fowr difforont AgiZnl BR stractures.

The diffuse soffection spectre also showr sevesd Bioresting phenomsens. The BR with wxtured Ag snd thick
Fols s the highest diffise reflostance, Hllowed by the semple with flat Ag snd thick FaO, which means e wutra
wexture from the thick Ze0 indeed vexdlty In cfeotivs Bght scatioving. The diffss seflostpone of the BR with
tentured Ag and thin 2ol Is adt us high we the one with xwend Ag and thick oG, but the svarage valuss we st
fowey i the one with-flat Ag and thick Za0. The BR with fut Ag and thin Za0 has very low diffuse reflestance,
indiealing povr Heht apping when solar sells ave depogited sa it

Optical propurties give some Balivating of Hgls rapping o soloe colls. Bty the el tewt bas i be n solar
eells themaelves, Table { lists the porforances of 56803 solar calls duposited on the fowr types of BRs, where e
open cirouit voltnge (Vb aod PP were obiained fom Y mesourpmens snd the §, fom integrals of 0 dais
meazwred wnder the short eircult condifion and AMLY solar spectrom. The phatconrrand density from the QE
msasred wnder ~2V ixwied to svalume e ceonmbinatian lose, The BMS represents the mot sean squwre of the
surfpee tentures i the AFM dmages. R is olesr that the sodar coll on the BR with tectured Ag snd thin ndd has the
best perfermanas where even the g Is the highest Figurs 3 shoows the comparison of AFM Images jaken fom the
BRs with tentured Ag bt with thin and thick Znd? fapere. B clusely shows that the Interad {iature sines are very
stmitar on the pee saraples, bt the featuee shres in the vertical divvetion are different, whare the samplas with the
thick Za0 have orger vorticad fonlurs stees (Javge BMSH than the oo with the thin S0 laver, The fuge verticed
fenturs stans prodece smaller sagles b the valleys on BEs, where w Sigh donsity of defocts sad mrioro-wvucks could
vovar 3,47} Consequently, 2 poor no-BEH solar cofl perforamocy is obialned on the BRs withthe testured Agand
the thick Zald layers.

in arder o conflom thet e poor colf performance on the BR with high sueface fonture is vaused By no@i#
matesial guality, we messured the QOF gurves wnder the shon cironi condition s wader <20V moverse biss, The
difference botvosn the pve OF cwrves seflects the secomblastion oes Jue 1o ¢ poor re-BLH muderiad qualivy, The
resusdss Hated In Table | show that bigh substrate testues indond cavses & lavge recomblaation foss, whish v nomally
hrough defects in tee bondgap. T sddition, S FF snd Vo are also poor in the cells on bighly soxtoesd BRS The FE
roffevts e cupabifity o exteact photogenersted canrders, which conld be colfected by the clectrades through the
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buildein clegieie febl or recombined through the defect states. & high defect denslty cormsponds s poor PR, The
Ve folfowy the some trend o FF beosuse the revasnbination theough defects sleo raduces the charge accunmlation in
shy duprd Iavers ander the opes oirult sonditfon. From the sobar ooll performance data, we sre convinead thal ae-
SEH goler colls should not be deposited on highly texwred substries. In order to have enaugh sontioring with
woderate tadires, the BR. strochire with textored &g and Sin ZoQ over §s Ingloally & good chiolee.

Fignre 3. AFRM tnages of tvo BRa, where the 1ell fmage Is Gom the BRwith the ixtesd Ag layer and thin Inld
Yayer o the right sovis fom the BE withthe thick Ag laver and thick 2oi¥ layer,

Table § +V charastesistivs wd BR desediptions of fowr se-80H sohur cells deposhind with the sume muipe bat oo
ifferant BRY.

Ruon Ve | FF QF current density EF BR RE4E
He. v} e {343 stenntiee o)
RGNS BRI v
18004 | D482 | DSOR | 2823 | 2850 | 053% 769 Teoxtered Agdthin Tnll 33
EROON | o0a3t | 0363 { 359 | 288 | 1A% §.8¥ Tewtured Apikick Fa0 52
18014 | 0502 | 0645 | Z3& (] naan A Flat Aghhin Za0 14
IROIN | 046 | 0328 | 3R93 1 2L} 181N &.46 Flag Agiihick Zall 43

33 High efficlency sofsr solls

We deposited no-SihH singlejunation soler oells an the aptinietd g2 BRs. The devics strueture and
waerial quality wire systenatioally optistized. We bave employed an fnproved seed tayer amd hydrogen difution
Profiling technique [14] o snsere a8 optivnn strustuee along the gmwih dirgetion. Using thess ieeheuigues, the salar
et perfoomance wis signifioanly boproved. A Je of 3B mAint hes bosn achsiwgé; with Vo088 W,
FF=0.647, and efficionay=3 T3%, Using the saone BE, we futher optimized the groveth rooipe 1o obtaly the h: kst
sffniency. An inhisl acfve-arss efficioncy of 1% (VD888 ¥, FP-Q.680, wul L2780 mAjem’) was
aphieved s shoswt in Fig &

Having devaloped Kigh . and high officiency revipes, we fibriceted 8- 81 HAe-SENe-S1H tipledunction
celly on the opimieed BR with tonused Ag and thir 2o, where the ne8TH botten cell was made using the high
I vosipe, ®d the neSiH middle sl was made nsing the high effiviency reoipe. The Initlel and S sichiliosd
resuits after 1008 howrs of light sosking wre ghowst in Table B Sample 18331 shows the best laitel activesres
eificicncy of 14.5% and sample 18323 shows the Mpghest tobdcurrem dengity of 230 masony’. For siability semuilis,
th zsgmqsmm depradations are <L i Vo 8id 4-7% i FF, wiick we belleve are malnly: Bom o813 wop celis,
The top cell cusrént wus Jegraded by ~4%. Wiﬁse the bottom vell surrent 634 oot show aoy degradstiss, This is
coasistent with our previous resulis where we deraonstrated that vesd Hght with & photon sdergy smaller than the &
SiH bundgap 33 5ot cause degradition Iy 8-SEH colls (181 We abso noticed thal the widdle cell current was.
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degouded by 1336 This i probably beoause the siddle ecll slao sees some blue Hgle, Ovenll, depending on the
susent avismaick, the efficisoey degrades by 4+11%. The best stabilieed actbve-sres officlency s 13.5%, which s
from sample 13328 having o strong tottom ool fonited cuevanl This officionoy s Righer than our provionsdy
reparted sffiolcasy of 13.3% Fom the syne wipledunction siuntare {19] The dable J-¥ characteristics of the bewt
deviee st the QF nurves are photied In Blguee &

$ Lo
o it | weimsn A o B N, RFIEMER
! i &g - 2780 mAlond
3 By
B 150780 mAdom? 85 -
- Y U348 Y %*; a8 :
{545 FE"mi}\ﬁgﬁ LI
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2% af -
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Figure 4. {8 IV charasteristios and (B} OF curve ol a ne-5iH solay oolle with an activerares officieney of 18.2%.
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4. BUMMARY

We bsvr gystematicadly studied the seocturd end opticel preperties of 427200 BRy for Ngh efichoney see
SEH slogiejunction and a-88HBe- R HAGBEH wipheiunction solar zells. We studied Hely scattoring, opticsd loses
and texnere offort on seSEH quality o four vpes of BR sinetss it Apithin Za, 8 Apihisk Za0, wxnesd
Agithin Zad), and wwred Agithick En. We fusd thet when the BR taxture comes Fony the Ag lnyen gt can be
seattered officienthy, When the Zn0 layer Is very thick, and henes textured, & oon alse be offective st scatiering,
However, # causes peoser see8iH quality which reduces ol performancs, Afler sompromising between opticad
pragurties and ae-80H quality, we fund that 3 suberais with kehoed &g and thin Znl v the best BR & ne-8BH
solar calls, Using the best Ag/Zn(s BRs and mproved wo-80H materiad quality and doviee dealgn, we arhioved an
inttial setiviearss officiasy of weer 1096 with J larger than 39 madkom® We sl schivved 14.536 idtial and 13.5%
stabde soivesares efficleney with a8 RaoS i ne-80H ripledanction solar celis
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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
pm 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. Qur 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 SFg or Cl;. The use of No or air results in blunt,
rounded structures.

In this thesis, I discuss the application of these silicon microstructures in opto-
clectronics and vacuum microelectronics. I note that surfaces covered with these
microstructures have striking optical properties: structures made in SF; absorb ap-

proximately 90% of incident light with wavelengths between 250 nm and 2.5 pm. The

SIONYX1403000046.0018
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Abstract v

sharp con:ical 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 nével
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 um. 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-fertosecond laser pulses. I describe

how the structures develop during irradiation and how their morphology depends
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Chapter 1: Introduction and Ouerview 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 utilit}./ 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 ficld-emission and not, for
example, thermionic emission. I discuss some of the interesting features in the re-
sponse of the emission 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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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 pn. 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 um. We
constructed our apparatus specifically to produce laser pulses with a wavelength of
4.9 pm, 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,
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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 um and 1.8-2.9 um.

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
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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
+ = . (2.1)
/\signal /\idler )‘pump

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 KH2POy in 1965 [1].! Shortly thereafter, the first
tunable infrared optical source baaed on optical parametric oscillation in LiNbOy 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 A-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-1I phase matching allows higher con-

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

'Optical parametric generation (OPG) relers 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
relers Lo an optical cavity containing an OPG crystal; the output of the OPG process is constrained
by the modes of the cavily.
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Figure 2.2: Tuning of the OPA signal output wavelength as a function of crystal
angle, assuming a pumnp beam at 800 nm. 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 yun and 1.6 pan are readily

achievable in our system.
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Figure 2.3: Optical parametric amplifier used to convert radiation at 800 nm to
infrared radiation with wavelengths 1.1-1.45 pm and 1.8-2.9 pm. 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:
L1, 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 CaF;. The BBO crystals
are both cut for type-II phase matching, at 26.6°. The mirror DM is an 800-nm high
reflector on CaFy 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 sccond 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 L1 focuses this beam into a water cell, generating white light
[15]. The white light is then focused into the first S-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 ountput 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 puwp 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 CaFg 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 TEMgo). 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 BBOL1 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 vie translation stage TS1. Then, the crystal BBOL1 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 BBOZ2; 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 wavelengtly;
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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Chapter 2: Tunable sources of infrared pulses for ultrafast surface science 11

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 filber 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 104
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 mmn, 805 nm, and 820 nm. With a few exceptions,
the measured values fall within the range corresponding to pump wavelengths of

790-820 nw, which is roughly the range of the measured pump spoectrum.
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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
wm, 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 m 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,

SIONYX1403000046.0041

SAMSUNG EX. 1002 - 1084/4148



Chapter 2: Tunable sources of infrared pulses for ultrafast surface science 13

3.5 T T T T | T T
N
2 N pump = 805 nm
L N
§) pump = 790 nm
Soxl|
i 2.5
>
©
=
®oqnl
= 2.0
15 L 1 | 1 | |
1.1 1.2 1.3 14 1.5

signal wavelength (um)

Figure 2.5: Measured peak wavelength of the idler beam ws. 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 beamn.

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 Apgg is created, where:

1 1 1

/\signal /\idler /\D FG

(2.2)

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-um 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-I and type-II phase matching in AgGaS,. They
report continuous tuning in the range of 2.4-12 gun, 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 uJ can be created in a HgGasS4 crystal
using signal and idler pulses with energies of 43 pJ and 30 pJ, respectively. They
have also found that the use of the HgGaySy crystal in their apparatus gives mid-
infrared conversion efficiencies approximately 20% higher than those obtained using
AgGaS;. 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 Agignat = 1.1-1.45 pm, and corresponding idlers, the DFG stage should generate

wavelengths Apre = 1.7-7.5 pum.

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
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.” After optimization and power measure-

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* = 10! cmnHz!/2/W) at approximately A = 5.3um,
and the detection efficiency falls by approximately one order of magnitude for each additional 500
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Figure 2.9: Apparatus used for difference frequency generation between the two out-
put beams of the optical parametric amplifier. L1 is an uncoated CaFs lens with
focal length 100 mm; L2 is a CakF, 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 1~6 pm, making it much
more sensitive in the infrared than our pyroclectric 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 c;;mnot 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 LilO3 (LIO) and AgGaS; (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 sech? curve
gives a full-width at the half-maximun (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 ontput 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 O, on a Pt surface; we therefore designed the optical
instriunentation 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 Apre = 4.9 pum and the pump beam at Apymp = 800
nm as a means for detecting CO present on a Pt (111) surface. OQur intention was to
initiate a reaction between adsorbed CO and O, using an ultrashort pulse, and then

probe the surface for the presence (or absence) of CO or another species, such as COs,
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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 sech? profile.

2.4.1 Background

Sum-frequency generation was first observed in 1962 [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
oceur in materials with a non-zero x®, (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 w; 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 COy; 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 Apparafus

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 107107 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 Oy, 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. Sce

text for further details.
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cleanliness of our Pt sample or to assess the coverage of adsorbates.

The 10-mm-diameter 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 = 4.9um is taken from the output of the DFG stage.
Mirror M1 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 wvia 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 CaF; lens focuses both
beams onto the crystal.

Mirror M2 can be inserted to intercept the focusing beams and direct them through
a CaFy window, W, to one of three possible diagnostic apparatuses. Diagnostic
#1 consists of a pinhole with a diameter of approximately 100 pm 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 uscd. 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 CaFs 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 L1, 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-um 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 Agrg = 1.4pum 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 CaF,, 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 Aspg = 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-pum 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 Agpe = 688 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-pm 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
mJ/mm?). 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 ©J/mm?. 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 ym infrared beam, the power
in the 800-nm beam must then be attenuated before attempting to see SFG off of the

CO-covered surface.

2.4.5 Preparation of the CO/Pt(111) surface

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

is cleaned following a routine procedure consisting of: (1) anncaling in 5 x 1078 torr
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of O for 5 minutes at 1000K , (2) sputtering with neon ions for 10 minutes at 600K,
(3) annealing in vacuum for 5 minutes at 1100K, (4) annealing in 5 x 1078 torr of O,
for 10 minutes at 500K, and (5) annealing in vacuum for 6 seconds at 1100K.*

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-pm 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-pm
mid-IR beam and the attenuated pump beam. With the highest SFG signal we could
generate between 1.3-um 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.

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 vacuun 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].
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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 x(® 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-resclved

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 wicrostructures in the presence of 100-fs
laser pulses and non-halogen-containing gases, such as N, 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 [ 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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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 SF¢. 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 um. 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 sputteri 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 SiO, [49]; metals, including Cu [50] and Ag
[61]; and sewmiconductors, 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*t [53, 47] and Xet. 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.!

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 ym 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

LFor a sunumnary of some of the diverse experimental results, sce [44] and references therein.
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typically thought to be a maior 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 fapets, 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-
cred 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 supersaturatéd 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 fransported 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 —100xm
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 scen 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/m?, 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/m?, 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, nou-thermal melting, wherein the
lattice melts on a timescale (approximately 1 ps) shorter than the equilibration time.
(4) Above 300 kJ/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.? A
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 Cly, SFg, and XeF;
[72].

There are a number of possible ways that laser-assisted chemical etching can take
place. Consider the example of SFg-etching of silicon surfaces. At room temperature,
SFe 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 SFs, Clp, Cly/CyFs, and ClF;3, 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: SiF, 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 gm) pulses from a CO; laser in the presence of SFg, the vibrationally excited
SF§ molecules are very reacti\‘/e with solid silicon [77, 78]. The dominant products
of this reaction are SiFy; and SF4. Etching results because of the volatility of the

SiF, product. Furthermore, the reaction of excited SFf with silicon is enhanced if

28¢e reviews by Chuang [72, 73] and Ehelich ¢t. al. [74], and references therein.
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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 SF», suggesting a possible intermediate [78]. The proposed reactions

proceed as follows [78]:

SiF,(ads) + SiFy(ads) % Si+ SiF4(ads) (3.1)
SiFy(ads) — SiF4(g) 1 (3.2)

The SiFy can be formed in a number of ways, as discussed above, including through

the vibrationally excited SF§ chemisorbed on the silicon surface [78]:

SFi(g) + Si(s) — SF;—Si(ads) (3.3)

SF;—Si(ads) — SiFg(ads) + SF4(g) 7 (3.4)

It is also likely that the vibrationally excited SFj reacts directly with the fluorinated
adsorbate [78]:

SFg(g) + SiFa(ads) — SiFy(ads) + SF4(g) T (3.5)

In the reaction of silicon with Cl;, 10 ns excimer laser pulses (A = 308 nm and
248 nm) induce etching, yielding Si, SiCl, SiCls, and SiCl; as the dominant reaction
products [79]. The proposed mechanism involves Cl; 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 (1076 -
10~ torr), dissociation of gaseous Cl, was neglected; dissociated Cl contributes to the
ctehing at higher background pressures, however [80]. It was found that the ronghness
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 pgm 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 pm 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 db 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 Al,Oy
[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, leads

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 107* 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 —
107* 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 mimn.

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 1 -kHz. 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 wafers® into 10 mm x 10 mm squares. They are soaked in a bath
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 10~* 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

3Data shown here are for n-Si (111), 260 pum thick, with resistivity p = 8-12 Qm. Microstructures
also form on silicon surfaces in other orientations or with different dopant levels.
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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/m?.

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 mim. The translation speed for the stage is typically 100-300 pun/sec,
with a row spacing of 50-75 pum, 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 scauning clectron micrographs (SEM) of 4 different spots irradiated
with varying numbers of pulses in a background of 500 torr of SFg. After each spot has

been exposed to just a few pulses, small pits are visible on the surface, accompanied
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Figure 3.3: SEM images of microstructures formed in a background of 500 torr of SFg
upon irradiation with the given number of pulses.
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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 pm 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 (sce 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 éllape 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

SFs.

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 SFg contain a high concentration
of both sulfur (one part in 10%) and fluorine (one part in 10°). 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 SFg. 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 10711-10'° 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 cjoncentration 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 F1 (19 amu), Si (28 amu), C (12 amu), and O (16
amu).* Species with a mass of 104 amu, correspondihg to SiFy4, were also included in
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 sig.nal 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 Na.

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.

4 Atomic oxygen was included because any mass 32 detected could be either atomic S or molecular
3. 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.
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10 1m

Figure 3.5: SEM images of microstructures formed in four different ambient gases:
(a) SFs, (b) Cla, (¢) Na, 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, SFg and Cly, as well as Ny 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 ym.
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3.7.1 Shapes of microsﬁructures

Use of SF¢ or Cl; leads to sharp-tipped conical structures with a radius of curvature
of approximately 500 nm. The cones made in SFg have more surface roughness than
those prepared in Cl,. The dendritic formations on the SF¢-formed cone surface have
a characteristic length scale of 100-200 nm.

Structures made in air or Ny are much more rounded than those made in the
halogen-containing gases; the radius of curvature of their tips is approximately 2-
3 pm. Additionally, the structures made in air show substantial surface roughness
compared to the Ny-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~ torr during the laser irradiation. Under these con-
ditions, rounded structures similar to the blunt structures formed in 500 torr of Ny
develop. As the pressure of a reactive background gas, such as Cl, or SFg, is increased,
the structures become sharper and more conical. For all pressures of Cl; 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 SFy give the greatest number density, followed by Cl,. The number
densities produced with N, and air are approximately equal and are roughly a factor
of two less than for the SFy-prepared surfaces.

We investigated the variation of the number density of the microstructures with
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the partial pressure of thé ambient gas. For both SF; and Cl,, 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 N;. 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-containiné gas, but keeping the total pressure constant at 500 torr by
adding Nj.®

Figure 3.6 shows the number of conical microstructures formed within a circle of
diameter 100 um 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-gan-diameter circle fpr 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 samne gas parameters.

In the cases of both SFg and Cl,, the number density of microstructures increases
with the partial pressure of the reactive gas. A plateau is reached in each case; the
maximum number deusity is reached at roughly 100 torr of Cls, or 400 torr of SFg. For
both gases, the exposures done with Ny 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.

SGases are adinitted 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 Ny to bring the total pressure to 500 torr.
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Figure 3.6: Dependence of number of conical structures formed in a circular area
with diameter 100 pum on partial pressure of reactive gases (a) SFg and (b) Cl,.
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 Na, to give a total background pressure of 500 torr.”
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3.8.1 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/m?). The size of the microstructures as a function
of their distance from the center of the Gaussian profile reveals the dependence of
microétructure size on laser intensity.

We further investigated the effects of intensity by creating samples of microstruc-
tures using low-energy pulses (approximately 1 kJ/m? or less at the center of the
laser spot). We prepared a wide variety of samples in vacuum, N, 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 ym 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 pJ 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-uJ pulses in vacunm. The surface has a distinctly rippled appearance; the
period is roughly 1 um. 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-uJ 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 wicrostructures made with higher flucnce. A spot exposed to 2000 25-
1J pulses in the presence of 500 torr N, is shown in Fig. 3.7c. Ripples with a period

of several hundred nm are formed, as well as clusters of nanoparticles, 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 pJ per pulse, vaciwun (1073 torr); (b) 10° pulses, 25
wJ per pulse, vacuum; (c) 120 pulses, 25 pJ per pulse, 500 torr No; (d) 10° pulses,
25 pJ 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 10° 25-uJ 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.

Experimentsin 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 surface® [39, 41, 43]. This observation strongly
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 he 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

¥The 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 uncalibrated profilomcters 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 profilometry
data should perhaps be done with caution.
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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.

SIONYX1403000046.0088

SAMSUNG EX. 1002 - 1131/4148



Chapter 3: Formation of silicon microstructures 60

Table 3.1: Boiling points of compounds produced in etching of Si.

Gas || SiH4 | SiF4 | SioHs | SiHCl3 | SiCly | SizOClg | Si2Clg

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 Cls 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 Ny: only in the halogen-containing gases are sharp
conical structurcs 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 Ny 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 ouly the microstructures but also the unpatterncd arca 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 SFg. 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 SFg, 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 cfficient way to iuvestigate 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 cach 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 Cly or SFg.

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.’

9Cross-sectional TEM has been performed on samples of cones formed on silicon upon hombard-
ment with Ar?* ions in the presence of Mo. A [ocused ion-beam is used to thin the samnples of cones
to make them suitable for TEM studies, which reveal the crystalline and amorphous regions within
the cones [60]. Similar experiments should be possible with equipment available at Harvard.
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Chapter 4

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 jum. 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, ﬁat 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 pum, however, a reduction in reﬁeétance 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 ambif;nt 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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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
CaF; window is used as a supporting substrate because the reflectance of CakFy 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 jun. A
10 mm x 10 mm sample of microstructured silicon is mounted on the CaF, window
using a tiny sliver (less than 1 mm on cach side) of black carbon tape. As little of
the silicon is obstructed by the tape as possible. The CaF; 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 \-/isihle 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 TiOs 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 gm. The absorptance
(A) of each sample as a function of wavelength is then calculated from the reflectance

(R) and transmittance (T) by:

A =1— R(\) = T()) (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(111)

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 CaF; window alone. Note that the
absorptance of CaF5 is < 0.01 for the wavelength range shown. The dip shown in R
and T measurements for Si at A = 2um (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, arve 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
cdge at A = 1.1 jun 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 pm, at the cnd of our spectrophotometer’s useful range.

To demonstrate that the CaF; window makes only a very minor contribution to
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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
CaF, window alone. The reflectance of the CaFs 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 SFg

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 pm (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 um tall, the
optical absorptance over the wavelength range 250 nm < A < 2.5 pum 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 uym, 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

cowpared with flag silicon, especially for infrared wavelengths 1.1 pm < A < 2.5 g,
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Figure 4.5: Transmittance of samples prepared in SF¢ versus wavelength. The traces
for samples with microstructure heights in the range of 1-12 jun 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 SFg.

The reflectance of samples prepared in SFg, Clg, N, 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 SFg or Cly, the reflectance and transmittance are lower than those
for flat, crystalline silicon across the entire 1.2-2.5-um wavclength 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 Ny 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 um for Np).

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 SFy: the absorptance is approximately 0.9

in the wavelength region 1.2-2.5 yun. Structures made in Cly 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 Ny are less
effective absorbers than those made in halogen-containing gases in the wavelength
range A > 0.5 pm for air and A > 1.3 um for N;. Furthermore, they show lower
infrared absorptance than flat silicon for long wavelengths (A > 1.9 um for air and

A > 2.2 um for N3).
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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 pm) wavelength range is at least partly due to geometric factors. Simply
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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(111) surface is included for reference. Mi-
crostructured surfaces exhibited a marked increase in absorptance above the band
edge of silicon (1.1 pm).

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
arc clear. Figure 4.10a shows the path followed by a ray incident normally on a

corrugated surface, such as the cones formed in SFg. This figure assumes each cone
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Figure 4.10: Tllustration 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.! We further assume that the textured silicon surface
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 SFg, 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

"I'he 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.
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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 Janzén 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.

I previous work in our group [36], secondary ion mass spectrometry (SIMS) was
used to characterize the chemical species present on the surface of the cones formed
in SFg; sulfur was detected at a concentration of about 1 part in 10%. 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-um 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 SFg-patterncd 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 Cl,. The microstructures are very similar in size and overall conical shape for the
two gases, but the absorptances (see Fig. 4.9} ave 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 Ny, 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 um 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 demoustrated 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 SFg, and half was left unaltered. With no further processing of
the devices, the response (photocurrent) of both areas to illumination from the 1.064
wm 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 measufable
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].# Three ma-

2Amorphous silicon is also used in solar cells; see the review by Rech and Wagner [113].
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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].> A overall efficiency o.f 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 g, 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 cHective absorbing arca of a solar cell is smaller thau 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 O, HoO, and CO; 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). Infrarcd-scusitive Schottky-barricr photodetectors based on porous
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silicon have also been demonstrated in the la,bora,tor‘y; a quantum efficiency of 14.4%
has been shown at A = 1.55 pm [116].* The response of detectors patterned with
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 um 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 SFg, hold promise for applications in photodetectors and solar cells. There
is a great deal of work that remains to be done, however, if this techniq%w 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 1-2-pum high structures (see Fig. 4.6), the extra time taken,
a factor of approximately 4, in making the tall structurcs 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

4Data are not available for the porous silicon detector beyond A = 1.7 yzm becanse of the limita-
tions of the measurement system [116].
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should improve our understanding of the réle 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 SFg, 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 pro-cessing 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 ouf 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 saples 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. 1
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

36
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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 alid 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 er are occupied. In the vacuum, the lowest accessible
level is at an energy €, + ¢, where ¢ is the work function of the metal. To induce
ficld emission, an clectric feld 7 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

SIONYX1403000046.0116

SAMSUNG EX. 1002 - 1159/4148



Chapter 5: Field emission by laser-induced conical microstructures 88

E E
(a) - (b)
t
¢
e— - - -
metal vacuum metal vacuum
X X

Figure 5.1: Potential energy, £, of an electron ws. position, (a) near a metal surface,
or (b) near a metal surface in the presence of an applied electric field 7. The work
function is ¢; the Fermi energy is ep.

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 E, due to its velocity in the z-direction, experiences a potential barrier at the
metal-vacuum interface with height ¢4 + ¢ — E, and width (e¢p + ¢ — E;)/Fe. From
the uncertainty principle, for an electron to have a position uncertainty Az equal to

the width of the potential barrier, its momentum uncertainty is:
Ap 2 h/Ax = heF/(ep + ¢ — Ey). (5.1)
If we consider an electron with an energy near the Fermi energy, then
Ap > fieF'/¢. (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 = (2me)/>. (5.3)

Setting these two expressions for Ap to be equal, the threshold condition for field
emission is:

1= W (5.4)
hF'e
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 z =0toz = ¢:

’ 1/2 e
D(E, P) = f(E,P)exp [~2 <2ﬁ—”;) /0 (P~ 5)1/24.7:] : (5.5)

Here, f(F, P) is an insensitive function of £ 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 v 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 = = ¢, to the probability of finding the electron on

the left side, at x = O:

D(E, P) = [(¢)/4(0)]*. (5.6)

For small distances, such that P is roughly constant,

W(z) = e, (5.7)
where
] 1/2
k= p/h = Fﬁ’;’- (E - P)] , (5.8)
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This implies

The resulting transmission probability is then:

D(E, P) & exp l—z (%’-)1/2 /Oe(P— E)Y/? dw] ) (5.11)

The integral in Eqn. 5.11 can be approximated by the area of a triangle with a base

of £ = (er + ¢ — E;)/Fe and a height of (er + ¢ — E,)'/2. Therefore,
V2 s )32
2m> ler+d—Fa)7” (5.12)

D(E, P) = exp l— (%2— 7o

A more rigorous calculation has been performed by Fowler and Nordheim [120],

yielding very similar results:

D(E,) = 4B, (ep + ¢ — Eg)]V/2 exp l § (2m>1/2 M

The emitted current density is found by multiplying this tunneling probability by the
rate of arrival at the barrier of electrons with energy E;, and then integrating over
the energy range 0 < F,, < €. The result is known as the Fowler-Nordheim equation

[120]:

B¢3/2) : (5.14)

J=A(BV) exp (— %
Here, V is the applied potential difference between the cathode and anode and [ is a
geometrical factor describing the field enhancement at the sharp tip; the electric field
is I = V. Ais a function of ¢, 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 €, and the bandgap is E,. 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 In{I/V?) vs. 1/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 serniconductor-
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 ¢egective = ¢ + E,, where E, 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 ¢.gective = ¢ — (e — Vo),
where Vj 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

SIONYX1403000046.0121

SAMSUNG EX. 1002 - 1164/4148



Chapter 5: Field emission by laser-induced conical microstructures 93

1 MQ

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 pm thick.
Thus, we can make spacers with uniform thickness (typically 20-60 pm) 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 107¢ 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.! 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 pym. 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 I-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 hias
voltage for a sample of microstructures made in SF¢. The low-voltage regime is

shown in (a), and the higher-voltage vegime 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 hy the tip-to-anode spacing) for which a current density
of 0.01 #A/mm? is observed, is 1.3 V/pum. The threshold field, defined as the field at
which a current density of 0.1 gA/mm? is produced, is 2.15 V/um.

Our devices compare well with some currently in use; however, other techniques
have been used to make ficld emitters with lower turn-on and threshold ficlds. 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 um, gives ain
output current of 50 A for an applied field of 2.25 V/pmu. When these tips are
coated with a layer of amorphous diamond, the output increases dramatically: for an
applied field of 1.5 V/um, the field-emission current is 1.4 mA. Many other imple-
mentations of fleld-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 (.)f
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 tﬁe 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 (see 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-cuission arrays can take advantage of the existing wealth of knowledge
of semiconductor processing techniques.

A number of applications take advantage of the field cmission 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 (CR,T.), 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 émall 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 achicvable 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 tubhe 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
clectrons are undesirable, such as in some clectron microscopes or some clectron-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 fimction 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). Furt._hermore, this method of “sandwiching” the two
electrodes together prior to punping out the chamber necessarily leads to a higher
gas préssure 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 exp.erimental 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 SFg 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 7-V characteristics
of samples patterned in Cly, as these show similar morphology to the samples made

in SFg that show high ficld-cmission 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 Ng or air would show
the high field-emission currents that the sharp structures made in SFy exhibit, but

this should be confirmed.

5.7.3 Chemical mo'diﬁcation 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 yA 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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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 ym x 15 pm.

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/m?, 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 so.lids 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 pm. We used these instruments in an infrared-visible sum-frequency genera-
tion experiment, in an attempt to time-resolve the reaction between CO and O, 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 he 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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§ver 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,
;xnd 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 um 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/um and a threshold field of 2.15 V/um. A Fowler-Nordheim plot of
the data shows two regions of field-emission, as well as a region of ohinic 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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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.
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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. SF; produces an absorptance of 0.9 for radiation in the 1.2-2.5 um wavelength range,
higher than any of the other gases. Use of Cl,, N;, or air produces surfaces with absorptances
intermediate between that for microstructures formed in SFg and that for flat crystalline silicon, for
which the absorptance is roughly 0.05-0.2 for a 260 um 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.'™? Similar structures are also
created using longer-duration pulses and a variety of back-
ground gases.*”” We observed the formation of microstruc-
tures upon irradiation with 100 fs laser pulses using
nonhalogen-containing gases, such as N, 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-
patterned silicon.® Crystalline silicon has a band gap corre-
sponding to light with a wavelength of approximately 1.1
wm, making it unsuitable for detectors or other optoelec-
tronic devices requiring the absorption of infrared light with
a wavelength longer than 1.1 um 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.

il. EXPERIMENT

In this article, we describe the optical properties of coni-
cal microstructures formed on the surface of n-type Si(111)

(260 um thick, resistivity p=8—12£} m) in SF4, Cl;, N,,.

and air upon irradiation with trains of 100 fs laser pulses
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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 um,
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/mm? for a laser beam with a diameter of ap-
proximately 150 um. 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 wm/s,
and is adjusted to give structures of roughly the same height
(10—-15 um) regardless of the ambient gas species used.

We measured the transmittance and reflectance of a pat-
temed 10X 10 mm? 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.

ill. RESULTS AND DISCUSSION

The morphology of the silicon microstructures depends
on the gas in which they were formed (Fig. 1). Use of SFq or

© 2003 American Institute of Physics
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FI1G. 1. Scanning electron micrograph of conical silicon microstructures
formed in a background gas of (a) SFg, {b) Cl,, (c) N;, and (d) air, upon
irradiation with femtosecond laser pulses.

Cl, leads to conical structures with sharp tips with a radius of
curvature of approximately 500 nm. In comparison to the
Cl,-prepared structures, the structures made in SFg 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 N, are much more
rounded than those made in the halogen-containing gases;
their radius of curvature is approximately 2—3 um. Addition-
ally, the structures made in air show substantial surface
roughness compared to the N,-prepared structures; this
roughness appears less dendritic than the formations on the
SF¢-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 SF¢ yield the greatest number den-
sity, followed by Cl,. The number densities obtained with
N, and air are approximately half the density of the
SF¢-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 SF¢- and Cl,-prepared samples,
the reflectance and transmittance are less than those for un-
patterned silicon across the entire 1.2-2.5 um wavelength
range, with the reflectance and transmittance lowest for the
surfaces prepared in SF,;. Samples made in air and N, show
decreased transmittance relative to flat silicon as well as de-
creased reflectance in the short-wavelength region (A
< 1.5 um for air and A<1.77 um for N,). 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 SFg: 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 (SFg, Cly, N;, and air) as a function of wavelength.
Traces for flat Si(111) are included for reference. Surfaces structured in SFq
differ most from the flat silicon.

1.2-2.5 pum. Structures made in Cl, 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 N, are less effective
absorbers than those made in halogen-containing gases in the
wavelength range A>0.5 um for air and A> 1.3 um for N,.

o
[2)
L

absomptance
[=3
H
¥

ot
N
T

0 1 2 3
wavelength (um)

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 um).
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FIG. 4. Fractional concentrations of chemical species present in the surface
of the microstructured silicon for each ambient gas (SF,, Cly, N;, 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 (A>1.9 um for air
and A>2.2 um for N,).

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 N, does not.? Therefore, the microstructures formed
in SF4 and Cl, share the same conical shape and those made
in air or N, are more blunt and rounded.

Because the microstructures made in SFg and Cl, 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, SiO, (x<2).° The
amount of oxygen in the SFs, Cl,, and N, samples is cor-
related with surface roughness.

The secondary ijon 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.'%~"2

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

Younkin et al.

absorptance in the 1.2-2.5 um range decreases by approxi-
mately a factor of 2. 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 SFg.

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 N; 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 SF contributes to an increase of at least
a factor of 3 in the production of photocurrent in the pres-
ence of infrared light (A=1.064 um andA=1.310 um) 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 N, 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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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. SF produces an absorptance of 0.9 for radiation in the 1.2-2.5 wm wavelength range,
higher than any of the other gases. Use of Cl,, N,, or air produces surfaces with absorptances
intermediate between that for microstructures formed in SF4 and that for flat crystalline silicon, for
which the absorptance is roughly 0.05-0.2 for a 260 um 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.!”> Similar structures are also
created using longer-duration pulses and a variety of back-
ground gases.*~” We observed the formation of microstruc-
tures upon irradiation with 100 fs laser pulses using
nonhalogen-containing gases, such as N, 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-
patterned silicon.®> Crystalline silicon has a band gap corre-
sponding to light with a wavelength of approximately 1.1
som, making it unsuitable for detectors or other optoclec-
tronic devices requiring the absorption of infrared light with
a wavelength longer than 1.1 pm 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.

Il. EXPERIMENT

In this article, we describe the optical properties of coni-
cal microstructures formed on the surface of n-type Si(111)
(260 wm thick, resistivity p=8—12Q m) in SF,, Cl,, N,,
and air upon irradiation with trains of 100 fs laser pulses
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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/mm?” for a laser beam with a diameter of ap-
proximately 150 um. 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 um/s,
and is adjusted to give structures of roughly the same height
(10~15 pum) regardless of the ambient gas species used.

We measured the transmittance and reflectance of a pat-
terned 10X 10 mm? 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.

iil. RESULTS AND DISCUSSION

The morphology of the silicon microstructures depends
on the gas in which they were formed (Fig. 1). Use of SFy or

© 2003 American Institute of Physics
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FIG. 1. Scanning electron micrograph of conical silicon microstructures
formed in a background gas of (a) SFg, (b) Cl,, (¢) N,, and (d) air, upon
irradiation with femtosecond laser pulses.

Cl, leads to conical structures with sharp tips with a radius of
curvature of approximately 500 nm. In comparison to the
Cl,-prepared structures, the structures made in SFg 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 N, 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 N,-prepared structures; this
roughness appears less dendritic than the formations on the
SFg-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 SFy yield the greatest number den-
sity, followed by Cl,. The number densities obtained with
N, and air are approximately half the density of the
SF¢-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 SF- and Cl,-prepared samples,
the reflectance and transmittance are less than those for un-
patterned silicon across the entire 1.2-2.5 um wavelength
range, with the reflectance and transmittance lowest for the
surfaces prepared in SF¢. Samples made in air and N, show
decreased transmittance relative to flat silicon as well as de-
creased reflectance in the short-wavelength region (A
<1.5 pm for air and A<1.77 um for N,). 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 SF4: 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 (SF¢, Cl,, N5, and air) as a function of wavelength.
Traces for flat Si(111) are included for reference. Surfaces structured in SFg
differ most from the flat silicon.

1.2-2.5 pm. Structures made in Cl, 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 N, are less effective
absorbers than those made in halogen-containing gases in the
wavelength range A >0.5 ym for air and A\>1.3 yum for N, .
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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 gm).
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FIG. 4. Fractional concentrations of chemical species present in the surface
of the microstructured silicon for each ambient gas (SF4, Cl,, N», 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 (A>1.9 um for air
and \>2.2 pm for N,).

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 N, does not.® Therefore, the microstructures formed
in SF4 and Cl, share the same conical shape and those made
in air or N, are more blunt and rounded.

Because the microstructures made in SFy and Cl, 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, SiO, (x<2).° The
amount of oxygen in the SFq, Cl,, and N, 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.!%!?

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

Younkin et al.

absorptance in the 1.2-2.5 wm range decreases by approxi-
mately a factor of 2.> 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 SFy.

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 N, 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 SFy contributes to an increase of at least
a factor of 3 in the production of photocurrent in the pres-
ence of infrared light (A=1.064 gum and A=1.310 um) 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 N, 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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DIFFRACTION GRATING STRUCTURES IN SOLAR CELLS

Sudsom H. T, fnees b6 Gon’oand Dovglas B, Ruby®
. *Chatings, e, Adbwpergue, NM A7
“Samhe Natlonal Lebortoriey, Albugesrgne, N §7185-06782

ARSTRACY

Subewavelength prricdic Ratwring {geatings) of
srystaifinsailivon (o581 swisces R sobor coll applics-
tions can ke dedgred for maimising optica! absorption
iy hin o8 fims We have hvestigated o8 grsting
sirctiees ueing dgonn modeling, hemisphertiond refiees
o, snd interoal guanton oificlensy messuremenis
Madel caloulstions predics glmost ~ 100 % saergy coups
fng baa obliqeely propugstioy diffeciion wrders. By
fbrication sod vptical sharecterization of & wids rangu of
10 & 20 0B groting drucaues, we have schieved broad-
band, low {~ § %} reflectanee without sn satiwefieetion
film. By integraling gradag Qrustures isiy conventionsd
solar cell sdedigne, we kave demonstratnd shoiealt
current density enhancoments of 34 and 41 mAlow” for
reangader and wiwgulee 10 gating steuolures sooiparsd
i plenar controls. The effective  puth langh
‘erhancemuis due o tese gratings waes 2 wd LR
sespeotively. Optimized 28 gratings are sxpectod fo have
soun hetter pariernanng.,

INTRODUCTION

i most o8 photovolale moedules, 30 % of the
ot i axsocitted with the o8 waly {1 Therelwe, s
highly offixsive spprosch sbrad ot cont seduction in
crystalibne and pnlioyaaliine o881 solar colls & better
msterial stithestion by usiog thinegy {~ 538 g fims.
Reduced fHlm thickness s slso aftrantive dos i fower
bulk rosombination ad Sovrasscd open-oircull voltsges
provided ceanplets opticad: confivpment can be schivved
{21 -8 fg strongly sbheorptive by the PWvisitde speotred
seglon, ooy, in oo IR reglon (&~ @811 g aad
purtiodady oexe e baad odge, the shsorption i wealy
2.8 the sbsorption deopih iz ~ 100 ot 3 ~ 1 gee {31
This week sbweption femdamestally Timite the perfare
mance of thin-8he B solar selln, Susfloe fexturing
schoyws afed o onbenclyg seer IR shsomiin Y
obtique sptical coupliog inte the sewiconducior have
oo extensivaly fovestipated {1 Surfive structuring
schemes based on gavaseticnl oplivs poosiderations may
have Hmjed spplicability in thin Hbas due o tonture
dirnsnaion approsching the film Bisknes.

A& periadically texiured surfce such 8 & geating
grroctane can Be wed io enhanos absprpticn bee thin flms,
Sheng, ot ul. et proposed this e thin Gl o-N solw
sofla (3] Using & waveguide ononliguration, 31 wis shown
that sn sppropristely desipred groting stuchiwe can
enhance duwncironlt ourent By ~ 48 mAdkn’ i
comparison with 8 plansr surfes, . Helme awd Morf

investigated diffroction gratings T o8 salar oolls [6L In
thelr schome, geating srutores wers  designed  for
sptirser ooppling inte ohliguely propageting dHfuction
oedes inside the semiconducior waserisl, Broadband sntie
veffection charscierisies of gratlog auctaes bave also
hoon extensheely tvestigated {FL

Here, w2 repet onan dovestgation of sube
miroroster o8 geating structuees by modeliog, berels
sphavical wofleciands, and Interal guantus elficionay
messwements, This nvestigation will felp & aptimizing
aeating strectures aimed st maxinlaing optival gbsarplion
i thin- i o8 solar oofl dovives.

MODELING OF GRATING STRUCTURES

Light intersetion with & grsting structre B &
compdex funotion of several persmedes oluding inclder
waveloagth, angly, polarizetion, puied, pofile duty
oycle, and depth I8 Por salar ccll applications, thy fondr
surfies geating should be designed to andaner infoveed
absorption by efficientdy coupling of Ught Into the modes
fhat propagete nearly penlidl w e swiace while
miniedzing soupling Inle the normally propugating 2oop-
arder mods. Using sonvosrcially avalable GEQLYER™
modeding sellvare, we have Dvestigatsd rectanguian
irfagutar, snd blared grating structures,

Figure 1 is an sxample oalonlstion. §t shows the
diffraction officleney S both TE and Th-polarizations
for pormgd Incideness The peating pedad was selovted st
843 g s that both fiest snd second ondirs wars prope
Sating. Finer porfods » g.g., 9032 jun, whore anly e
two dhorders relatively wesh ensngy copding, For the
FE-golarization, ~ 40% of the fncldest anergy 8V 6.5 pm
depth 13 oouplad dnfe the Sidifftection  ordes
{propagsting 8¢ ~ 3% with respect o the pomeal),
fivrend entegy s soupled into the A3 -difftacion wders
{propagating W ~ 60° with rospent 1o the sormal) Por
Thiponlasizstion, slmost 80 %6 of the oidemt sy i
supled o the 31 and $3Jilnction ordos. Sadlar
wdoulations: fr idangolae-proliied grettng sirechas show
that st TBepolariaation, ~ S8% of fncident erergy I8
envpled ni the 2 idifmetivn ordery sad approxhmstaly
10% s coupled beo the 3diffaction onfes, AL TR
polarization, ~ 80% of the coorgy i oouplad inte &b
ditheetion orderg snd ~ 9 intp the 32<Hfaation

ondees,  Finally, R the blaced grating pofiles, newedy

100% of te fatident encrgy B conpled ftn diffructlin
wrders for the TE polarizstion. For THepolaciaztion, sams
behavior fs seen with ~ 3% soupling oo the 2
difftxction onfor. A conparison of the snergy distriteatinn
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sowng diffantion erders for the geve profiles reveals thae
the bazed grating struntire vouples move enurgy fota the
sravenitted. diffisction oeders, dut tha soupling Ints the
seonned order 3 comepwnable S dthe theee grating
seustirss. The oxctangeler prodil shows the least snsegy
trsmafer Into diffacticn unders,

In genersl, our cadoclations show thet high
diffiaction sficladies wn by achivesd as long s e
pogugetion aople s 8 80° with sespert & the swline
noemal, For higher propagation angdes, wost of the sresgy
is coupled back inte the normally progapating sem-arder
modes.

o8
TR-potackotion
5 % dary cpele -
£ / %
8
ot P g
5 : 3
OO s =
% i ~Fcied ;
o +§ and ~{-aeders é
sy
2 s Boaeders ]
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R : e
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T3 %% duly gyele -
26} 3 %
R
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A e
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fobsg &3 X G [:3:3 3B
Girating depth {lam}

Figuss 1. Diffiaction vffivienny caloulatives es s fuetion
of grating depth for symmairie rectanguler et grating
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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 10 atoms cc™! 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 Lid.

1. INTRODUCTION

With today’s rapid development in sub-micron elec-
tronics, it is becoming increasingly urgent to fabricate
a high concentration ultra-shallow p*-junction for the
source and drain of the PMOS (p-channel metal-
oxide-semiconductor) transistor [1]. This need pre-
sents: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 p*-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

1 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 10° 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

( dopant concentration Q.. laser intensity absorbed by the
Cy surface dopant concentration crystalline silicon
C, thermal capacity F reflection coefficient at air—film
d, thickness of the silicon wafer interface
d, thickness of the thin dopant SOG film iy reflection coefficient at film—substrate
D mass diffusivity interface
d, junction depth R reflectivity of the sample at
Ad;,  junction transition depth 4 =248 nm
h enthalpy - ! time
i imaginary unit ( = \,"’- 1) T temperature
7 laser intensity T, room temperature
k thermal conductivity - coordinate perpendicular to silicon
N laser pulse number surface.
N,  total number of grid points in the

computational domain
7 complex refractive index of SOG thin Greek symbols

film o absorption coefficient
7, complex refractive index of silicon / laser wavelength

substrate o mass density.

in which dopant gas molecules such as BCl; and PCl,
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-state 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 cxcimer lascr 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
" -junction depth and sharpness as functions of laser
fluence and pulse number are revealed.

2. EXPERIMENT

The sampile 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 Q-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 10*! cc ™' by spin-
ning the glass solution at 3000 rpm. The sample ts
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 cnhance the laser energy coupling
into the silicon at KrF laser wavelength A = 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 puise width
of 26 ns (FWHM) is used as a heating source to induce
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Fig. 1. Schematic sample structure for the ultra-shallow p™-junction formation by the excimer laser doping
with a solid dopant spin-on-glass.
Oscilloscope
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(A =248 nm)
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Beam Splitter el 4 i
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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 0.9J cm ° 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 p*-junction. the laser pulse number
N 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 torr. The sample surface morphology
is examined by the scanning electron microscope
(SEM). A liquid gallium ion beam with a diameter
of 2 um is used for sputtering by scanning an area of
50 x 50 um or 100 x 100 um 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. lon 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 Associdtes
(Redwood City, CA) is used for calibration of the
boron concentration in the p ' -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 p*-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, Q.. is represented
as a volumetric source term in the energy equation, as
is given by

Qu(z.t) =1~ R)(H)xexp(—az) (1a)

R= 1+ 7, exp(—idni, d,

(Ib)

4)

where R is the reflectivity of the thin SOG film on the
silicon substrate and « is the absorption coefficient of
the silicon at laser wavelength 2 = 248 nm. . is the
thickness of the film which is 3050 A. r, and r. are

X. ZHANG ¢t al.

reflection coefficients containing refractive indices of
A, = (1.5, 0) and 7, =(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 = 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

(pCAHT)

Two boundary conditions and an initial condition
are required

T=d.t)=T,, —(z= —dut)=0,

Ti=0)=T, (3)

where d, and d, are thicknesses of the silicon wafer
and the dopant SOG film, respectively, shown in Fig.
1. 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

)+ Oure “)

where the enthalpy /4 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" m. At each time step, the numerical solution is
iterated upon, with the convergence criterion set as

fori=1,N (5)

where the subscript i denotes the grid position, the
superscripts new and old represent the consequent two
iterations. N, 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 mdependent
of the temperature. Therefore, the mass diffusion is
decoupled from the thermal equations. The mass
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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

oCc 8 _oC

8t oz
The boundary conditions and the initial condition
for the mass transport are given by

Clz=0,)=Cy, C(Z=d,),0)=0 C(z,t=0)=0
)

where the surface boron concentration Cg is chosen as
the experimentally measured value. Since the dopant
concentration is about 2 x 10?! cc™! in SOG film and
the boron solubility in silicon is about order of 10%
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 C,,
which agrees with experimental observations
described in the following section. Boron diffusivity
D is set as a constant 2.3 x107% c¢m? s~ 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.

(6)

4. RESULTS AND DISCUSSION

The morphology of the laser doped p*-junction
region after the removal of thin SOG layer is smooth,
asshown 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, itis
not clear yet whether the molten silicon solidification

3839

process is epitaxial for the laser fluences in the range
of 0.6-0.9 J cm~?. 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 10%° 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]

T, = 1685 Si
= 1980 SOG (Si0,)
Density [kg m 7] p=233x10" Solid Si
=2.52x 10° Liquid Si
=22x10° SOG (Si0,)
Thermal conductivity (Wm 'K '] KTy =299 % 10*/(T—99) Solid Si
= Liquid Si
=1.39 SOG (5i0,)
Thermal capacity [J kg™' K] C, = (1.4743+5.689 x 107*T) x 10%/p Solid Si
= 9.6045 x 10? Liquid Si
= 740 SOG (Si0,)
Boron diffusivity [cm? s~} D=0 Solid Si
=23x10"* Liquid Si
Latent heat {J kg™'] Ah = 1.4x10° Silicon
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Fig. 3. Ultra-shallow p*-junction surface morphology imaged by a scanning electron microscopy (SEM).
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Fig. 4. Ultra-shallow p"-junction dopant concentration depth profiles at different laser pulse number ¥V
with a fixed laser fluence 0.7 cm . 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 . 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 10" cc ' 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  higher temperatures, the thermal conductivity

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

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 y 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™?, the diffusion penetration length at
N = 20 is smaller than the maximum melting length
and therefore, no dopant accumulation occurs. The
pt-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 d; as the distance from the surface to the position
where the concentration drops below 10'® cc™', 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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Fig. 7. Ultra-shallow p*-junction depth dependence on the laser pulse number for laser fluences 0.7 and
0.8 J cm~% The solid dots are experimental data measured by the second ion mass spectroscopy (SIMS)

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. 1t 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™?), the incremental
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Fig. 8. Relative p™-junction sharpness dependence on the laser pulse number at laser fluences as 0.6, 0.7,
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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 d;/ Adj, where Ad,
is the junction transition depth, it is found that the
p'-junction sharpness increases rapidly as the pulse
number N increases for the lower laser fluences of 0.6,
0.7 and 0.8 J cm 2, as shown in Fig. 8. For the laser
fluence of 0.9 J cm ™2, the p*-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
Jem ™2,

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 10?® atoms cc~' 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 Jcm 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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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 {s laser iradiations are different. Under the ps laser irradiation. silicon surface is melted
before the spike arrays tormed. while under the fs laser irradiation. the formation of spike arrays does not pass through the liquid
phase. The evolulion of microstructure is strongly dependent on the laser duration.

¢ 2004 Elsevier B.V. All rights reserved.

PACS: 68.35Bs: 61.82Fk: 61.80.Ba

Kevwords: Laser material processing: Surface modification of solid: Laser ablation: Microstructuring: Femtosecond pulse: Picosecond pulse

1. Introduction

The surface madification of solids by laser pulses
has been studied for a wide range of materials
including metals. semiconductors and dielectrics
[1-0]. For silicon. cumulative irradiation with laser
pulses can produce regularly micrometer-scale surfuce
structures |2—10]. which possess some novel optical
properties promising for new device applications. such

* Correspoading author. Tel.: +86 2165642167,
fax: +86 2165641344,
E-mail address: 1zhao@fudan.ac.cn (L. Zhao).

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 SF, or Cl, 13.4]. The
formation of silicon microcolumns that prouude
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/% - <ee front maiter «{: 2004 Elsevier B.V. All rights reserved.
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work, we report a4 comparative study ot the micro-
structure evolutions on Si surface under the irradia-
tions of femtosecond and picosecond laser pulses,
which correspond to the characteristic tune for the
electrons cooling to the lattice temperature in solid
{1 1--13]. The ditferent 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. Under
the ps laser irradiation. silicon surface is melted before
the spike arrays formed for the laser duration is much
longer thun 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-
tormed structure  hints  that the sulfur may be
incorporated into the surface by a different process,

which affects the optical property ot laser-structured .

sihicon [ 15).

2. Experimental

The silicon wafers used were p-type polished
monocrystalline (1 00y with  the resistivity of
10 £2 em. The surtaces of samples were tabricated into
microstructures under the irradiations of ps and t5 laser
pulses. The ps and ts pulses were generated by a
Nd: YAG laser at the wavelength ot 1064/532 nm. pulse
width of 35 ps and repetition frequency ot 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
fens. The faser spot sizes are around 200 pm (ts) and
400 pm (ps) in diameter with Gaussian spatial profile.
All specimens were irradiated at same laser energy
density of 1.0 Jem® and in 70 kPa Sii, ambient. The
same energy density and repetition frequency for the ps
and fs lasers make all the experiments performed under
the sume irradiation power and thus only the pulse width
plays the role in the compuarison. The number of pulse
shots can be adjusted from 1 1o 9000 by a mechanical
shutter. After irrudiation. the morphologies of the
specimens were examined with a scanning electron
microscope (SEM).

PERRAS16A | >

Fig. [. SEM (vicwed at 45 ) showing the evolution of the surtace
momphology of Si produced with 35-ps laser pulses in the SE,
ambient upon irradiation with the given number of pulses: (a) 50,

(hy 200, (¢) 8OO and «dy 2300

3. Results and discussion

Fig. 1 shows the evolution of microstructures on
silicon surface produced by cumulative 1064-nm ps
faser pulse irradiation. After irradiated by 50 pulses.
the surtace shows the ripple-like pattern (Fig. 1a). And
then, it has been molten with widely spaced ridges at
the center after 200 pulses (Fig. 1b). After 800 pulses
irradiation. some segregated protrusions form on the
surface (Fig. lc). The protrusions develop into sharp
conical spikes nradiated 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. 1d. 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.

FFig. 2 shows the evolution of microstructures on
silicon surtace produced by cumulative fs faser 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

SIONYX1403000015.0016
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Fig. 2. SEM (viewed at 45") showing the evolution of the surface
morphology of Si produced with 120-fs laser pulses in the SI
ambient upon irradiation with the given number of pulses: (a) 2, (h)
HOL (¢y 50 and (dy 800.

(FFig. 2b). There is no trace ot molten layer: only some
“droplets” on the surtace are visible. This phenom-
enon is different trom the case shown in Fig. Ib, where
a molten layer appears in the ps situation. This
indicates the ditferent 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 tormed. 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: (1) firstly, the ripples developing on the surface
(Fgs. ta and 2a) and then (ii) evolving into some

25284516A | >

Fig. 3. SEM images created by 7500 laser pulses of 35-ps duration
tayand 3000 laser pulses of 120-fs duration (the parameters are sanie
as in Figs. 1 and 2. respectively).

protrusions  (Figs. 1b-—¢ and 2b-c) through self-
organization whose physical mechanism is still
unknown and (iil) subsequent laser pulses differen-
tially removing the silicon substrate around the
protrusions and depositing on their tips, eventually
forming the spikes shown in Figs. 1d and 2d.

Ripple structures are found on the silicon surface at
the early stage of the spikes evolution (Figs. La aund 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 {1.2,16-18.24]. 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 u scattered or stimulated wave at the
surtace 121 Other possible origins for the ripple are
capillary  wave. surfuce acoustic wave [19.20.24],
surtuce tension gradient [21] or freezing of surface
wave {22} Recently. Emel’yanov and Babak [23].
developed the model of periodic defect detormational
surface detect structure formation under fs multi-pulse
laser irradiation of semiconductors and demonstrated its
feasibility for explain the origin of fs-formed 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 by fs
laser, shown in Iig. 2a. These experimental results
suggest that the periodicity of surface ripples dependson
the laser pulse duration, which appears to support the
conclusion reported in |24}

We compare the morphology of silicon micro-
structures formed in the presence of SI¥, by fs laser
imadiation and by ps laser irradiation. The fs-formed
spikes. shown in Fig. 2d. are roughly 15 pm tall and
separated by 68 pm in the center of the irradiation
spot. Lach spike is caped by a ball 2 pm in diameter
und the side of the spike is covered with nanometer-
scale dendritic roughness that appears to have neen

«deposited on the spikes (Fig. 4b). The ps-formed
“spikes, shown in Fig. Id. are blunter than the fs-
formed spikes. They are about 40-50 pm tall and
separated by 1020 um. While the surface of the ps-
tormed spike is much smoother and typically lack the
spherical cap on the tip (Figs. 1d 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

Iig. 4. The spike surface of laser-structured silicon formed by (a) ps
laser pulses and (b Is laser pulses.

PHEOA451RA | =

luser pulses) are about 6 > 107 spikefem” and ahout
3 - 10° spike/em”, respectively. We believe that the
difference of spike density berween ps and s 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 immadiation. The
ps-formed spikes show molten laver features not only
on the tips of the spikes. but-also on their sides (Fig.
3a), which is similar to the microcolumns formed by
ns laser pulses 15.6.10]. In contrast, the frozen-
droplets appear only on the tips of the fs-formed
spikes. just like caps covering on their tips (Iigs. 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 ts laser pulses under the same
experimental conditions.

This difference between ps and fs ablation can be
explained qualitatively by considering the laser-solid
interaction, which has been extensively studied in
recent years | 1 1-13]. 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 guasi-
equilibrium situation is established by electron—
electron scattering on the time scale of about 107!V 5.
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
107" 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 107" s, which can
efticiently 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, 7., 7, and 7 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. 7., is the time of
lattice heating by electron—phonon scattering. which
is in the order of 107 "% s in Si |11-13]. The 1), is the
time of thermal diffusion. which is on a time scale of
107" s | 11--13]. The 1,_is the duration of laser pulse.
The time of laser heating solid depends on the faser
puise duration in the laser-solid interaction. So. the
laser pulse duration 7;_ plays an important role in the
initial laser energy deposition on the solid surface.
The characteristic time scale 7., and 7 separate the
laser-solid interaction into two different regimes.
which we call thermal {7y, > 7..,) and non-thermal
(T, < 7..p,) ablation regimes. Fig. 5 crudely shows
the time scales of energy relaxation processes in the
laser-solid interaction [12]. 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 107" 5. In contrast.
fs laser pulses open up non-thermal processes that
take place on a timescale shorter than 107'% s hence
before thermal processes kick in. In particular. with
high intensity fs laser pulses. ultra-tast phase
transition and ablation can occur, which is con-
siderably different from thermal process. Now, we
discuss our experimental results shown in Figs. | and
2 using the characteristic timescales shown in FFig. 5.

In our experiments, the duration of the fs pulse
(T, = 120 1) is much smaller than the lattice heating
time ., ‘The equilibrium between electron and

252845164 | >

lattice cannot be established during the laser irradia-
tion period and even the heat diffusion happened is not
sutficient to transter the energy away from the surface.
The 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 surtace. Atter the
columas (Fig. 2¢) 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 (7, = 35 ps) is longer than 7._.
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 107" s and
most of the deposited laser energy is transterred 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 t its melting point gradually.
Surface gradually melts and molten layer develops on
the surface just as shown in Fig. 1b. On the other hand.
the thermal diffusion is not sufficient for 7y~
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 surfuce via
evaporization process to produce segregated protru-
sions (Iig. l¢). 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 centrul of the
irradiation spot ({7g. 3a).

Here, we briefly discuss ns-formed  structures
shown in [5.6.10H4]. Silicon microcolumns protrude
above the original surface formed by ns pulse laser
irradiation in ambient gases. In this case. the duration
of Jaser pulse (7; . = 25 ns) is much longer than .
There is enough time for thermal wave to propagate
into bulk and the laser energy deposited on the surface
is sutficiently transferred into the bulk. Theretore. 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 trom surtace 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 trom 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. [For short laser pulse. the removal of the
material is preferential. Mechanisms leading to
structural modification using long laser pulse are
thermal process in nature. lt appears that the laser
duration operates the balance between the redeposi-
tion and the abiation.

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 Skq ambient. The microstructure evolutions
are hmdamenta”y ditferent. The expenmenml results
suggest that laser duration is of key importance in the
evolution of laser-generated spikes on silicon surtace,
which determines thermal diftusion and operates
ablation. In the case of ts laser irradiation. the ablation

DEORARIRA 1 >

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
mnitial 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.

Acknowledgements

This work was supported by the National Natural
Science FFoundation of China under the Grant No.

60076025

10321003, the Shanghai Nawral

Science Foundation under the Grant No 01JC14010

and

the National Key Basic Research Special

l'oundation of China. We are grateful to the State
Key Laboratory for Advanced Photonic Materials and

Devices,

I‘udan University. for the assistance in

performing the ps experiments.

References

{1} LF Yong. 1.S. Preston. HM. van Dricl. LE. Sipe. Phys. Rev. B

(21

P‘vl Fam hu AL Siegman. Appt. Phys. Lete. 40 (1982) 824,

{31 TH. Her. R.J. Finlay. C. Wu. S, Deliwala. E. Mazur. Appl.

Phys. Lett. 73 (1998) 1673,

{4] M. Zhao. (5. Yin. L'T. Zhu, L. Zhao. Chin. Phys. Lett. 20 (2003)

{51
(61

{73

(8]

o

(16

AJ. Pedraza, 1.D. Fowlkes. D.H. Lowndes. Appl. Phys. Lett

Douglas H. Lowndes. Jason D. Fowlkes. Antonio 1. Pedraza.
ci ESA/1SS (2000) 647,

. Wu. CH. Crouch. L. Zhao. JE. Carey. R. Younkin. J.A.
i Mazur. RM. Farrell. P. Gothoskar, A. Karger,
Appl. Phys. Lett. 78 (20011 1850

R. Younkin. JLE. Carey. E. Mazur, J.A. Levinson. C. M. Friend.
1. Appl. Phys. 93 (2003) 2626.

C. Wu, C.H. Crouch. L. Zhao. EE. Mazur. Appl. Phys. Lew. 81

J.D. Fowlkes. AL Pedraza. DH. Lowndes. Appl. Phys. Lett.

[T ER. Goldman. J.A. Prybyla. Phys. Rev. Lett. 72 (1904 1364
[12} D. von der Linde. K. Sokolowski-Timten. J. Bialkowski. Appl.

s 1O 10 (1997 4.

SIONYX1403000015.0020

SAMSUNG EX. 1002 - 1221/4148



BNSDOCID: «XP____

LOY o Zhi et al S Applicd Swrjuce Sciemce 2435 (20055 102 108

{131 Dovonder Linde. K. Sokolowski-Tinten. Appl. Surt. Sci. 1547
IS5 (2000 1.
nchez, L. Morenza, Vo Trdk. Appl. Phys. Lot 75 01999y

3303.
[15] C.H. Crouch. 1LE. Curey. JM. Warrender, MJ. Aziz. 12 Muazur.
t Lett. 84 (200 (8560,

[16] 7. Guosheng., PM. Fauchet. A E. Sicgman. Phys. Rev. B 26
(L1982 5366

[17] JE. Sipe. LF Young. I.S. Preston. HM. van Driel. Phys. Rev.
B 27 (1983 [ 141

. 25284516A_ 1 _>

[IR] LE Young. B Sipe. H M van Driel. Phys. Rev. B 30 (1984
2001 .

G Grorodetsky. L Kanickis T Karyaka, R Melcher, Appl.
Phys. Lett. 46 (1985) 547,

{201 S.1. Kudryashov, S.D. Alten. J. Appl. Phys. 92 (2062) 3627,
121] TR, Anthony, HE. Cline. J. Appl. Phys. 48 (1077) 3888,
[22] Y.E LuoJJ.Yu WKL Choi. Appl. Phys. Let. 71 (1997) 3439,
123] V.L Emel’yanov. D.V. Babak. Appl. Phys. A 74 (2002, 797.
124] D Jost. W Litdhy, H.P. Weber, R.P. Satathe, Appl. Phys. Lew.
49 (JU86) 625,

(o

SIONYX1403000015.0021

SAMSUNG EX. 1002 - 1222/4148



Electronic Acknowledgement Receipt

EFSID: 26312351

Application Number: 14747875

International Application Number:

Confirmation Number: 1722
Title of Invention: Pixel Isolation Elements, Devices and Associated Methods
First Named Inventor/Applicant Name: Martin U. Pralle
Customer Number: 136549
Filer: Andrew W. Schultz

Filer Authorized By:

Attorney Docket Number: 143705.05211
Receipt Date: 11-JUL-2016
Filing Date: 23-JUN-2015
Time Stamp: 16:26:45
Application Type: Utility under 35 USC 111(a)

Payment information:

Submitted with Payment no
File Listing:
Document .. . File Size(Bytes)/ Muliti Pages
Number Document Description File Name Message Digest | Part/.zip| (ifappl.)
1051527
1 Non Patent Literature Murkin_2009.pdf no 15
ed82a967493463dbas5c09341c3a3b76f68
Warnings:

SIONYX1403000015.0022

SAMSUNG EX. 1002 - 1223/4148



Information:

297169
2 Non Patent Literature Myers_HarvardPhysDept.pdf no 13
5c076fb04a7350ee859cf34e7d607d9878f]
Warnings:
Information:
2802659
3 Non Patent Literature Nauka_1985.pdf no 3
0d4bbcb9933b8c247b07685332ac2f4b913)
753c4
Warnings:
Information:
1498268
. Nauka_1986_NewlntrinsicGett
4 Non Patent Literature - - df no 7
er ng . p dee37a707ed04ec875637bf52efaa5241628
59e3
Warnings:
Information:
4699960
5 Non Patent Literature Nayak_2003_SPIEDigitalLib.pdfi no 4
f53ed004110770164cfdf4ecdee509e0affod|
385
Warnings:
Information:
7440996
6 Non Patent Literature Nayak_2005C_Se;n:cogfductorLa no 4
ser ryS a p 77545d59e74cc599ec58758401f57416653
35¢34
Warnings:
Information:
6070517
. Nayak_2007_ApplSurfaceSci.
7 Non Patent Literature yak_ _d?p no 4
p 91fdf8278550591372f9984269a788161858]
Warnings:
Information:
690647
. Nayak_2009_MaterialsResearch
8 Non Patent Literature yaK_ Society.ndf no 6
yp e0566ef6bcfa56a042844138608a€9131ae6)
Warnings:
Information:

SIONYX1403000015.0023

SAMSUNG EX. 1002 - 1224/4148




723536
. Nayak_2011_ResearchAndAppl
9 Non Patent Literature yar_ . *t dF PP no 9
Ica IOI’\S.p 5962f8532b08326c570027c3b30dcdabadc]
Sca92
Warnings:
Information:
12994610
10 Non Patent Literature QOden_2010.pdf no 10
7619d42{7745b2a5e06988bbede4de2d3f1
bf671
Warnings:
Information:
313751
. Pain_2005_ABackilluminated.
11 Non Patent Literature - - df no 4
p bbfedcadfabc7aacc8097f138e2be35873153
94d
Warnings:
Information:
797555
12 Non Patent Literature Pain_2009.pdf no 23
99c2b23f7353871206552f23ea2a51e0b8|
2foea
Warnings:
Information:
614777
13 Non Patent Literature Palm_2004.pdf no 8
d95cd48628fd404b77dfab12f4f84a141668)
cced
Warnings:
Information:
1457070
14 Non Patent Literature Payne_2010.pdf no 5
6a2c938f8676532cb21c25feal0cdOeat223)
Warnings:
Information:
725054
. Pedraza_1999_AppliedPhysicsL|
15 Non Patent Literature - -APP 4 no 8
trs.pdf
b8cee7b67096749802bfbd3afe33793138f
Warnings:
Information:

SIONYX1403000015.0024

SAMSUNG EX. 1002 - 1225/4148



725054

Pedraza_2003_AppliedPhysics

Apdf no 8

16 Non Patent Literature
b8cee7b67b96749802bfbd3afe33793138f

Warnings:

Information:

4725777

17 Non Patent Literature Rashkeev_2001.pdf no 3

741a9b26114e89792107925fcc74aca6470
de0f3

Warnings:

Information:

485495

18 Non Patent Literature Russell_1989.pdf no 6

24ab2d32fc8e7a506a601c31ec6829490aad

Warnings:

Information:

974057

19 Non Patent Literature Russell_2003_SSCPacific.pdf no 6

7338b26469¢9a0345bc218fo1b717f0fba72}
4259

Warnings:

Information:

6207622

20 Non Patent Literature Sai_2008.pdf no 3

4c70bde62df23f4549aa8315679a2fda3614)

Warnings:

Information:

5134904

21 Non Patent Literature Sanchez_1996_Whiskerlike.pdf| no 3

2d2c9ece091fb35e9609e605f7e56d8dd cd

Warnings:

Information:

4810445

Sanchez_1998_DynamicsOfThe]

pdf no 4

22 Non Patent Literature
8960c8a084a80dff6bfa6931030e3a7dcf81

Warnings:

Information:

SIONYX1403000015.0025

SAMSUNG EX. 1002 - 1226/4148



2704794

23 Non Patent Literature Sarnet_2008.pdf no 15

8657bc415f08f3020ac5dc9c4c6063048504)
719

Warnings:

Information:

1261403

24 Non Patent Literature Senoussaoui_2003.pdf no 5

0396068513 cda8cf304626a23894b38ca8s)
4bh63

Warnings:

Information:

275277

25 Non Patent Literature Serpenguzel2004.pdf no 9

68003afce7bade340e3533e45ed944882a3|

Warnings:

Information:

347566

26 Non Patent Literature Shen_2007.pdf no 3

f2406eacdb44ce08e3940ef97ddfh9372478f
9a50

Warnings:

Information:

12512054

SolarEnergyResearchinstitute_

1984.pdf no 10

27 Non Patent Literature
78cfed4b5537043952fdf1009f981d6592¢ 3|

Warnings:

Information:

5934788

28 Non Patent Literature Solthusvik_2009.pdf no 3

9e030d00bc3754335b1 18a5
5d13ec

Warnings:

Information:

10391786

29 Non Patent Literature Stone_2001.pdf no 6

fd! 2ce 1300a6.
ch10

Warnings:

Information:

SIONYX1403000015.0026

SAMSUNG EX. 1002 - 1227/4148



30

Non Patent Literature

Szlufcik1991.pdf

799386

5d0c30e5063740935704a9d eetf9a29008
cla

no

Warnings:

Information:

31

Non Patent Literature

Tabbal_2007.pdf

527746

a0b82bd850foee796872187bS5fda4e60f8f9)
86¢c1

no

Warnings:

Information:

32

Non Patent Literature

Takayanagi_2007.pdf

1294056

ed844fAcbB5c12e1b0fdcad022967185234f]
Oca2

no

Warnings:

Information:

33

Non Patent Literature

Tower_2003.pdf

2310811

eba3d772edb3a8407054a5100b887df0954
6951

no

Warnings:

Information:

34

Non Patent Literature

Tull_2007.pdf

8153883

037c¢360c382fc2b9bf47362776b2da2b1d7|
a52aa

no

174

Warnings:

Information:

35

Non Patent Literature

Uehara_2004.pdf

480240

e4bc10071ad2c99e31189dd6465a3101d9)
30c9

no

Warnings:

Information:

36

Non Patent Literature

Wilson_1984.pdf

2049764

c0ad75200a7faa:
132b

no

Warnings:

Information:

SIONYX1403000015.0027

SAMSUNG EX. 1002 - 1228/4148




8729122

37 Non Patent Literature Winderbaum_1997.pdf no 10
9319f5b306628ebc2e8589da04e30f53361
Warnings:
Information:
5020631
38 Non Patent Literature Wu_1999_APSCentennialMeeti no 36
ng.pdf
58fc0cf21a7da2ea09d0d8f84f73889a92d4|
710b
Warnings:
Information:
5410273
39 Non Patent Literature Wu_2000_Thesis.pdf no 138
6fd36a6c384a92d 1ae9e5cfe8S5571a725a43]
Warnings:
Information:
361848
. Wu_2001_AppliedPhysicsLette
40 Non Patent Literature - -hpp 4 no 3
rsVol78.pdf
e8f4a9215584d7f12d792e893bb335c9659)
30908
Warnings:
Information:
291419
41 Non Patent Literature Wu_2002_AppliedPhysicsLette no 3
rsVol81.pdf
b60e606201a7b431540d 1bce3bdd3a8b74
Warnings:
Information:
4227673
42 Non Patent Literature Wu_BlackSilicon_1999.pdf no 40
2bb6a45c93823c3b50a73852894adf51¢93|
267a
Warnings:
Information:
12016946
43 Non Patent Literature Xu_1993.pdf no 9
54790907dc94a867bbae847d9f2822435f6|
c4bc0
Warnings:
Information:

SIONYX1403000015.0028

SAMSUNG EX. 1002 - 1229/4148



1273767

44 Non Patent Literature Yablonovitch_1982.pdf no 6

aBdef6fed8feS508e6ec0609cc9362c738a7
46ce

Warnings:

Information:

421949

45 Non Patent Literature Yamamoto_2010.pdf no 4

effa345fb9f171099%ecb37b26501e0d03829]
6e7d

Warnings:

Information:

238518

46 Non Patent Literature Yasutomi_2009.pdf no 4
7dd16cbccbdsfdbaSa76a7d409d7f6{fa0b7|

Warnings:

Information:

1739419

47 Non Patent Literature Yan_2010.pdf no 7

b48980f55f8ed b3e772ffb0f1 bacob6d5440]
bcaf

Warnings:

Information:

5144732

48 Non Patent Literature Younkin_2001_Thesis.pdf no 136

1f0e3703a2b18belab76bd3dd7c21651f22]
2721c

Warnings:

Information:

325011

Younkin_2003_JournalOfAppli

edPhysicsVol93.pdf no 4

49 Non Patent Literature

838dec3f7c5709f19cd4066c297850246bb|
9a856

Warnings:

Information:

414073

Yuan_2009_AppliedPhysicsLett

ers.pdf no 3

50 Non Patent Literature

38ba48c35faa2e90282720908d4cca24d89)
Sea69

Warnings:

Information:

SIONYX1403000015.0029

SAMSUNG EX. 1002 - 1230/4148



1086636

51 Non Patent Literature Zaidi_2000.pdf no 4

0ac5f6c1490085075cc6d3edale0a361d04i]
al32

Warnings:

Information:

814553
52 Non Patent Literature Zhang_1996.pdf no 10
27f139¢127e7023b37d9b18e8605ef9769f1]
d680
Warnings:
Information:
669226
53 Non Patent Literature Zhu_2004.pdf no 7
€1232928e940617b23d88819971bf6e7f56|
d4fe8
Warnings:
Information:
Total Files Size (in bytes):l 162470800

This Acknowledgement Receipt evidences receipt on the noted date by the USPTO of the indicated documents,
characterized by the applicant, and including page counts, where applicable. It serves as evidence of receipt similar to a
Post Card, as described in MPEP 503.

New Applications Under 35 U.S.C. 111
If a new application is being filed and the application includes the necessary components for a filing date (see 37 CFR

1.53(b)-(d) and MPEP 506), a Filing Receipt (37 CFR 1.54) will be issued in due course and the date shown on this
Acknowledgement Receipt will establish the filing date of the application.

National Stage of an International Application under 35 U.S.C. 371
If a timely submission to enter the national stage of an international application is compliant with the conditions of 35

U.S.C. 371 and other applicable requirements a Form PCT/DO/EQ/903 indicating acceptance of the application as a
national stage submission under 35 U.S.C. 371 will be issued in addition to the Filing Receipt, in due course.

New International Application Filed with the USPTO as a Receiving Office
If a new international application is being filed and the international application includes the necessary components for

an international filing date (see PCT Article 11 and MPEP 1810), a Notification of the International Application Number
and of the International Filing Date (Form PCT/R0O/105) will be issued in due course, subject to prescriptions concerning
national security, and the date shown on this Acknowledgement Receipt will establish the international filing date of
the application.

SIONYX1403000015.0030

SAMSUNG EX. 1002 - 1231/4148



N
P
o

.

R
A
R

%

R
N

T
&
D

SRS
P

SR
ST
TR
SRR S
SREISR
SRS

SRR
PO

3

R
FOROABRY

W
AN
e
’g’\\\,\\

R
o

Z

B DR
S
R

>

%

2%

\3@\‘

Sy :
S »,\\@\

2

R
R ?‘;\\\Q\\\

R
S S A:\S‘-\ ORI
T R RO
& THR ST e
S R R

2
R

RN
S
A

AN
&\‘%&*’
S

o

%
%
@

SIONYX1403000015.0031

SAMSUNG EX. 1002 - 1232/4148



=

L4
N

: &
bE

R
e

e

B
N
H
S

777

Terund,

v

2

W
St

SIONYX1403000015.0032

SAMSUNG EX. 1002 - 1233/4148



e,

Zz
7 e
.
\\?WMW\W\\\ %
7
o

< 7

Ve,

%
%

Frescoapi

o,

Fofnngni

e
o

ot
e

EAy
A
i
Sicwon
€%
3
Girnes
62
e
L
Hiicueg e
% R 3
P s
) .
LS RN
P s oy
pordragsce.
ety
Loy P i p
P 3 H ¥ ;
pes
rovincer

2

i
&

SIONYX1403000015.0033
SAMSUNG EX. 1002 - 1234/4148



it

72
7 R
.
\\?WMW\W\\\ %
7
0

< 7

%
%

g
%
P

e
7

werprsras

s,
Fpri?

o

P

2y
S
s TG
i 4
§s b
e gy
; e
Glnencer ,...\“\\
Bsgsiness .P.;M.
s Wi
Vel
o 4
B
seragrs
it
%
B

Pbasrng

e

_—
ot

o
b

S
§

A,

SIONYX1403000015.0034

SAMSUNG EX. 1002 - 1235/4148



R
«

i

SIONYX1403000015.0035

SAMSUNG EX. 1002 - 1236/4148



>

2

-
S
\\NW%\«K&@
RS
CaR
g
G -

ke
Bt

22 vrnnets

grecoce
Fiin
P

SIONYX1403000015.0036

SAMSUNG EX. 1002 - 1237/4148



A
T
\\M\i\%‘@%\\\\\@

R

L

W
%\ﬁw@

e
OO
%

SoaT
SRR
§ \@@f-s}‘@‘(@*@
DO YoaNAR
R R R $ AR
PN o A AR N W 2
S T R R TS
T e ST RaRES
O R A R S RN R R RO 2
ST SoRTRTRES R
SRR AR TR P AR SRR
\\;\\\ A;\‘\‘\ S R A ‘}}A'\.\'L\{’

NN S
D DU AR
S D A PP
& SRS
R R e O
SRddes R e3¢ SRS SRS
WANSARVEN R VR D
e L RE R
e S e
QOO o SNlNRETe
XS AR
AR AN EN
D EENRY ORISR
R R SRR
R D A A
R O Raihee
’ X N WA
AR DO ORI DR
SO RN S O K
D SRROR LOOUE SN S
S RN NSNS
SRR AR T A A Ay
R
NN OCOGOR ORI
D ORI PRI A ®
NrddiatTes SRORORN S S
SEdE RS SIS WA
& 3 R SO TEE SRS
SRR S e
i N R
B el Ly L

SR =
GO i

S
AR
N

SR

X Q}'\\“ S\i\

PN

S
W W N

SO

AT RV
W

R

TR
RS
e

%
s e
R R

SIONYX1403000015.0037

SAMSUNG EX. 1002 - 1238/4148



Phesen

REN

3
eroveesie

EES

&
Sepsirss
g
555
kA
(S
Fiesrs
S
L%

"

A

cggpres

R

v
o
P47

et

Nesrsigrd

P

il

>
§
3

e

SIONYX1403000015.0038

SAMSUNG EX. 1002 - 1239/4148



s

” - o
v . ity ¥ 3%
? S o
g
B i et £
oosssmmn g .
3 reenigrs, ol
it 5 20y
iy 21
e ¥y
i
il 4
i i3 m . ik s
b 5] i el L
5 4 o, s
. %wm Kok L8 o
-7 = 54
S N\,\ p 3 et %% 4% .
T ; i % £ p
\w«w\v\%\\w &% oo % A L2 iy
el R % 1EE 7 . oo, 5%
. = fi 77, o
. | v i : -
0 e Sogpronssy ey, eap 7Ty
G : 3 T A i 7y Y
T ; g 3
A .“:\\v»\\ u\.\w %, o rtnees vn«\vui Gtrinpe:
7 o ool o Gonar. s g
w\w\@\w\m»%\m»v\«\.\m\v pors B o 7%
\W.\%\\\\ i E B XWWV.\\ & s
Z 55 i n? ot 75 =, k :
. Dl i G
o e 2 74% s
G i 2 Lt TR
. i ok A
L B e 5% £.4 £
o

Ei
g

::.
>
Bt

SIONYX1403000015.0039
SAMSUNG EX. 1002 - 1240/4148



\_
“
N e S

o

7
2
%

%
\
.
%
Z

Ziz
G

Zz
\\mﬁ\\.\\%m.&t@
SRt
\\\\M\v e
s
%

oo 1
RER

€FD: & e
g . grenanss

Sesntinniinn - SNRANARK:

ke
S
S
AT
T
.
A
7

2
\\.\\u\\\\/wwf.
& e
\%«.\\v@\u«\.\,\\\\\v«v
Gt 2z

%

%
.
R,

Ko

Qassdend.

G
X

AN sa

ey,

o

SIONYX1403000015.0040

W
N e
aaw
o
Soax

FARAARAAN 7
Tewocooctn & &

SAMSUNG EX. 1002 - 1241/4148

Sl E oo
PR | Fee
B s
A
A %
Ll




ST

G
.
&

7
72
n

L

R

7
7
%

2 3
- e
- o :

A

. o %L 5
£i i} H
=9 3
porz Ly
g “M

KA F s

B nsetonooin

stebaon

O

S

; o
froemr i
Xk P
A P

2%
ke

g

.
vasr

SIONYX1403000015.0041
SAMSUNG EX. 1002 - 1242/4148



g
A

.
O

N
.

i
1S
&
-
Y
&&\g
AN

3
X

%‘\\\1
.
.
N

AN AN A

o
YA

¢
Y

.
Y

<
7

SN

a8
B

§
S

N %A

»:
&

.
SRR

S
W

N
\\\‘§ §
W

X

@{.\\
S
VN

3
D
@@*‘

3
N

8
%\%\

2

AN

N
O

S
L
N

S
.
SN

!
N

%\\
o

AT

R
D

R
DR
A
R
@@"\t
AN

-

e

W

i iz 4 Ee
i P2

s
.

.
.

CPANTBELE AL G
¥ @t Ao UG 1 ORI

W

DA

X
Sy
S
DO

i

N

YR

e
O
AN

|
N
TR

8

g oy Z \\\\&»W
LS Lot o
Prcssest el Z -
Crtea, . Py o
Loy, <\Q{§M W.\\\»m E \&\f\\ﬁw
st Frordt Zorirrs Z ,\W\W‘h
A 5% z .
% 55 goeer % i
e o %, S f : il
v, wn gy o, \\%w .
? T g B % o spreisy wV\\V ok \v«&.
¥ i Gl Z o
Ve et ., Lo
o e g Z 7
oy 5 X 7z 7z,
Bl o e e Z %
Socari varenin T By S o £ Z o
£5% 5 % Z
S e T e o
- " sty ik, N = 3
s, 60D T, sl g
v P gt [
NSRSV IR S 4 i s
g Seibon Y
Tpsiensi [ < gar
g i e
%t 755 %
S %3 e
i G Eiad
VM\\.HM i eriore NSO
o 255 2
£47 o e,
T vum\ L% z
Gosisiinn. fnins S “onei e :
o g [, Jensen, sy, Z <
vm.i«\\w .“MH,W e, W&\.\N...\\ @\ \.»@\M\ 4
s PRSI £5% pres 2 ¢ 3
A G, 5, Gosriove & 75
. S 4 a2 i i
PR Ty ¥ . G gty gy % &\.\\ %
Gt 3 i i i R, oo
> ]

SIONYX1403000015.0042
SAMSUNG EX. 1002 - 1243/4148



N

K

RS
S

(3

\’&?’b
L

N

AN

stebaon

H

P v

§
will
9%
£

Lirik
£ 5
..
St

5,

&%

S,
don &
%G

© oy
A

&«i}.
Y
R
¢

i

5%
s,
%%

Fonie

e

Griptopn

e
“ v

e

oo

12%

&y
Firca
e
544
Noscaiiy

boncs

53

S,
%
wrriipnds
erageeny
o

s

SIONYX1403000015.0043
SAMSUNG EX. 1002 - 1244/4148




L iz,
L%

7
o
LS
e Ao
e %A»Vm T
o
x»\\v\».)&ya\“»\ %
ol
ol
o
S \A.%\\«.\\\\ Z
RS
\vﬁm\\\ e
i
Gk
S..,..\\\.;\\AWN%MVI
G

i
it

it s b e b

SIONYX1403000015.0044

SAMSUNG EX. 1002 - 1245/4148



L
\N»Q&
i
P
2

D
\V\W«

o

’ ;
.
- 7
75 214

A
%
-
o

% \\,«.\. \W«“\\
&
.

7
7

7z \\1\ Nm\f\
R «%\\‘.
g g
L

QS

oo
2 R
\\«v\m&m&w\m\\@\w\
S
0
2 «“\A.\. % w\.Aw.
7

77

\A\\\.§

SRR LN

W

v
Y

LoEs

‘N.\.
i

i3

S

R

Ko 4

g ey

Frmei

N

£y,

e d

gpreerees

224

2l

v
R

WG

e,
S

Sgpoeas

%4

sheasresss

SIONYX1403000015.0045
SAMSUNG EX. 1002 - 1246/4148




G5
e

Z

S

SIONYX1403000015.0046

SAMSUNG EX. 1002 - 1247/4148



RGN

G
%\\@«\ DO

R

o

.

%\

S
%

&
\\“\@\ \
\u\\:\i% S
DS

VI

SIONYX1403000015.0047

SAMSUNG EX. 1002 - 1248/4148



§\7 :’\:‘ NSNS
Senee
e
ST
SRR
RN ‘Q,\\\ N
R
DR
DEOROORS
O »\\\:\@ N

B N
DA

S

D
G

Y T
QST dsdlddidosNge
EdtTey s R DO
SR X SO Tttt tevee
R e SRt R e
K VR {%\; S "Q DO RO
R : RO OO

RS
RGN
CONE RSN
e
2 Sddddres
TR
R R
-
R O s
R @%}g\\g\\, SOk
e

A S
S N

T
T *3\@4%)
L

W :@X’\\Q\’\’\%/\\
R ¢ 3 e
RO TN
L
AR X SRS
8

o
o
R
5

X ,\'@'\}“\@
R
X S
D “%”
W

D

&
o A
%\X\

% S
S

R -‘\ S
SN
ST

SNy

R AR

SRR R
R

\
RN
L

T SR
R Tilddoas
‘ L
R 3 S oo 0N X ¥ \%\7@\«@,@@\@& ,”\)@}%’@ S
SRR e SO Al
@‘\\\2@{& S 9 SR e
N e 0 DTN \\\Q&@&%@\@Y R
e SN
“‘$\§\Q‘\ X RN R
AR \Q\'«\}\\‘@.‘.\
SN
e
O
R
P ARAAAEA
X ‘§x\ “\%&Qw‘\s}.
SR R X

3

EEOS G

R R

SIONYX1403000015.0048

SAMSUNG EX. 1002 - 1249/4148



2
S
e
.
A
Do

W
O
S

Z

i

SR
R \$@\ \\ﬁx@i\“\’x\\y@\’\
Ll
SR RN

AR XSO SR
R T
R T T
X T e &\\\% \g\\\x\é@\\\x
SR SUTNVEN RS D \\4\\®%§,\\$
L
¥ , 3
D O R T O e
\Q\«;\\‘@\\&\\\}’ \\Q‘\“ AN '%/*‘\\\\"‘@{,‘.}\\\\ -.\\
'%\\/\@'&\&‘\ \‘\\\ RRREE ‘\\’§§ ®'\\\ \\\- R
“ R e
AR Ao TR
R R
S A Y SRR
RO R T RO R
y § TR _;\{\,\\‘ D N R ,:*\&% S
SOOI TR SORRY

e SR

L 3’&‘ O '\ \\: >-\\$’\\"\\\:§’\<\\§\\®4\®1§\ ¥ ,\\\‘}\Q SR

AR T R R e e

FONR ’@ Q& A \\\}\@Q\ \\,\\\%‘w},«. R \((\@Q&Q&

AR : A SO T T

SRS N R A A P A
DS S AR

SR & D %\\/\@\\\\%\\g» 3
SRR T

SRR DONTS

PO R

i \
N
B -\\1\5

N\
R
3
|
PADAY

S
i

% >
Z

S

;4
%

}:{é{

/?
S

g

e o
2 %
=
.
o
2
SR

L
.
e

S

2
o
o -
A@/% = =<

S

-

<

e

A
A RS
SE
S
R

2 ‘@% 3 % ®\
D N

D "»"Q\'&\%§ D

RO RA x\@\\\&

L

o
-
-

7
%
.

P R

SIONYX1403000015.0049

SAMSUNG EX. 1002 - 1250/4148



N
DORER
ToOUS
IR
e
O

3 LR
RO
e

3

S
%&\9@ xR
PSR OS:
\\’.”21\%'\;“\%\%%2\\\\

DA
Dot
e
R

N N
RN
oo
SN
0N
N
S

e

R ORI
AR
Nk

M)’\?g

A

K S RS
Saidcasesee
%}\\\}’ < \>\\,§\ >Q\\§>\’\®\
A .\\\’ R
R

A

S8

STy

SRR

0 \»g,;; 4
D N

W&@

AbATR
L

SIONYX1403000015.0050

SAMSUNG EX. 1002 - 1251/4148



2
o

%

\»\m%

-
R

ke o
Rt
.

%

e
&.\, %7

7z \\
R
.\\s\m«\\w»\wmv\\m%
T
o

%
Gondors

e

Firadss

e

reniBirns

Eopornss

sivens
ki

ey
wenBoss

Lok

roncecnn

ooy
£
Briinr
7Y

A3

g

Ssgiansgy
Lt

%
S

s

s
zZ
afrsi

757
22

%
Foosbors

e

SIONYX1403000015.0051

SAMSUNG EX. 1002 - 1252/4148



SOURHAL GF SPRLIBG PUYSBICS

VUL UME 83, MUMBER 1

FIULY 1

Optical intensity of light in layers of silicon with rear diffuse reflectors

Jafirey £, Conted®

AsroPivern b, Nebark, Beloware IF716: 30K

{Rees

wed §7 Qotober 1997 peonpiad for putdiciron 31 Masch 1908}

Laght yoapping ¥ sesential to the porformanceof thindayer polyorpstaliing silioun solar calls. One
rolmivaly e et of Yipht irapping de the wse of texared of plgrented dictentrl byas s iy
eeiy sarfiee which diffuse seud reflect Beht reaching the reay sndacy. This antivle gresents 2
om-direessionad gpticslUmuded of thin siBcon solar ells with such sear diffuse dislevine nellectans,
Experimental fost reflecianes sassnmments abd ray iy sivwlaions of thin, phaae sificon
Iavers with reer diffuse Selentric rear seBRcon are presented and compred i e shoded with gt
ageecment. Fioally, sn expiossion Tov the vpper it of the optival crbancement Sictor 3 developad
for this typeof Bebt tapping. 0 1998 Amevicn Inatinie of PRysics. [SONEH-S2T000R%1 2-9]

L INTRODRITON

One of the key challonges for Sdndayer polycrysmiiing
sifieen photevaliaio techaologies & overcoming the wls-
tresly weak sheorption of Hght in the solur spectrurs near and
tetow the bund gap onevgy of silboos (B eV) & ppicat
thicknesses {10-38 quml, the sheorber of & ddnclayer poly-
erysisbiine siticon solar coll i iransparsnt 1o & harge fuotion
of the solae specweor, (o consespunly By Meht-penersied
caprent 5 sovesedy reduged. For this rouson, thin silicon solar
<ol sructnres offen ncorponte s from of Hght weppiog
ahwring the refravtive el wilective propenios of Gie tvo
surfaves 1o trap Bght doside the solar uell

Bebessey based on sundomping relleating wanhwes e
potentiaBy very effootive 2t wappioy bt and hawe thy
sdded benefit of conceptust  shmplicity.  Gownberger?
Yablonevitch wnd Cody.” v exareple, padict that. » e
stonrdy texrered aifioon wiefhee ot bebaves filke & Lamber.
thae cnliter fs ospetially welbauitnd for Hghe wepping. How-
wver, this type of sueface B saredy incogomtad i osilicon
sedae el feachdiopr™ pohaps beesuse the roust eadily
conveivable medwd of fuming the surface, 1., sand blsst
g o other sbrasion fochnigues, would resall i whacoept-
shie seface damege. Recently, soveral sesesrchees have beew
explorag the wse of reflective dictectiie coatings, whinh ks
wivenage of elfer s random toxture formed Juring dwir
deposition {eg, in oside’ sias t‘misic,m G Soxide ¥
wve thin-Riwm dianend® or fmeirporate plgmeni to refleoy and
sostey Wi Bt in the diclsctrio Taver” 1o tnprove e agaieal
characieristicy of polyveryastiine tun-dayee asd amorphous
g Bloy sihicor sofarcelly, Fipure 1 illusrasey tus concept.

The diffaw redlogins hags thesg bevelin o absomtine of
rear-band pap Hghto st Hght sot abaodead by the hin
sifeoon loyey o the R pos 3y selfeoted hack it the silicom
bayer. Sead, the gifTanely reflected Bpht travels at an ob-
Bepae angle fothe sueface pormal acrsasing te avarggs dis-
tanee traveled tavugdy the tis shops fayer Thind, » faction
of the diffone Hght reaching the Gost surfase can by reflentet

“Ehertusis Wl oy @ ave o an

O T-RATORBRAUTIR IS0

apain by toted wierasd reéflection back inte e thin sificen
aye

]

This anticle firs presems s model wich pradias the e
wasity of gl asd the slectron-hole pair pensration peofile
in o thin whoon hayver with o e dffese diddcose reflseior.
i e seonmi port of thia aetdcke, he medel will bewd 1o
predict the wavelsngih-dopendent, total front sueface reffes-
tapon. Experimenial measurements nunde an i silivon Iy
ars with soae Biifuse dicleciie reflociors and f3y vaging
sendations am also protented jo copraborsie the madel Bi-
aslly, the wmodel will be wsed o devbre an uppee et Tor the
optical enhavcement Gtor and paxdict the waximen Bghas
peneratesd onment 35 3 way 1o owdusie the potential of sear
Siffave diclootrin refiocting loyees rachinye a high degroe of
Fight mrappiag o i villoon soder solls,

# OPRCAL BUDEL OF UIGHT I8 THE SRICON
LAYER

The Hght paveliog in o cilicon Jayer with pavaliel planar
sarfaves amd g vear Sifuse dielectrls seflcers van be churag-
resked by Toreant and reveow soaveling Soxan. Ju ssch o
seotion, e Busey con be divided Inte dirent {4} and diffuse
{4 vomponoms. A valid fey order spprosimation s that
ke dilfose Roxen bebave scoording o Beer's e in one
Simvasion, chaasterizaad by weightedhaverge absorption
and transedicsios ceeflicienty whinh secoumt Yor the twes-
shimesnsionsd raturs of Siffuse ght s Dds model, e affects
sach as cartion-density-dopenden fos-onerisy absorpmion sod
doping-density-deprudent banid gop sarrowing s neglested,
Fahormore, W the thin Taver iy relniealy dack sompassdso
the cotiorores fesgtioof sualight ta sificon {03 om}, -
wrftrence e can 2o be aspivimd

With thess awmpions, s only aocossary 1o kaow the
tensity of cach of the Suxes st one phing within the sificon
Iayer. Thes, the Wial imensity @ any ofber poldat can be
wasily detorsdond wiing the sesBoenional R of Beet's
Faw amd serening the fouwr fuxes 3 that poiat 1o this anicle,
sanh of the fluses ave sproified s thyy dopart from vackvof
et sitioo surfrees, as ilostoted ¥s Fig, Q.

Brprewsions for sarh §; aod & can osniby be wiitisn by in
fernes the other & ast £ by wspestivs of Pigl 3,

T 1908 Arnariony. etBate of Phgaios
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LTy pap{ = K g b (- T Lo+ 830
Lo Fuppd Ly b Brop {1 - Tderpl ~ Kl
Lo Ty exp{ ~ Kwil g+ {1 ~T 34,

The kectdent Huxes are donvisd by & and Ty sed san repees
sent the direct and diffuse components of vadight, for ex-
ample. The & or L ave voupled by the nusodssion oxeff-
ciemds & or Ty which ropessont the pansmbsion of et o
Siffse Nt doongh the silicon saerfaoes, respeotively. The
exporcaid tenms contadning e produect of w, e gilicon
tayer thickness, and oither & we X, the abeorpiion cosfBclent
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FI3. 2 Digraes oof the S Rtes suoded shookeg Siesed s sovesse {a)
Hroce Bumen {14, xcul {6 diffuse Snam (3 hovving fhe sificon Joper saes
Toors, The quantinies oy, eod o, which s e B! rofisctance of the
sean seflegttr sast the frecdon of istomad Spke voopbad Hom e deat
diffore fux by e roas aflscten, sespectivaly, aie alon delived.
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of dintand Sffuse Hght, respectively, aocoupts for absogp
How of light s the silfcon hoper, Light insids the rear reflector
iz reBected by & factiw Py, ond the Fracon of the dived g
eomerted to e diffese Bux by sach rellecting in the vear
sefinctr v dosribed B the Tactor B The selfocted flax
tntensities arealiw indicated in Fig 2. Althouph rot explin-
fady weition, sich of the voeBlicients i g {1} depend ve e
wavelengh of hght. Furbermore, shoorplicn in the dielecyie
misterdal 3% neplovtad bors, dof oould be inturporated by -
sloding apgeopriats expovential tooms, -

These cighs aquations ars mon compeetly sxpressed snd
e castly ached when Iy omants foive, e,

frpdrd and B Lol

where § and L are colurns veotors sontainiep & awb &, , ¢ and
£ contatn the angedssion and sxpopontial abaovpiion face
tors, ank @ angd B contain e ncidem Borey and e cone
ling of Yght Bom the diret oz e the diffse fun by the
sear Siffuse arfiscton The watnix alpebva sobutiors of ihe
sbove saprossiong ane

BTN and L - {O~ 100 (2

where § 3y the identity rosnis. Sioce no Bt s ooupled fon

* the s Texes to the direay Huxes, d containg so L fonns,

ang By {23 oot by relatively castly solved algedesicslly oe
smunerically, espocially asing PO mathemalics softeare,

f pensral w. g Snd F cun be deternaned by sepee
rate experimenial meanwnmendy {wee Soo, HiL & B knowsn
from published experimental does,’™ and expressions For o
gre well foown for bace swiaces and shgles or naliilaper
optic contings.'? For ¥ wad &, however, ¥ o segessiny
Soow or assnns e sogpdyr disteibution 'of diffuse Bght For
this work, # b awweed thal the angudy dsribetion of Hgis
1% uaifons fesids the e diffuse disloptrle reffoctor. This
swenrption i valid for both cases where the textuend botom
surfsey of the divleotriv bobevey Bhe o Lambortien cimiter
and where Hpht b wntered In cadors dlectioes by pig-
oot depeesed iy the dickomic malenial, Then, thy &8,
sotial ey 2t a0y poins on the silieos arfave incident fom
side e dicheoute laver s descrbed By the Lomberdas
tsmiburion

B8 (8,81 o cosl S NI B, {3

whore § and £ 2 e altiiode {Sefond with mypeat to the
suefooe normd} vl cdnady angles sod @ i the radiant dne
jensity contaired witlin & Siffeential sclid sngle of
Sin(SIE .

The weiglead-average tansmission frow the rear diffoss
seflectoy inm the dlicon, ke, Ty, can be foumd by mtcpeating
the peosht of By 3} and an sppropriste sogle-cependent
teunsinission forcsion 14 ) snd dividing Yy the totd lncidem
fus {afier Coettherger)’ The Heits of integration we the
selid angle vomalnieg the fux disuthution, @ this oo, the
hombsphere definnd by the fouom silicon surface.

T f wf} X ;
; L £ 6 AP (A8 43

PO R

where By wd
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The Lunbertian distrthution vannet be assumed S ihe
diffuse Bunes inside the silicen Wyer. Nefrastion at the
reffevtoe-silicen imarfsoe foonses the anguler distribution so-
cording 10 8wel’s baw

Moot S%i’){ g,ﬂ"&} G 1 sind f}?&;w

L where g dad g are e eelmtive Indices 1n b dicisoyic
sefiecior and the stlicos Jeyer, espentively, angd @y and #y
ave shaibuly difined. The focused Laseborion distriboting
inside the silicon layer can be destribed by solving ‘?Zmﬁi 3
faw for {i’ﬁﬁ and substituiiog for 836 i*:q {3

{ v \3
RS e { ATONY i g i 8 |
X H

el

o ey 3
R osin ] sgosin b sind & }j

Id {ng
X v AECSHY §
ieff}‘ 1??,“3 o

s ;—?i‘% cosl 8} sin{ H)dBIE. 5}
ARy

NMeote that most diclecine matariads have seliscies iad-
wes doys then sicon fayo 358 nogr 11 eV and, for this
case, il of the difuse Sox s contained within 3 solid angle
defined by Sy Naresinfiaglingd. The weiphted-averige
srsnsmisaln for $iifine Habt eccapiog tevugh S front sur
fave, Ty, tedd for diffuse Bght escuping back indo the ey
sdiffese veBonicr, ¥, can be fousd by tntegmting the produc
of B {5 and an sppropriate wople-depeodent Toawsmiseng
fosction, In this oae, e Thaie of intepration are e sdid

anple bovaded by 85 . Thas,

g [

whers, sgain, B g

In pencral, the comploxity of 5 &) mekes closed-form
solutions to Baao 4 aesd {8) difficelt @d someriedd teeh-
rigues wee regeied. However for & hypotheieal idesd s
reflction coating fle. 1 0 8y=1 for @il angles exospt these
satisiying orienia for totabmierns) reBocion, whsw ({8
=@, Bas. (41 ot {6} edves o Ty Ty ¥ oand Ty il

The diffese Hones tavel o average, @ grostes distance
thraagh the silicon hayer, resulting 1o o geaer sffective ab-
sorphion ocefficieny, &, An expressios fr X can be doer
mintd using & similar weightedpverage approack, The fre-
son - of diffuse hght sheorbed on 2 single poss through e
si¥ions Tayen o ¢ Rutinn of aRitede sogle s

8

j by 81 19,5, ®

(=1~ ewp] - )
S LT SN

{7
Therefore, the weighted sverage fraction of diffuse gl &
sovebed f given by the integrad ovey the distshation:

) H Y f ¥y %
tegm | o dvaton), ®

whiclh can be sobved numerically. As sffective absorption
soefficient X cao be defioed by

Joltray £ Ootiey

fa= 1 oxp (= Bw), b2
which leads 10 wo cxpression &e K isderms of g
E“W 3 4?
F st {1f
- {40

I general, the ratter of X708 36 Jons dan the averuge path
fergth, implying that the por-prss absovption enfiantement
factor is whao Tovs thas the pathelongth oxbancomers Toctor. T
the Hmit of vanidhing absorptins cocffolant, te per-pasy a2t
anrption ondancanent factor spprosches ihe path-length e
hancement Ipctar, which, for the focused Lambegtian distns
fugdion, ¥

{11}

swhere B i3 the por-pass average p;s{is length for Bffuse B
The vahee of Wi varies frone 1810 1 B0 05 a1, vardes from
ERERGE TN

e Jopdich asvrnption contadasd By Bas. (&) and {11}
i el the distobution of the Siffice Hox is not distorted as 3
teavels rough e silleon faver or as 1t i wffected by the
stltens surfves. Absorpnion will toad © sBoousie the disee
bntieer 2 bapde angdes of @sen to the longer distanes Irvvefed,
Adsg, runsmission al thy surfices wod o altonuate the dis-
fribution of the refieciad portion of the diffee o for @
bedew ey oritead wagle fov totad borasl refleciion, These
efferts wre sonall, however, 85 will be wen In the experinen
tad wnd ray weeing weels of Sex TR

Finally, from the ontrany Bux miensiiies o e silivon
surdaees, gy £y, 8y, wed £y, the toual Su profite, Fiah and
carsier geverstion prolife, plzl, can b owritien for w ghves
wavelength of Hilt

Fiay=y axp {~&ad+ iy exp {~ Kb
iy enp kw23t Ly wxp { - R{w 21k

angd
steis bk ep (LK exp {~ Kol v ik
Kexp (kw3 H 8K exp {~ w23}
T3
Mot that the ssts of F{2) and 2{z} are davrmned by those
expressed i the nciders fuges, Ty sod L. Therefors, for
example, fo and Ly roust be sxprevsed in photone-s” Lo

for §{2) 1o have wais of cleciron-hole paimes™ om ™,

i FRONY REFLECTION I THIN PLANAR SIHICON
LAYERS WITH REAR DIFFUSE DIRLECTRIC
REFLECTORS

Measwremnent of Gosbsucine reflacion of tie sificon
Bpnss with v diddertric mifaciors over the wavelengih
range of 756 IS8 newm iy 2 straightiorwarnd way w consho-
raly the el ontlinod above. For shovter wavelengids, Bght
i reistively stronghy sbsoebad in the cificon layer, and the
fromt reflegtion i dorsinsted by the Feeart swrfuce. For fonger
wegvelengibe, Bght is relaively weakly shasstad, and Dight ks
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reffected and staitored by the rear veflector muny e be-
fore sscnping back dhrough the Hoot serface. Therelore, the
moded can b tosmd o twe exirowmes and, importuniy,
ecugh the wansiton berween them,

&. Fabrication of diffuse dislectric refsciies

Fwo ypes of ey diffoue refottor were wond in this
wark, The St wiw 2 commercialy available, Mghly refice-
five, diffuss refiector umdlyr to white atmadurds coenesiy
ased for colibrasion of buegraiteg sphores, The second was
congructed by pusiag §oor 5 wobl e of thanben divgde
priceter with 3 theomopdastic of knvwe selantive indox. The
ttaninfonded phastie refevtor was formed by § onsdooasting
sechnige,

B, Meanuramant ang sxtrection of B 808 pig

The extomal il and sxtermd diffese-componens reffee-
sivities (R e 808 Ronet of the dislocte refoctoes wers
rusasured aver the wavelsngbs between 730 and 128 s
wsing a Perkin FBlowr Laobda- ¥ specirophatpmeter, & gloss
fray v the mgraing sphere allewed B o d R pe o b
mieasired sepastedy. Froot these Iwo mpasirnnonts, the ex-
wngd divect-component reflsctance {800 can b cdlene
inted usiag

o™ Fovsn™ Begegitr {14}

The measuremonty were mads in alt, tevelore 1o calons
hate iy and oy 1S pevessary fascomst for relection @ the
reflectoradr ntorfane, The fraction §, can b doteradned by
apalying e dimctcompossnt safectance data

{15}

wheve ¢ et 2 fem berd e e bousangission sad reffection
eoeificients for dvecr Hght dee 1o the refrective fndox change
ar the suefce, which are ghven by Bao (37 o dhis ease
Beoosuse Koy ® way measwred for cuch seffetor at alf
wavelengihs, B b

Par the oase where B0~ L de nsoxd aflecianes, iy,
can be cudonland ooy the meownesd extomal jotd mifen-
tanee, Ry, gn0 BY Sotousting for theoffet of the change in
eefraviive inddex at the sorface

f}m ﬁs‘n kog‘&'?} ﬁ!‘ {Eh}
where ¢ and roare the trassroission and sellection enclBivians
for divect Hal, respostively, and Tand R (8= ~F s dn
tearsmission snd solaction coslfivients for diffuse Bght ese
caping hnfe S respectively, The vadues of ¥ and ¥ wie sab
sulated using Bye {17} and {4}, respentively, snd the sabod
wnttined in See. B Equation {16} is commendy known as
e Baundersos sorerting, and is oflen veed R ooret sun
Taow tromensission offenss for optical muwwrements of
pigment-lnaded wateriads

Figove 3 shows the meanued 8 o o and saloniated gy
of the diclectnic reffeotors weod bere. The small Burope it the
dain 3t & = 300 ner are due to the face thar the sprevopho

Jeliey B, Ontter 2%

=
[+
e §
-5
el

(
=
e

3
4.
*
<
D
PHRAIISBING

3
g

L& N 5 e 108
7R850 WeE A0Sn 1150 120
wavelsngiy fohng

PRL 3 3 tedal softoniaere (&% wiwnia, B30 Glania}

and rakudzied msrnxf seflectmrr £O PR iawin, OA% Uiary, Didiffese

white eovfoctyd of vasimes diefeide reBacions, s e Sanssission chars

{emsm af @ shab of puore therwmoptanic {4} »}u,»mg an mhanrption pesl &t
@Q Ty,

mmster changes detector & et wavelongte The obvious
auich i the measored sefiettance of the two pigment-loaded
wiiectory 38 x> 11480 oo B dug o e shearption pak je e
thenmoplastic wmedivm, which mducey the refoctance «f that
wavelenipth, The tresrakdion of a clexr dhab of the thermo-
plastic is abo shows B Fig. 3, indicating S absurpdion
peak a4l s

£ Massurament sod predicdion of ront refiection for
thin sillcon sy

Theire sitlficon Ryors weors propured by chessdeally thiandng
soubip-stded pelished, B8 Qon {100} sitivon wsfins fn s
32w % N sodution st HO3-110YC The hicknesses
were mensured with 5 refcmstope. Fev o polished silions
sustace with no opticsd coaving, and assuming candomdy po-
ferized Mg, an appropriste wipression for 1 S i

' SN s ampe s SN ©
15} i nf von{ )~ \s;e?w?z;._i sin §1 9, 4 4
£ P S . = §
af vos B nle el o 8%, ol

R I TN e
r:,“; eosl 8 al o, o sbd 8

H
2 PRI S wf_,s sinf €1

wheee i, wnd g e the refactive ndives on sither side of
e wanrlae, and § b defined on the fockdent side of the
surfave. When oo and 82 8= avsinlndng b which
are the conditivns for 1ol mﬁefm? n:i‘immsz, s P =

The refrpaiive index of sillcon follows w well-behwved
disg‘em’m redation botwers 750 and 1250 nre, and e given
by

BUIGRT
QLT L 107 - 0.00 356
for k expressod v am

Ryl X b= \53 *
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froet refinsiunce

a0 2 X ‘.
753 by Pty IO
wavalength dovay

1158 ISR

i, A, Prost welecternse of silicon leyors of varving Qotkeeasen {OA32.3
g, DSES pem O228 g O 480 ot weing U delacind Eiffoss white
sefietion {nuet 1) g ruodel poadivny ol fiowd

The two dielectde refloctons worg sttachiod o the Sdnned
siticon ke, For the white stadand seffecior, the reflecios
was Beld against the dlicon Jayer and 8 small o gap wis
presentbotwoen e silicon tayer el the weffectorn. Therefore,
the effective rafractive index for this elletiar B 2@ L e
titania-loaded emnopiotis reficcior vy cast dimetly pefo
the thin sibicon lavers, sad singe the volumerde Ssction of
pigmen v small {8%), the effective refmctive index of
the miztiry was ssewned egad to thet of the Sermoplastis,
givea byt

1284
eyt

TEOS TiEN IO
a0

#opf Ao LOGI 888y

for -k erpressed In nn
Frony the Boxes defipad i Fig. 1, the font effectanceof
shay salloon Japors with rear dindooriy reffecton can be wiite
ten
{08 Log

e {% ) 5 =
where I aad L, we ghees By the sobution of By, {23 Since n
dirset boam of moscchvmmic Bt was wsed 1o dhuninated
ihe sasples in this ease, Ly I zoro. Pigoms § and 5 show the
pesadis of frons refloctance memurement e the tvo reflector
materials with oo Wickeosses of silicoy, aloog with te
snodel prediviions of Sep, B

The daia support the model very wioll and lond cradit 1o
thee varlons acsumpiions made in Sec. ¥, Agadn, thy small
dincontinelty e e oeasusd fromt reficctee &k
== B60 s iv dur o e spertrophutomeies, which changes
detecton 2t this wavelengti

. Compasison i Yues dmenadorad roy heling
shmulations

T support the model of Seo. H for sear diffuse diclecuin
reffeckey of Righer refrectve index, sderailed way irsoing
analysis in theee Amoasions was cartied vet. The my weing
shmulator uses & recpsive slgonithm to keep wack of the vays
a5 they are reffecied, nnnnited, or soattersd. Befow a e
tadn intensity, (e shmolator pediches to 8 Mowe-Uario alge

Juttpy B, Colwy

3
h2
E
i
g
&
&2
RN R
GH L Bronn 3 by R
THG BEG BE R 1480 Y250
wavsiongth fnmd

PR3 3 Fooed ootz of sillonn Inyess of varying shickorssor waitl the
Hxspions Honide hoabel hermeplistic {81 s, 1% fuands, L3320 s,
5% thesin, T8 pre, 5% tianis) stwbed Gifese reps wfmus v
v b 86 s el predio fone el ek

yithm, wherehy 1ays we fransmdited, efivomd, or scuftvred
with 2 pobalelity proportions! te de velos of the uesmis
gion, eoffoction, of seatioviog coefficient. The  hvbeid
rsoursiveento~Carle wgoriton lnads to Bst ponvergence
and redanes the number of tiels requised o obvaln a statise
teally. skgnifeant reenle,

Bothe types of s diifuce dislectvie layey doscnbed
Fig. | were shrnalated, Raps {aidoet on 2 wxnwed wufaoe of
the swar of e dclecivie rollocty we wilected with an aga-
far distribution statistioadly eqaivalent 1o w Lanbertian e
bution. Rays incident on gmeny i the sear disfeninic e
Heoior e soattornd with s anguber distibution statisticadly
sepeivalent 1o 5 uniform anpuler distribition,

The foat reflecdon was clmuisted fov 2 100 pav-thdok
sitivon layse Wity plange fiont and rear surfaces {no optivad
coathngs), aed S L0 sud g 1L S difforent rafeee
five indices were stoarlated fr,= 1 13,20, 2.5, 3.8, wd
Reaagd fr both ortued aad pgmeoted sefestons. The
reaglis of e ray acieg wimdlation ars shows v Fig. &,
slong with the wodel predictives. Mot that the worsgase
devistion betwoen the rey trace stowlstion rewalits sl the

38
02
8R

frors reflesinngs
5o B
b m w

@ T
¥ %

12
o
?

.S
ok
7

e

= ey
weatangd s}

FIG. & Ray wweps sionplatbies e oo, X-pigoered) compand 1 nyodel
prmdicions {refst Bl of fomt refinstarne g oxilocaers of difforent sefents.
ton fndioer (et 30 ol v L L8 38 2.8 38 and ng gl

o
-]

I 124

Copyrinht £ 1088, &3 rights ressrved.

SIONYX1403000015.0056

SAMSUNG EX. 1002 - 1257/4148



3 Apgd, Phys, Yol 84, Noo 1,1 July 1808

model predictone dus o the axsomptions described to oo B
separding e disontion of the optiosl diaribetion seours for
o™ podwens B8 and 111 am, ey iy deviation
iv st and aor appasast w Fig. 8

¥, THE UPPER UMIT ON OPTICAL ENHANCEMERNT
FACTOR AND SHORT CERCUIT DURRENT FOR
REAR DIFFUSE REFLECTDRS

Yablomsviteh and Cody” Sest perforond this iype of
anudysis for the case where 1he rear sorfove of the silicos was
mxadomly festund, They showed dat the ppey gt forage
toal enbsnoorsent factor, whinh 1 the ralin of effective ope
tod thickness o physical Hockerss i ghven by 2 mé#ﬁ;,
which, for noar-band gap Bght in silloon, & appvoximaely
8, Here, e anudysin s oxonded o include Sifese rallect
iog disleotric lvyers os S rear surfasg

Coasider 3 thin siliven oy in adr with an ilval anthve
Beection costing or the front suface sl ax ideal diffuse re
Heoting Seleotsie oyer on the o surfive, The sdeat diffese
reflecnng diclentae yoe bas unity refiociascs and » weiforsm
angaky éesm{sx;sm of fight b @s ienion, by assunee that
fight & weskly absorbed Bt the dlican fayer, asd feally ac
susne that, on a8 fst incidence, Hght is immediataly conpled
inte the diffuse fox desoribed by the Sowsed Libeordan
dswbstion [By (9] Althoogh s fral sepmption o s
serierly wue in veal slumatiors, # is wsefdd for Sadisg the dp-
por Bt wn the optiond cohareoment facioe

The pptical snbansement fagton, F, con be defined ay ke
coubvalnt thdekness of silienn, Sw, it 2 sonBghi-uapping
fayer of silicon roguires 1o abeork the some amonnt of Hght
ax & givern fight tapping Structare of thickesss w. Thes,

Age= Eexp {- &), (8}

whem Sy is dofined as the faction of lopident Hght 3i»
sorbed by a Bght trapping strecture amt e dgh-hand side i
the fravtion of Hight abworbed by & sondight-frapping siracives
of thivkngss Zw. Ar supression for Ay can be derived eding
e above mentionsd assurmptions and the optiest moded Jo-
surtbed fo Seo. B Fiex, an cxpression for £y and &y as
wiition i Il poiation,

3}’}}%“{} 9 (1-Tet axpi~&w) m‘;q
foxpd ~ K & §
Iy
S

for whivh the scdutions ae

fom 7 iy
T T g - T
and
fnexp (=~ &w}
L3"“

P~~~ T esg i ~28w)’

The fractios of § ghs ahsarbed by the light trapping wracues
iy thes

Jettray £ Ooter B2F

TARLE } Befmiive ndex sl opien vedonoses facter for wariowy &
slecs maredaly, conduciing oxides, and Qiseok-dand gap seateondeton
wigh bmsi e Iigher thoss Qe of sititon,

Disforisic maesiat ‘Reir‘mve afitisa £
Air fie. doteched) e
3tk glames, £¥AT 1A-168
Thermegdesas ueed te X B =3 66
Bal¥y, End 1.9, 1.8
FuS, Til 13,34
8K Eale JOE S A 3 N R 4
Gal, P, Guax ERCIOR S K 24 25 ;3. 3RR I
3 o ke £ 3 mauma!

3
Syl L exp (- Kw))
&

£ anp { - 2&w}
3 e Tt anp {280}

(1%

This exgeasion o be shoplifisd by notiag Gt with te
gasumplion Bot Rght ix wealdy absorbed {fn ZEwRIY
esp{~ 2l and Prop{ 28w &‘-*sn oy thz*'
wfeal sntveflocion soating defined previvasly, o= f.wmﬁ@
Therefors, By, {19 sioplifies w

et
A=K WA

Substitating s exprasion inte By, {181 and mivmg for
Z. ﬁmﬁmfag thay, for weshly absorbeed Beht st~ :zxmm;
e Z ?&*?? i

jr kd SO
g ¥ B {23

Fer sinall absorption coefficient, 4% s appronimately given
by Eq {150 Ta this case, Bg. (200 is analogows 1o Yableno
vitgh asd Cody's mault, reduciag o = “‘ﬂi}%s) for Bep™8e

I3 formediasly obvioss from Bg (20% that & high ree
fragtive fodex for the dislecri v desiosble for roaxdenan
subaatement Hoigy, Canlidae materials belods comnus
swsparent divlectiv muiarialy, tivupaent comlucting -
ides, dienetband yap sommivonduciira with hond gap energy
greater than et of sifioon and white reflecting materials,
Table | Hetr some possibls manstiale et could bo used, oy
suving that g depocition tochnique which yiclds 3 suitably
rexnturnd serfice iy availeble oy dhat it i puseible 8 bworp
rafe pigments it the roaledal Tolds T also lista the ealowe
Inted upper Bmit of aptical ephanverment fxaor for these mae
tevials.

Fioally, with the ideal antseflection costing xad ideal
sear diffiee sefloctor semptions described shove, asswing
perfset entlestion efficiorcy for gooorated charge carrion,
srd wsing Gorresiial sodar spectrem data,’® an epper Yondt on
e Bght geasrand cirvesd oan be eatoulated. Figure 7 stows
the calenlated ol as a function of refrective ndes aad
solar cell thivkoess, Agudn, # s apparant hat Mgh rofisctive
indey is desired Ky masinues cuorent goneaiion.

Topyright £ 1008, AR dghte raserved,

SIONYX1403000015.0057

SAMSUNG EX. 1002 - 1258/4148



a4 3 Appl Phys., Vol 84, Mo, 1, 1 Jufy 1908

A&
Beop
3L 4000 :
8 W2
é; b D
ig; AGTLS
l‘g} & SRCIRY

X3 b 2

o 5% S

Heckrana o

£ 7. Frodived waxionwn Hphtgenoged oot 3¢ 3 foncsion of sofay
el dieknvss s reflector sefaciive indes.

¥, CONCLUBONS

The four Buxes spprosch prowented heve 38 3 opmipany
reprasentation of g cptivy. of untcxtored thin siicon selar
vells with Giffese rear delpotrie wllectors, 3 actdunis for the
forweard angd svesse waveling dima ond diffuse oooponenty
amd the ooupling of Hghe bawesn them, Using weighied:
average ransmission vocificients, the threa-dimensional g
v of diffose Hhoes oo be sedwved 1o one dircension, sim-
plifitog wabysis. B the Lamburtine distribusion ke kaown o
assurned i the dicloomic kever, he foonsed Lambertian gree
dicyed fromy Seell™s Jaw i an spproprivie desceiptiva of the
Siffse Huxres innide the eilioon lnver. Bepotivemsl seaswer
sty wed ray ucieg shmulaions support s swodel for e
case owhere the aafractive fndex of e e Sffose reflovtor is
Iower than or sgual 1o thet of silicon.

The work of Yablosoviieh and Cody’ was extended to
develop an upper ot 1 the opical endncereat factor for
sxbdona solr colls incorperating Silne war delsewic huyers.

G VB Bderetad Cofee Teating: Fied

Jetirey E. Covnr

This recalt, alony wite prodiord sariown Hghy-geserated
purren, ndicates that 2 Mgh refiaciive badex o wiltax bigh
seflaviance s noeded for 2 high degree of Hpht mapping with
vear iffiace diekecuic reflontors.
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We compare the optical properties, chemical composition, and crystallinity of silicon
microstructures formed in the presence of SFy 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 gm 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 um) radiation strongly

and have roughly 0.5% sulfur impurities.
[DOL: 10.1063/1.1667004]

Many types of micrometer-scale surface structures de-
velop spontaneously on silicon surfaces after repeated pulsed
laser irradiation.’ In particular, sharp conical microstructures
form on silicon surfaces in the presence of SFg with either
femtosecond (fs)? or nanosecond (ns)? 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 1ayer.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-formed and fs-formed structures also differ.

We made samples by irradiating a silicon wafer with a
train of laser pulses in a vacuum chamber backfilled with
SF,.* (Mazur and co-workers found previously that the dop-
ing, resistivity, and crystal plane of the substrate do not affect
the optical properties.®) The pressure of SF¢ was chosen to
match the conditions used in initial reports of these structures
(0.67 bar of SF, with fs pulses’ and 1 bar of SFs with ns
pulses®). 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/m>. 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/m?. 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,

“Electronic mail: mazur@ physics.harvard.edu
YPresent address: Dept. of Physics & Astronomy, Swarthmore College,
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and the laser repetition rate. To produce fully developed
spikes, an average of 500 laser pulses was delivered to each
area with fs pulses,* and an average of 1500 laser pulses with
ns pulses.’

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 um tall and separated by 4 um; the ns-formed
structures are roughly 40 pm tall and separated by 20 pm.
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-

248 nm, 30 ns, 30 kdf

800 nm, 100 fs, 10 kdim?

FIG. 1. Scanning electron micrographs of laser-microstructured Si surface
formed in SF; [(a), (c), (e)] with fs laser pulses, and [(b), (d), (f)] 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.

© 2004 American Institute of Physics

SIONYX1403000015.0059

SAMSUNG EX. 1002 - 1260/4148


mailto:mazur@physics.harvard.edu

Appl. Phys. Lett., Vol. 84, No. 11, 15 March 2004

10
ns-formed
0.8 ts-formed|
8 S0 ns-formed, annealed
seer % 1
5 . !
2 v )
S R ]
g 0.4F  ,unstructured: -
© o+ silicon \
y \
02 | fs-formed, annealed|
L e 1 -
O0 3

1 2
wavelength (1 m)

FIG. 2. Dependence of absorptance (4) 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 18 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 (7) 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 wm, a small decrease in absorptance
around 1.1 gm (the band edge of ordinary silicon), and
strong featureless absorptance from 1.1 to 2.5 gm. The ab-
sorptance at wavelengths longer than 1.1 um 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.° 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-pm-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 wm structure depth.)

Both the fs-structured and the ns-structured material ex-
hibit photocurrent generation at wavelengths from 0.4 to

Crouch et al. 1851

1.65 pm; 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 um
roughly twice that at 1.55 wm.’ 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 gm.”® 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 He" 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 ( Xﬁﬁ
~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 ( XI(;‘;
=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-field 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-field 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 gm 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.®
The TEM images and diffraction patterns obtained from an-
nealed samples are similar.® 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,” 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 lattice!® 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

Crouch et al.

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,'? 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.!> 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.*

In summary, laser microstructuring of silicon surfaces in
the presence of SF 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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ABSTRACT We mmcrostructured silicon surfuces with femtosec-
ond laser irradiation in the presence of SFg. These surfaces
display strong absorption of infrared radiation at energies below
the band gap of crystalline silicon. We report the dey

this below-band gap absorption on microstructuring condinons
(laser fluence, nureber of laser pulses, and bocwm und pres-
sure of SFg) along with stractieal and chemical characterization
uf the material. Significant amounts 01 sulfur are mmr; oxa'en-
> the silicont over a wide range of microstrnciring -
Lmt 1s5; the sulfur is embedded '.ﬂ a disogsdered nang >crynzi]line
ver Jess than | pan thick that covers the microstructures. The
most Itkely reechanism for the below-band gap cmmrpum is
the formation of a band of suliur impurity states overlapping
the sificon band edge, reducing the band gap from 1.1eV o
approximately 0.4 ¢V,

PACS 78.684m; 81.15.Fg: 8

5140 Tv; 81.65.CF 85.60.G2

i Introduction

Silicon 1s widely used for solar cells and photode-
tectors, but the band gap of ceystalline silicon renders it rans-
parent to wavelengths longer than 1.16 poy amorphous sil-
won and microcrystaliine silicon have band gaps sinmlar to
crystalline silicon. Silicon is, therefore, not used to absorb or
detect hight at wavelengths longer than 1.1 pum. Near-infrared
detectors for wave wngihs {onger than 1.1 pm are widely used
for both telecommurnications and scientific instrumentation.
Consequently, a silicon-based near-infrared detector that can
be integrated with other electronics through standard silicon
processing has raany applications.

We previously reported that silicon surfaces microsgue-
mired @ the presence of SFy with high-inteosuty feratosec-
ond laser pulses have near-unity absorption from the near-
ultraviolet (250 mm) to the near-infraved (2.5 pm) {1, 2} We
recently found that microstrectunng 1w HoS [3] or w the
presence of clemental sulfue has the same effect, as does
microstroctiring with excimer laser pulses 1o the presence

5-4622, B-mail: mazar@ physics.harvard.edu
*Present address: Dept. of Physics & Astronory, Swarthmore College,
Swarthmore, PA 15081

Harvard Universi
ng and Applied Sciences, Havva

sendence of

formed by femtosecond laser irradiation

., Carobridee, MA 02138, UK
rd University, ¢ Oxford St.,

_awrenee Livermore National Laboratory, Livermore, CA USA

of SFs {4,535} microstracturing in gases that do wot con-
tain sultur does not produce comparable below-band gap
absorption [3.6]. Silicon surfaces microstructured i Skg
also produce significant photocurrent from 1.31 or 1.55 pm
iHumination f7].

Here we report the effects of provessing condifions and
thermal anncaling oo the below-band gap absorption, chem-
ical composttion, and lattice structure of these nycrostrue-
tured silicon surfaces. We observe below-band gap absorption
0 samples produced under a wide range of conditions; the
raaxionarn wavelength of strong below-band gap absorption
18 3.5 pum. We atwibute the absorption to sulfur impurities in
a nanocrystalline layer covering the pucrosiructures.

2 Experimental methods

The samples are microstructiwed by wradiating
a stheon (111) wafer (n-Sy(11 13, 260 pon thick, with resistiv-
tty 0 = 8~12 Q@ my) with a train of 800-nmy, 100-£s laser pulses
in the presence of §Fg {2} The samples discussed in this
paper were all made on the same substrate silicon; we pre-
vinusly foond that the doping, resistivity, and crystal plane
of the mitial substraie do sot affect the optical properties. Te-
radiation creates a guasi-ordered array of microstructures on
the surface of the sample. The microstructures form only in
the region iHuminated by the laser, We ricrostractiured areas
up to 10 mm x 10 oun by scaonning the laser beam across the
sample; the laser fluence {8] andd average number of pulses de-
livered to cach region of the sample determined the shape and
depth of the microstractures. 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 [91
We deteronined the absorptance (A) of the nucrostructored
surfaces by measuring the total hemispherical (specular and
diffuse) reflectance (R) and transmittance (7)) with a UV-VIS
spectrophotometer equipped with an integrating sphere de-
tector; we then calculated the absorptance A == E—&—I . We
measured ransnmttance at tonger wavelengths with a Foaorier
transform infrared spectrophotometer.

3 Experimenial results

Figure 1 shows the microstructures formed by Eascr
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FIGURE 1 a,b Scanning electron micrographs of laser-microstructured sil-
icon surface formed in SF¢ under “standard” conditions for this paper (laser
pulse duration: 100 fs; 500 laser pulses: laser fluence: 8 kI/m?; SFg pressure:
0.67 bar). The sample is viewed at 45° to the normal. ¢ 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 microstructures about 8 um tall and 1 pm across at
the tip, separated by 3-4 pm (Fig. la), and covered with
nanoscale particles (Fig. 1b). As can be seen in the bright-field
transmission electron micrograph of a cross-section through
one of the microstructures (Fig. 1¢), 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 (~ 10-50 nm 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 this 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 SF¢ (g-1). 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 /m? 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 um, corresponding to the band gap of silicon,
and 1s 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 /m? and in-
creases more slowly for higher fluences. Surfaces made with
4kJ/m* 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 ki /m? do not pro-
duce uniform microstructuring of the surface (fluence less
than 2.0 kJ /m? neither alters the surface nor affects the optical
properties).

Figure 5 shows that the absorptance also increases with
increasing SFg pressure, and the greatestrate 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 k] /m?,
500 pulses, 0.67 bar SFy), the transmittance is only a few per-
cent at 2.5 pm but begins to rise at approximately 3.5 pum,
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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/m? laser fluence and 0.67 bar SF pressure. In-
set: Wavelength dependence of absorptance for a subset of the samples shown
in Fig. 3 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
the 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

FIGURE 2 Scanning electron mi-
crographs of laser-microstructured
silicon surfaces formed in SFg with
a 2, b 5 and ¢ 20 laser pulses
(fluence: 8kJ/m?; SFg pressure:
0.67 bar); with laser fluence d 3,
e 4, and f 5kI/m?> (500 pulses,
0.67bar SFs); with SFg pressure
g 7 mbar, h 27 mbar, and i 400 mbar
(500 pulses, 8kI/m” ). Samples are
viewed at 45° to the normal
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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 SF¢ pressure. Inset: Wave-
length dependence of the absorptance for a subset of the samples shown in
Fig. 4 and for the unstructured silicon substrate

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 8 kJ/m? 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 107 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/m? laser fluence in 0.67 bar SFs, and were annealed
for 30 minutes. Inset: Wavelength dependence of absorptance for the samples
shown in Fig. 6 and for the unstructured silicon substrate
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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
the 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

after annsaling

before anrealing

FIGURE 7 Microstructured silicon a,b before annealing and ¢,d after an-
nealing at 800K for 3 h. The same region of the sample is shown in all four
panels

Average Number Annealing Sulfur Absorptance
laser fluence of pulses temperature  concentration at 1550 nm
(kJ /m?) (30 min) +0.1at. %

25 500 - 0.3 0.47

3.0 500 0.3 0.59

4.0 500 N 04 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 875K 0.5 0.14

8.0 500 725K 0.5 0.54
TABLE 1  Sulfur concentration in samples determined by Rutherford

backscattering spectroscopy

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 /m? to 0.7% for the sample made
with 8 kI /m?; the sample made with 10kJ /m? 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 kI/m* and 500
pulses, or the sample made with ten pulses and 8 kI /m?; for
these samples, the infrared absorptance is only 20% less than
that of a standard sample [ 12].

Finally, we performed bright-field 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 4 kJ/m?, and an annealed standard sample. These
micrographs are shown in Fig. 8. We find that the samples
made with 10 pulses (Fig. 8a) and 4 kJ/m? (Fig. 8b) show
a disordered surface layer that is similar to that of the sam-
ple made under standard conditions (Fig. 1¢), 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

500 pulse

FIGURE 8 Bnght—held transmission electron micrographs of cross-
sections of microstructures formed with a 10 laser pulses, laser fluence

8kJ/m?; b 500 laser pulses, laser fluence 4kJ/m?; and ¢ 500 laser pulses,
laser fluence 8 ki/m?, and annealed at 875 K for 30 minutes. All three sam-
ples were made in 0.67 bar SFg. Insets: (upper) 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 SF¢ 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 um, 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
toroughly 0.4 eV. Further evidence for this altered band struc-
ture comes from our recent finding that the microstructured
material has a diodic /-V characteristic and high photore-
sponse to wavelengths longer than 1.1 pum, indicating that the
band gap of the surface layer is different from that of the
substrate [7].

We attribute this altered band structure 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 10'¢ /em?® [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 8§75 K
have the same sulfur concentration, but the absorptance at
1550 nm of the sample annealed at 725K 1is five times that
of the sample annealed at 875 K. The observed sulfur con-
centration in the sample annealed at 875K is the same as
that from the 10-pulse or 4-kJ/m* samples, but the 10-pulse
and 4-k] /m? samples display 80% of the below-band gap ab-
sorptance of a standard sample, while the 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. Itis 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 the 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 1s incorporated into the surface layer. However,
the 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 incorporated 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/m? [22].

Silicon can be doped by melting the 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 sultur 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. Ballif, G. Bagnown, M. Boccard, P. Cuony, C. Eminian, F-J. Haug, F. Meillaud, 5. Nicolay,
1. Soderstrom, N. Wyrsch.

Eeole Polytechnique Fédévale de Lausanmne (EPFL), Institute of Microenginegering (IMT),
Photovoliaics and thin film electronics laboratory, Rue Bregues 2, CH-2000 Nevchatel, Switzerland.

The development of high-efficiency thin-film silicon solar cells requires a cell design allowing for a
high light trapping while mainiaining optimum cell electrical properties. Light scattering at highly
textured interfaces is first a decisive feature to improve the light management in the cells 2 In the
superstrate configuration, efficient light trapping can be realized with the use of zinc-oxide (Zu0) front
clectrode textured as grown via low-pressure chemical vapor deposition (LP-CVD). The control of the
Zn( growth modes allows for the design of front electrodes with varying surface morphologies * (Fig.
13, 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-carrier absorption TCO
allowing for a high total short circnit current of 28 mA/cm? in micromorph (hydrogenated amorphous
siticon / microcrystalline silicon tandem) solar cells.

Figure 1.8EM top view of different ZnO front electrodes grown by LPCVD, from standard pyroamidal layers to controlled
growth layers demonstrating multi-scale fexturing.

In combination to an efficient light scattering at the interfaces, Hght 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 °, 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 Zn0O front electrode (Fig. 1) with quasi-lambertian light diffusion potential permitied to
reach a short circuit current density approaching 15 mA/om® in a 250 o a-SEH top cell. This
demonstrates the imporiance of the angular diffusion of the scatiered 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
preseried. The use of a periodic sinusoidal structured substrate and of a textured asymmetric IRL
permittczd the development in this configuration of micromorph cells with up to 12.5 mA/em® matched
current *.

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 oun rough

surfaces, with potential local variations of the material and diode quality. A rough substrate can lead to
. . . ) s . T s et - 7.8
the creation of undesired local current drains, degrading performance and reliability of the cells ™.
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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 KAJ 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-8i:H cell and
1.8 um 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-81:H single junction
solar cells developed onto highly textured substrates ”,

Advanced concepts are still reguired to continue improving the thin film silicon solar cell efficiency. In
the substrate configuration, silver nanoparticles embedded in a dielectric material have strong
scatiering properties, due to localized surface plasmons, and were studied as back reflector. Tn 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 alternstive approach to bmprove 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).

Figure 2.5EM cross-section of a micromorph solar cell in the substrate configuration (n-i-p, left), and in a superstrate
configuration {p-i-n, vight) with a swrface morphology adaptation of the intermediate reflecior layer, here realized with
ZnQ.

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, XREB, and PDC-series of devices
from Detection Technology, fnc.

When x-ray or gamma ray photons penetrate the active region of a PIN diode, some (or in certain cases all)
of the photons' Kinctic 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 ¢V of gamma or x-ray photon energy absorbed in silicon are required to liberate one electron-hole pair.
The koles (+ 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 clectric 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-fype and N-fype material, and resulis 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 angment this built-in voltage.

The (+) and (-} charges duift 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 51 PIN diode for 1000 MeV per second of absorbed energy from x-ray or gamma ray
photons.

Solation: 3.6 eV of gamma or x-ray photon energy absorbed in silicon are required to liberate 1 electron-hole pair.
(109 eV /sec) + (3.6 eV per electron-hole pair) x
(1.6xX 10 19 coulombs per electron-hole pair) = 4444 x 10 - amperes.

But 1000 MeV / sec = 1.6 x 10710 warts

Thus, the responsivity, expressed in amperes per watt for x-ray or gamma ray photons absorbed in 81 is:

Spectral Responsivity
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Fiqure 2 Spectral Respornse in PDC-series 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-1ays of gamma-rays,
found earlier, with the speefral 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 guantity of interest. Dose
is defined as Faergy absorbed per unit mass . Dose rate is defined as energy absorbed per unit mass per unit

time . The standard $7 snif for dose is the joule per kilogram, which has been named the gray.

Example 2: Calculate the current produced in a D71 type PDC-245-CB diode (2.4 mm x 24 mom x 380 mm thick) for a dose-rate in
Siof 1 gray per hour.

Solution:
Volume = 24 x 24 x 0.038 = 00219 cm”

Density {of Silicon) = 2.336 g/ e’
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Mass of active region = 00219 x 2336 = 00511 g = 00000311 Kg
Dose-rate = 1 joule / (Kg 3600 sec) = 00028 joule / (Kg sec)
Rate of energy absorption, or "Power" absorbed in dicde =
[.00028 joule/ (Kg sec)] x [0.00000511 Kgl =
143x 107 joules / second , or 1.43 x 1077 watis

Current (per gray per heina 2.4 oun x 2.4 rom x 38 oun thick diode) =

[0.2777 amperes per watt] x [1.43 x 107 watt] = 3.97 x 10710 amperes
An older pnit of dose, the rad, (100 ergs per gram) is stifl in wide use. One gray equals 100 rads, so that:
Current = 3.97 x 10712 amperes per rad 'l in 224 mm x 2.4 mm diode.

In round numbers, this is ~0.7 pA per (rad / hour) per square mii.

O 70 pA per {gray / hour) per square mm.

Response to external radiation

In many applications a2 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
roenigens per howur. The roentgen is defined as an amount of x-ray or gamma radiation which produces 3.33

-1 - . - N
x 10719 coulombs of clectronic charge in | cm” 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 5i diode. For direct detection in a St PIN diode {i.e., without
the use of a scintillating screen or crystal) the detection efficiency is a function of the thickness of the
stticon wafer, as shown in Fig. 3 below. For a wafer thickness of 380 microns (the thickness which is now
used in DTT's standard line of diode products) the detection efficiency is close to 100% at 10 KeV, falling to
approximately 1.60% at 100 KeV.

The carves shown in Fig. 3 below arc for the 81 wafer only, and do not take into account any cffects due to
the window, substrate, or package in which the diode 1s mounted. At low energics (below ~30 KeV), photon
interactions in Si are primarily photo-electric. For energies above approgimately 60 KeV, photons interact
in 51 almost cntirely through Compton scattering.
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X-ray Efficiency vs. Energy in XRB-senes Diodes
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Figure 3
Example 3: Calculate the DC-current response for a 20 mCi point-source of B% - emitting activity (gamma-ray energy = 511 KeV
annihilation tadiation) at a distance of 10 cm from a type XRB-245-CB PIN diode detector.
Solotion:
. o LIPS
Let A = area of the diode 1n con™ = 057 cm
. e . 3 .
N = flox of incident gamrma rays (gamma's / second-cm” on face of diede)
r = detection efficiency at 511 KeV = 0077 from Fig.
E = average energy of recoil electrons in Si detector, expressed in eV
s = jonization constant in silicon = 3.6 ¢V / electron-hole pair
. 10
e = ¢clectronic charge = 1.6 x 10 ¥ contombs
Then the average current produced in the diode is given by:
I=NArEe/s
In this example, two 511 KeV gamma rays are emiited back-to-back from the source for each BY event. The photon fTux at the
. - ~ o P S AT " ’ g . . 1
detectoris: N=(2x20% 3.7 x 107}/ (4 x 10°) = 1,177,740 gamma phatons / em?-second. This is equivalent {0 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

e

e . R N A
be found in . An approximate formula -- accurate enough to be useful over a wide range of gamma ray energies = -~ is given by £
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= 172 Epax where By 18 derived from Compton's forrmuda for the energy of the 180° (back-scatiered) photon: “

Enax=h{2hv/{ m.(,cQ + 2 hv)} = energy of the back-scaitered photon
hv = the energy of the incident photon {expressed in eV)
mgc2 =511.000eV
In this example hv = 511,000 eV, so that B, = 340,000 ¢V, and £ = 170000 eV. Therefore, the radiation - induced curmrent in the
diode = 1,177,740 x 057 x 077 x 170,000 x 1.6 x 10717/3.6 = 3.90 x 107% amperes.
Notice that, in this example, an exposure dose-rate of ~ 1 roentgen per hour produces approximately the same current in the diode as
an absorbed dose-rate (ic., energy absorbed in Si) of { 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:
(390 x 107 2 amperes} X (3600 seconds per hour) / {1.08 roentgens per hour), or

130 x 107% coutomb / roenigen.

- 1 CE e N . 3 o~ e 5 p e a -
One roentgen produces, by definition, 3.33 x 10 10 coulombs in 1 em® of air at standard temperature and pressure. Thus, our XREB-
245-CB diode (057 cm™ x 380 mxicrons thick) produces approximately the same radiation-induced carrent as a (1.30 x 10 8y /(333 x
1oto Y= 39 em® standard air-iomization 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 shown in figures 4 and 5 below.
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Fig. 4
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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 medinm 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 volome (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

: SHEF 12 -& 5
photo-current produced in Si diodes normally ranges between ~16 12 and ~10°8 amperes, Such small
currents demand particular care in the design and implementation of amplifying circuitry.

Utilizing the diode’s termimal voltage 1s generally not advisable, since the diode voltage 1s a logarithmic
rather than linear function of dose-rate. In order to preserve lincarity of response, the diode must be
connected across a very low-resistance circuit. For this reason, diode current 18 almost always measured
with the aid of a fransimpedance 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 mverting 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 (A, >10°), the transimpedance gain of this
circuit 1s just the value of the feedback resistor, in ohms. Thus, for example, a 100 megohm feedback

resistor provides a gain of 10° ohms {1 volt output for 10°% amperes input).

sSpeed of response

Some applications, such as pulsed X-ray measurements, require precise measurcment of rapidly-varying
signals. A system rise-time response in the micro-second range, or faster, requires that the diode be
operated in digsed mode i order to mamtain a low junction capacitance, and also {o nsure rapid and
complete collection of all the available charge - particularly the holes -~ which drift more slowly than
electrons. Biased - mode operation 1s illustrated m Fig. 7 below.

Biag

od-ranods Oparation

Fig. 7:

Both junction capacitance and leakage current or dark curreny are functions of reverse bias, as Ulustrated
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m Figs. 8 and 9 below.

Terminal Capacitance vs. Reverse Voltage in
PDC 24s and PDC 503
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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
imcrease 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
fully 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 inferface outside the active area, and is also strongly affected by temperature changes.

The magnitude of the dark current can be reduced by exploiting DT1's 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.

SIONYX1403000015.0078

SAMSUNG EX. 1002 - 1279/4148



Dark Current vs, Reverse Voltage in PDC 243
and PDC 50s (typical)
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Fig. 9

Another advantage of the guard ring is that it reduces potential gradients at the edge of the diede'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,

OCCLE.

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-508) with the guard ring connected shows less than half the leakage
current compared to a 2.4 x 2.4 mm diode (PDC-248S) 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,
i most applications, this will result in poorer performance.)
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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 1s yet an additional confounding factor which
must be taken into account: the amplificr's inpur offset-voltage error.

Unless precisely and specifically "trimimed 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 +
current) at a diode bias V = 10 mV is defined as the device's shunt resistance. 1f 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: (Rom + Ricedback) /

{Rghunt)

Example 4: Estimate a transresistance amplhifier'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 = 107 ohms

Solutien: The output voliage error (for zero doserate) is dominated by the amplifier’s offset error voltaze muitiplied by the gain of the
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amplifier referred to the (+) input terminal....
Vout = Yoftser X (Rspune T Revedbaei / Ropunt) =
(.001) x {107 + 10%) /(108 } = 0.011 volts
This is equivalent to an input offset current {at zero doserate) of 11 pA in the dicde detector.
Worse yet, dark current 1s a very strong function of temperature as we saw ecarlier. If the diode's dark current
mcreascs 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 technigues is far too broad to
cover in any detail in this article, the good news is that a variety of excellent -- yet relatively inexpensive --
mtegrated-circuit operational amplifiers arc available from a number of vendors. Some of thesel2! feature
extremely low input bias currents (in the range of ~10 1 amperes at normal room temperature) and very
respectable offset voltages on the order of 100 uV (typical) . Many manufacturers also provide extensive
and detailed application datat® with tips and techniques for minimizing sources of error in precision, low-
current measurements,
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Abstract: The influence of nano textured front contacts on the optical wave
propagation within microcrystalline thin-film silicon solar cell was
investigated. Periodic triangular gratings were integrated in solar cells and
the influence of the profile dimensions on the quantum efficiency and the
short circuit current was studied. A Finite Difference Time Domain
approach was used to rigorously solve the Maxwell’s equations in two
dimensions. By studying the influence of the period and height of the
triangular profile, the design of the structures were optimized to achieve
higher short circuit currents and quantum efficiencies. Enhancement of the
short circuit current in the blue part of the spectrum is achieved for small
triangular periods (P<200 nm), whereas the short circuit current in the red
and infrared part of the spectrum is increased for triangular periods (P =
900nm) comparable to the optical wavelength. The influence of the surface
texture on the solar cell performance will be discussed.
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1. Introduction

Thin-film solar cells based on microcrystalline silicon (uc-Si:H) or amorphous silicon (a-Si:H)
have gained considcrable attention as promising candidales for future generation of
photovoltaics [1,2]. With an absorber layer in the range of 1 um, 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 intreducing 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 [10,13], 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 eiched 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 (HCI) 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.
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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 eiching by a hydrochloric acid solution.

A line profile of the nanotextured surface is shown in Fig. I(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 pericdic
arrangements of triangular gratings. A schematic cross section of the investigated unit cells is
shown in Fig. 2. The microcrystalline silicon solar cell 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 (uc-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 Jilich and University of Neuchitel [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 O 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, £, 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 1o 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

Q(x.y)=%ce“na-lE(x,z)r )

where ¢ is the speed of light in free space, &, the permittivity of free space, « is the energy
absorption coefficient (a =4xzk/2), with 2 and & being the real and imaginary part of the

complex refractive index, 4 is the wavelength and £ 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 (A = 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 ficlds 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 foss profile for textured unit cell with period 900 nm and profile
heights of (a, ¢) 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 1o 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
moncchromatic 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= P—W IQ(X. z)dxdz )

where Q(x,z) is the time averaged power loss and P,, 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 cfficicncy 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

Ao
=4 . .
e =ik T2-08(3)-s(2)2 @)

where q is elementary charge, A is wavelength, & is Planck constant, ¢ is the speed of light
and S(A) 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 Ay, = 300 nm 10 Ay, = S00 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/cm? to 3.6 mA/em?. 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

#116966 - $15.00 USD Reccived 9 Scp 2009; revised 2 Oct 2009; accepied 3 Oct 2009; published 2 Dee 2009
{C) 2009 OSA 7 December 2009 / Vol. 17, No. 25/ OPTICS EXPRESS 23063

SIONYX1403000015.0087

SAMSUNG EX. 1002 - 1288/4148



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 442n), where 1 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) blue 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 Ay, = 700nm to Ay, =
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 incrcased by almost 200% from 2.5 mA/cm? 10 7 mA/cm’. 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

P-n-sin(8,)=m- )
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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 8, 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 enure spectrum (300 am - 1100 nm) the short circuit current was calculated to be
12.3 mA/cm?, 15.33 mA/cm? and 18.9 mA/cm? 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 light into the absorber layer. For
longer wavelengths (700 — 1100 am) 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
opemng angle of the triangle is equal or close to 90°. The total short cnrcun current for the
entire spectrum is increased from 12.3 mA/cm? by 60% up to 20 mA/cm’ for the best case
triangular profile (period of 700 nm and height of 500 nm).
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