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Abstract: Light-induced reactions of Si surfaces with carboxylic acids to generate Si ester-modified surfaces are
studied. The reaction proceeds by photoelectrochemical oxidation of porous or (100)-oriented single-crystal n-type
Si in formic, acetic, or trifluoroacetic acid electrolyte solutions. The reaction products at the porous Si surface are
identified by Fourier-transform infrared (FTIR) spectroscopy. Derivatization with esters reduces the photoluminescence
intensity of porous Si. X-ray photoelectron spectroscopy (XPS) of derivatized single-crystal Si is used to confirm
the compositional and bonding information and to demonstrate that the same chemistry occurs at a single-crystal Si
surface. A mechanism is proposed in which illumination of reverse-biased Si removes electron density from the Si
surface, rendering SiSi bonds susceptible to nucleophilic attack by carboxylic acid. The reaction has a marked
dependence on light intensity and the Si surface can be photopatterned by illumination through a mask during
derivatization. Ester-patterned porous Si reacts with(CH,)7(CHj3),SIOCH;, generating an organosilane-patterned

Si surface.

Chemical reactions at the surfaces of electronic materials canScheme 2

be very different from the corresponding solution-phase trans- hy

formations. In particular, the electronic structure of a semi- ¢ ¢ l l l l l/ i/ i/
conductor provides a source of electrons or holes that can be A LA
used to induce a surface reaction. In this paper, we present a

new reaction which modifies the H-terminated surface of porous Hp Hp H¥ HH
and single-crystal n-type Si by photoelectrochemical reaction si s s
with carboxylic acids, producing a surface-bound silyl ester. /NN N/
The Si surface is activated toward photochemical reaction by

applying a positive potential across n-type Si (the reverse-bias lR oo
condition) in an electrochemical cell. This bends the conduction

and valence bands of the Si such that, upon optical excitation, R R

holes migrate to the surface (Scheme 1). Carboxylic acids attack o o)
the irradiated, electron-deficient surface, resulting in a surface- §g T

. : . o ; : HH HH
bound Si-ester species. Using this simple idea Si surfaces can I HIHHA s' L
. . , Si Si i Si
be photolithographically patterned with esters. — N |‘ — 2\
Scheme 1
lR‘(CH3)ZSiOCH3
— NH == VoH poog —= H O
ISi —— ‘T ISi — —Si//H , ,
“H \ N R’ R
j; j} : OAR 7 &
I I
HH [o] (o] H H
o - : EA % TR B
Esterification significantly changes the reactivity of the Si /S_i st TS /ii
surface. Organomethoxysilanes react specifically with the N ! N\ AN

esterified region of a photopatterned porous Si sample. This )
demonstrates a versatile two-step synthetic procedure foresters, or chlorosilanés. Self-assembled monolayers of alky-
patterning Si surfaces with a variety of molecular species ltrichlorosilanes can be deposited on oxidized Si, probably by
(Scheme 2). self-reaction of the trichlorosilanes in a hygroscopic layer on
Si surface chemistry is very important technologically but the surface, followed by bonding to the surface itéeReactions
does not have an extensive presence in the scientific literature O non-oxidized StH surfaces include radical reactions with
Much of the chemistry has been done under high vacuum or @lkenes or peroxides? Reaction with alcohols to form surface-
high temperature reaction conditiohsSurface transformations ~ Pound alkoxides can be accomplished electrochemicadly,

at room temperature anq atmospheric pressure generally entail™ ) Maoz, R.; Sagiv, JJ. Colloid Interface Sci1984 100, 465-496.
oxidation of the surface in the presence of alkoxysilanes, silyl  (3) Murray, R. W.Acc. Chem. Re<.98Q 13, 135-141.
(4) Allara, D. L.; Parikh, A. N.; Rondelez, Eangmuir1995 11, 2357
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following bromination® These surface reactions generally ulation of monolayers. For example, Calvert and co-workers
mirror the chemistry of molecular $i° In contrast, the reaction ~ have photopatterned Si by derivatizing the surface with phe-
presented here (and in an earlier communicatignhas no nyltrichlorosilanes and then photochemically cleaving the phen-
analog in molecular Si chemistry because the semiconductoryl—Si bond in the monolayet 4 The work presented in this
band structure is an integral part of the reaction mechanism. paper is the first report of chemistry that can pattern Si with a
Surface chemistry of Si photoelectrodes has been studied inwell-defined chemical species by direct photochemical reaction
an effort to improve the efficiency and stability of photoelec- With the Si surface.
trochemical solar cell&1* Si photoelectrodes have also been
used to polymeriZ&-18and dopé’ polypyrrole films to generate
Si/conducting polymer junctions. Chemical modification is also Materials. The Si used was (100) n-type @-cm resistivity
important in large-bandgap semiconductors. For example, purchased from International Wafer Service. All chemicals used were
derivatization of TiQ with a sensitizing dye has been shown purchased from Aldrich, Acros, or the Huls division of United Chemical

to yield an inexpensive high-efficiency solar c#l. Technologies. _ _ _
Apparatus. The light source used in the preparation and photo-

_Photolithography on Siis a basic technology in the integrated cnemical derivatization of the silicon samples was a tungsten filament
circuit industry’® Recent research effort in materials science 300-W Kodak ELH bulb with the current controlled by a Variac. Light
has led to development of techniques such as scanned?p®be  intensity was monitored with a calibrated photodiode. A Princeton
and electron bea#f3llithographies which can generate patterns Applied Research Model 363 potentiostat/galvanostat was used in the
in the submicron to nanometer size regime. Complementing galvanostatic mode for etching of porous Si samples, and in the
these efforts, materials chemists have focused on manipulatingPotentiostatic mode for the photoderivatization experiments. All
interfacial reactions at the molecular level. This includes €lectrochemical experiments were performed in a 2-electrode config-

Experimental Section

: 2993 s 31-40 - uration. FTIR spectra were acquired with a Nicolet Model 550
generating patierns by physi¢aior phatochemicat™ manip spectrometer in either diffuse reflectance (Spectra-Tech diffuse reflec-

tance attachment) or transmission mode. Diffuse reflectance absorption
spectra are reported in Kubelka-Munk urfits.The FTIR sample
compartment was purged with,N X-ray photoelectron spectra were
accumulated on a Perkin-Elmer Phi 5100 XPS spectrometer using an
Al Ko source.

The electrochemical cell was custom made from Teflon and consists
of two pieces, a top with a 1.2 cm diameter cylindrical bore which
acts as the solution bath, and a bottom with a 0.2 cm diameter bore
and edges cut to fit the FTIR spectrometer transmission-mode sample
holder. The Si wafers were cut into squares ca. 2 cm on a side and
were secured between the bottom and top of the Teflon cell with two
O-rings. Kalrez O-rings were found to withstand the carboxylic acid
solutions much better than Viton. The counter electrode was a Pt wire
coil. Derivatization with carboxylic acid took place in specially
designed glassware which mated to the Teflon electrochemical cell with
a No. 116 (3/4x 15/16 x 3/32 in.) O-ring joint. The derivatization
glassware had a window of optical glass opposite the electrochemical
cell, a septum-covered opening for introduction of solutions, a 14/20
ground glass joint for securing the coiled Pt wire counter electrode,
and a Teflon valve (Kontes). Organosilane reactions were carried out
in O-ring sealed Schlenk glassware. Solvent and gas manipulations
were performed on a grease-free Schlenk line with Teflon stopcocks
using conventional Schlenk and syringe technides.

Porous Si Formation. The Si working electrode was galvanostati-
cally etched in 1:1 49% HF(aq):GBH,OH at 88.5 mA/crfor 2 min
while under~30 mWi/cn? tungsten lamp illumination. CAUTION:
The HF solutions are hazardous and were always handled in an efficient
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fume hood. The resulting porous layer was washed thoroughly with ok T Th T (s-0-0)

; v(Si-0) |
CHClI; (in air) and dried under a Nstream. =0 1157 cm’' T 1070 cm’’
The etch conditions were chosen to produce a thin, photoluminescent H N eaONa 0??5{2
layer with large-diameter porés. An etch time of less than 2 min / “‘/s'\7 03V, hv [
resulted in porous layers that were not photoluminescent. A current
density of 88.5 mA/crf) near the electrochemical polishing regime, § VSHH)
was found to produce large-diameter pores. The etch conditions were §, ;| i‘ H oo .
chosen to make a layer that was photoluminescent yet thin enough tog HCOO_ /M sio ©
retain sufficient electrical conductivity through the layer. < 0o 1710 om’’
Ester Derivatization. An electrolyte solution of HCOOH/1 M 2260 meT
HCOONa or CECOOH/1 M CRCOONa was degassed by repeated
freeze-pump-thaw cycles and then transferred by cannula into the
derivatization glassware described above. Derivatization proceeded at o.o e
a constant applied bias of either 0.3 or 0.5 V versus the Pt counter
electrode for formic acid ol V for trifluoroacetic acid reactions, and 3000 25'00 20'00 ,5'00 10'00
at a light intensity of typically 20 mW/ctn The reaction proceeded Wavenumber (cm’)

for 10—20 min, after which the Si was removed from the cell, washed

SVL;ZC]?(;SUS:&GR/];’{'}Pﬁi’;‘;'ﬁg&gg r?gtdtt?glﬁ)iut?lderrir?siztr?;rr?{icl:taci d photoelectrochemical reaction with HCOOH/1 M HCOONa for O, 1,
P gnly ’ 3, 5, 10, 18, and 30 miny(Si—H) absorptions at 2089 crh decrease

remained adsorbed to the surface, as observed by an apparent shift in ’, : o ) .
the esten(C=0) band in the infrared spectrum (from 1710 ¢ while thev(OSi—H) absorptions at 2260 crhand they(C=0) of the

: . silyl ester at 1710 crrt increase over time. &(Si—O—C) vibration at
be.tween 1710 and 1720 gﬁJdgpendlng on the amount of free formlc_ 1157 cn! and av(Si—0) stretch at 1070 cnt also appear and grow.
acid present). The esterification reactions were followed as a function

of time by analyzing a series of identically-etched porous Si samples . . . L
that were reacted for different lengths of time. v(Si—Hs). A 6(Si—Hy) scissor mode absorption is present at
Single-crystal (100)-oriented Si was generally derivatized with-CH 908 cnr .55
COOH/0.3 M CHCOONa. The native Si oxide was removed prior to The Si-H surface is derivatized with formic ester by
derivatization by immersion in 1% aqueous HF for 5 min and rinsing photoelectrolysis in HCOOH/1 M HCOONa. Figure 1 shows
with H,O for 5 min#® This removed surface oxide and fluoride to  the evolution of the FTIR spectrum of the porous Si surface
below the detection limit of our X-ray photoelectron spectrometer. during the course of the reaction. An absorption grows in
Sodium acetate was stored and weighed undeatidosphere to avoid around 1070 cm, assigned to &(Si—0) stretching modé3
incorporation of atmosphericJ. Acetic acid (99.99%, Aldrich) was A second absorption at 1157 cialso appears, and is assigned
Pump v degassed hree times before addiion to the electrochermicall® &1 aSYMMelrie(Si-O—C) SIretclf.*** The appearance and
purnp- 9 growth of an absorption at 1710 cris also observed and is

cell. Photoelectrolysis proceeded for 2 min at an applied biaslof . . ) .
V vs the Pt counter electrode. Samples were exposed-+@aonW/ assigned to the stretching mode of the Si ester carbonyl. Shifts

cn? tungsten lamp illumination for the duration of photoelectrolysis. N the carbonyl stretching frequency are useful fingerprints for
The concentration of formate ester on porous Si as a function of changes in its chemical environment. ThE€=O0) stretch of
photoderivatization light intensity was measured by irradiating different the formic acid starting material is at 1720 thwhile the
identically prepared samples for 5 min at 0.5 V bias under various stretching frequency expected for silyl formic esters is around
light intensities. Light intensity was controlled by changing the current 1710 c¢nr1.54
into the tungsten light source by means of a Variac. Lightintensity  |n the hydride stretching region of the spectra, the intensity
was mc_)mtored by an Ealing Electro-Optics Model 27-6527 calibrated ¢ the »(Si—H) and »(Si—H,) absorptions decreases over the
photodiode. o course of the reaction, with monohydride experiencing the
Photopatterned samples were generated by imaging a square masbreatest loss. Concomitantly, an absorption above 226G cm
placed in front of the light source through a Vivitar#080 mm zoom . L L .
grows in. This higher frequency absorption is assigned to a

camera lens onto the Si surface. . : i
The reaction with organosilane was conducted with a 1% solution v(Si—H) stretch from a Si atom that is back-bonded to an O

of CHs(CH,)7(CH3).SiOCH; in distilled toluene, freezepump-thaw atom of the ester(OSi—H)). The»(OSi—H) stretch from a

degassed three times. The organosilane solution was transferred bysimple oxide surface (prepared by photoelectrolysis ¥OH
cannula into an evacuated container holding the Si wafer and allowed 0.1 M NaCl) occurs at 2250 cm.>6-%8 The ester-back-bonded

to react at room temperature for 3 h. The derivatized surface was thenabsorption is shifted to higher energy because the formate ester

Figure 1. Series of FTIR spectra of porous Si surfaces taken following

washed with toluene and GBI, and dried under a Nstream. species has a greater inductive effect than a simple §fide.
_ ) The presence of thgSi—O—C) absorption, the presence and
Results and Discussion position of they(C=0) absorption, and the position of the

(OSi—H) absorption indicate that a molecular ester species is
bonded to the surface. Binding in a bidentate carboxylate mode
as observed on some metal oxides is ruled out because such a
species is expected to have three absorptions between 1600 and
1400 cn11,59.60which were not observed.

FTIR Spectroscopy of Modified Porous Si Surfaces.Si
is transparent in the fingerprint infrared wavelength region
(unless it is highly doped) and transmission FTIR spectra can
be conveniently taken through the Si wafer. The Si substrates
were etched in HF to produce a high surface area porous
layer?9:50 which aids in the spectroscopic identification of (51) Chabal, Y. JPhysica B1991 170, 447—456.
surface species. The surface of as-etched porous Si is hydride- (52) Chabal, Y. JJ. Mol. Struct.1993 292, 65—80.

rmin . The ETIR rum (Fiaure 1. initial rum (53) Gupta, P.; Dillon, A. C.; Bracker, A. S.; George, S. Surf. Sci.
te ated e spectrum (Figure 1, initial spectrum) 1091 245 360-372.

ConS'St_S solely of(Si—Hy) Strech'“g modes at 2089 ¢ (54) Anderson, D. R. Ii\nalysis of SiliconesSmith, A. L., Ed.; Wiley
for v(Si—H), 2116 cm? for v(Si—Hy), and 2139 cm! for and Sons: New York, 1974; pp 24286.
(55) Glass, J. A.; Wovchko, E. A.; Yates, J. $urf. Sci.1995 338
(47) Smith, R. L.; Collins, S. DJ. Appl. Phys1992 71, R1-R18. 125-137.
(48) Bjorkman, C. H.; Alay, J. L.; Nishimura, H.; Fukuda, M.; Yamazaki, (56) Kato, Y.; Ito, T.; Hiraki, A.Appl. Surf. Sci1989 41/42 614-618.
T.; Hirose, M.Appl. Phys. Lett1995 67, 2049-2051. (57) O'Keeffe, P.; Aoyagi, Y.; Komura, S.; Kato, T.; Morikawa,Appl.
(49) Canham, L. TAppl. Phys. Lett199Q 57, 1046-1048. Phys. Lett.1995 66, 836-838.

(50) Lehmann, V.; Gosele, WAppl. Phys. Lett1991, 58, 856—858. (58) Yamada, M.; Kondo, KJpn. J. Appl. Phys1992 31, L993-L996.
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N T T T T T T 0O—C), andv(C=0) absorptions at the same frequencies as after
1068 cm 'Y 1.0 1 min. However, the/(Si—O) absorption peak at 1068 c
W is now more intense than th€Si—O—C) absorption. The-
g (OSi—H) stretching frequency has shifted to 2261 énafter
30 min. The shift in frequency of the(OSi—H) absorption
over the course of the reaction is attributed to partial conversion
of Si ester to the simple SiO—Si oxide. Assuming the value
of 2268 cn1! to be thev(OSi—H) stretching frequency for the
ester-bonded species and 2250 ¢rto be that of the simple
oxide, thev(OSi—H) band observed at 2261 cafter 30 min
indicates that the surface is comprised of approximately 55%
ester and 45% simple oxide. Soaking the ester-modified Si in
T # 0.0 acidic water hydrolyzes off the ester species within 15 min,
0 5 o 1520 25 30 generating a(OSi—H) signal in the infrared spectrum at 2251
Minutes oL
Figure 2. Plot of the absorbance of th¢OSi-H) (0, 2260 cn), During the derivatization reaction, illumination of the porous

v(C=0) (&, 1710 cnm?), »(Si—0O-C) (O, 1157 cn?l), and»(Si—0O) . .
(@, 1068 cnt?) vibrations as a function of the photoesterification Si electrochemical cell produces a photocurrent. The current

reaction time. The absorptions associated with the surface-bound estelpresumably arises p“ma”'Y f_rc_)m a photo-Kolbe reaction in the
(1(OSi—H), ¥(C=0) ¥(Si—O—C)) all grow in at roughly the same  Carboxylate electrolyte, oxidizing RCOQo R and CQ.%%3

rate. They(Si—0) absorption, assigned to both surface oxide and oxide The photocurrent is initially several mA/érbut decreases over
associated with the ester, increases faster at longer times relative totime as the surface becomes oxidized (Figure 2). After 30 min
the other absorptions, indicating that some conversion of the formate of reaction, the photocurrent is one-fourth its original value.
species to surface oxide occurs during the formate derivatization There is no simple correlation between the photocurrent and
reaction. The photocurrent measured during the course of the 30-minthe rate of surface modification. Both the photocurrent and the
reaction (*) is plotted on the left axis. surface modification rate can be increased by increasing the
applied bias. The electrochemistry generates the same infrared
spectroscopic features up 4610 V. At applied bias voltages
greater thant10 V a surface species with a sharp absorption
band at 2341 cm' appeared. The nature of this species has
not yet been determined.

Control samples were prepared by an identical derivatization
procedure except that the Si electrode was not illuminated during
electrolysis. Without illumination there was only a small, steady
dark current of<0.05 mA/cn? at the+0.3 V applied potential.
Infrared analysis of the surfaces after the reaction showed no
evidence of ester formation. As a second control experiment,
| . = the Si was illuminated at open circuit. Again, no ester or oxide
2400 2200 2000 1800 1600 1400 1200 1000 was observed in the subsequent FTIR spectrum. Another
sample was prepared which was illuminated at short circuit.
The photocurrent alone was sufficient to esterify the surface,
Figure 3. Difference spectra after 1 (lower) or 30 min (upper) of  though at a much slower rate than samples with an applied bias.

photoelectrolysis in HCOOH/1 M HCOONa. The spectrum after 1 min - -
is that of the predominantly ester-modified surface, while after 30 min Other types of Si ester surface species may be generated by

the surface has a significant amount of the simple oxide present asreactipn With thg a.ppr.opriate carboxylic acid. Photoelectro-
well. chemical derivatization in GEOOH/1 M CECOONa produces

) . . a silyl trifluoroacetic ester-terminated surface. Reaction with
~ They(OSi—H), »(C=0) , »(Si—0—-C), andv(Si—0O) absorp-  CRCOOH/1 M CRCOONa is slower than with HCOOH/1 M
tions grow in at approximately the same rate (Figure 2), with HCOONa, due to either a difference in the rate of nucleophilic
v(Si—0) growing in faster than(Si—O—C) at longer times.  attack or to the lower conductivity of the trifluoroacetic acid
This indicates some conversion of the molecular ester to surfaceelectrolyte solution. The slower rate was compensated by
oxide over time, which may occur by reaction with trace increasing the applied voltage t1 V. Figure 4 shows the
moisture or by production of an ester anhydride andGt Si difference spectrum before and after reaction for 12 min under
from adjacent ester sité$. The partial conversion of Si ester  10—20 mW/cn? white light. v(Si—H) and»(Si—H,) absorp-
to simple oxide can be seen in difference IR spectra taken aftertions are found to disappear at the same ratey(@Si—H)
1 and 30 min of reaction. In Figure 3, the difference SpeCtrUm absorp[ion appears at 2262 cn Absorptions assigned to the
taken 1 min into the reaction shows growth of a large absorption CFk; group of surface-bound GE(O)O— are observed at 1377
at 1160 cm* assigned to/(Si—O—C) stretches and a smaller  ¢m~1, Thew(C=0) carbonyl absorption from the trifluoroacetic
absorption around 1068 crhassigned to &(Si—O) stretching  ester is at 1772 cmt. By comparison, the carbonyl of free
mode. The/(OSi—H) band appears at 2268 ctn The spectral  CF,COOH absorbs at 1785 cth  The spectrum taken of a
data after 1 min are assigned to the ester-modified surface inmodel compound for this surface, (@BIOC(O)CFR, has a
the absence of significant surface oxide. The difference carbonyl stretching absorption at 1772 dmidentical to that
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spectrum after 30 min of reaction shows th&i—0), »(Si— of the product surface. In addition, théSi—O—C) stretch for
(59) Crowell, J. E.; Chen, J. G.; Yates, J. T., IrChem. Phys1986 the model compound appears at 1168 &nwhile the same
85, 3111-3122.
(60) Allara, D. L.; Nuzzo, R. GLangmuir1985 1, 45-52. (62) Schafer, H.-J. InElectrochemistry |y Steckhan, E., Ed;
(61) Yurev, Y. K.; Belyakova, Z. VRussian Chem. Re196Q 29, 383~ Springer-Verlag: Berlin, 1990; Vol. 152, pp 9144.

394. (63) Bard, A. J.Sciencel98Q 207, 139-144.
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Ve i Figure 5. XPS data of single-crystal Si following electrolysis in €H
COOH/0.5 M CHCOONa with and without illumination. The sample
prepared under illumination is oxidized, as indicated by the signal at
103.1 eV in the Si binding energy region. In the C binding energy
Figure 4. Infrared spectrum representing the difference before and region, a carbonyl C signal is apparent at 289.6 eV. The non-illuminated
after reaction of porous Si with GEOOH /1 M CRECOONa. The sample displays no indication of significant oxide or carbonyl species.
intensities of the bands assigned®i—H) andv(Si—H) decrease,  sjgnal intensities are normalized against total Si (Si and)3iEensity.
while a band assigned t§OSi—H) at 2262 cm* appears. In addition,

vibrational bands assigned to the surface-bound trifluoroacetate groupy + without illumination. This sample passed no detectable
appear upon reaction. The band marked with an asterisk is assigned toCurrent uoon a Iicatioﬁ of bias. The XPS data indicate that
residual CHCI, from the sample rinse. P PP :

no significant oxidation of the Si or incorporation of surface

stretch for the surface-bound species appears at 1144 Gime carbonyl occurred. - Electrolysis of Si in neat formic acid was
IR absorption at 627 cnt is believed to arise from SiSi also found to oxidize Si in the light, but not in the dark.
surface bond& This absorption is found to decrease after ~ Trifluoroacetic acid electrolyte solutions modify the single-
reaction. crystal surfaces as well, although without as much discrimination
Other oxygen-containing nucleophiles such as water, alcohols, Petween illuminated and non-illuminated samples. XPS spectra
and sulfuric acids were studied to identify reagents that will of samples prepared under illumination show a peak around
attack the positively charged illuminated surface but not the 103 eV assigned to Si oxide, C signals from;Gf 290.5 eV,
non-illuminated surface. Water readily formed the Sé@nple ~ carbonyl C at 289.5 eV, and F signals fromzf 687 eV and
oxide when Si was electrolyzed in,8/0.1 M NaCl in either & smaller signal at 686 eV from SF.%® Electrolysis of Si in
the light or the dark® Photoelectrolysis in alcoholic electrolyte  trifluoroacetate solution in the dark generates a surface with an
solutions dissolves porous 3#° Sulfuric acid was not very ~ XPS spectrum similar to that of the illuminated sample, except
reactive with either illuminated or non-illuminated reverse- that the peaks assigned to trifluoroacetic ester‘areo Y/, as
biased porous Si. Of the reagents examined, carboxylic acidsintense. Trifluoroacetate solutions also reacted slowly with
alone were found to selectively react with the positively charged, single-crystal Si simply upon contact.
illuminated surface. Reactions on single-crystal Si are much more sensitive to
X-ray Photoelectron Spectroscopy of Modified Single- trace water contamination than are those on porous Si. Small
Crystal Si Surfaces. X-ray Photoelectron Spectroscopy (XPS) amounts of moisture in the acetic acid electrolyte solutions of
was used to confirm the elemental and bonding information of the control experiments in the dark result in the observation of
FTIR spectroscopy on the porous Si surfaces, and to demonstratex small dark current and slight oxidation of the Si. Porous Si
that the same chemistry occurs at a single-crystal Si surfacesamples are more tolerant of trace moisture in the derivatizing
(Figure 5)}26669 The (100) face of single-crystal Si was solution probably because the subsequent dark current is largely
derivatized in CHCOOH/0.5 M CHCOONa at+1 V applied suppressed by the resistive porous layer. Another difference
bias under illumination for 2 min. A photocurrent density of petween porous and single crystal Si is that the porous Si
0.100 mA/cni developed upon application of bias and decayed exposes several different crystal faces to the derivatizing
to zero by 1.5 min. The resulting surfaces were oxidized, as solution. The relative reactivities of the different crystal faces
indicated by a strong signal at a binding energy of 103.1 eV have not yet been studied.

(assigned to SiQ in the Si region of the XPS spectrum. In Reaction Mechanism. Examination of the IR spectra before

the C binding energy region of the XPS spectrum, a signal 54 after derivatization indicates that the reaction proceeds by
observed at 289.6 eV is assigned to the carbonyl C of the acet'cbreaking Si-Si bonds rather than SH bonds. In the SiH
. X

9,70 i igi . . . .
estert . The signal arising fror_n_ the C atom of the methy| stretching region, difference spectra before and after reaction
group is obscured by the adventitious hydrocarbon peak at 285, "'\ "|0ss of net absorbance from-8i and OS-H. In

ev. A control sample was electrolyzed in the same manner fact, the total area under-SH and OSi-H absorption bands
(64) Theiss, W.; Grosse, P.; Munder, H.; Luth, H.; Herino, R.; Ligeon, increases as the OSH band grows in, indicating that hydride

1 1 1 1 1
3000 2500 2000 1500 1000 500

Wavenumber (cm’)

M. Appl. Surf. Sci1993 63, 240—_244-“ - s _ coverage is increasing at the same time the surface is being
Teé?]i)okegl*n%rgé'f't”er' T. W Hall, A. P.; Sallor, M. J. Vac. Sci. - ggterified. Photoelectrolysis in DCOOD (with 10%@1 M

(66) Kallury, K. M. R.; Krull, U. J.; Thompson, MAnal. Chem1988 DCOONa) produced(Si—D) andv(OSi—D) bands at 1530 and
60, 169-172. 1630 cnr?, respectively, the latter as a shoulder on the carbonyl

80536123'5291'156'31'\43'{3["1%2';0”' M. M. B.; McFeely, F. B. Am. Chem. stretch at 1682 crri, Figure 6 (the main/(C=0) stretch for

(68) Raider, S. I.; Flitsch, RBM J. Res. Deelop. 1978 22, 294-303. free DCOOD occurs at 1692 crf). Neither Si-D nor OSi-D
(69) Wagner, C. D.; Riggs, W. M.; Davis, L. E.; Moulder, J. F.; was observed upon photoelectrolysis with HCOOD/HCOONa
Muilenberg, G. EHandbook of X-Ray Photoelectron Spectros¢éisrkin- solutions, indicating that the extra surface hydrides are formed

Elmer Corporation: Eden Prairie, MN, 1978. .
(70) Geﬁu& U.; Heden, P. F.; Hedman, J.. Lindberg, B. J.; Manne, R.; DY abstraction of Mfrom the carbon atom of formate and not

Nordberg, R.; Nordling, C.; Siegbahn, Rhys. Scr197Q 2, 70—80. from the acidic proton. Reaction with @EOOH generates
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Figure 6. FTIR spectra of a porous Si sample derivatized with 0 5 10 15 20 225 30
DCOOD/1 M DCOONa. Absorptions due 1Si—H,) decrease, and Light Intensity (mW/cm®)

those due to(Si—Dy), v(OSi—D), andv(OSi—H) form, demonstrating

that the Si surface picks up D from the solution during the reaction. Figure 8. Intensity of thev(C=0) absorption of the surface-bound

ester as a function of the light intensity used in photoderivatization.
The amount of ester increases with increasing light intensity. The points
represent measurements made on six separate samples, after 5 min of
irradiation at the indicated light intensities.
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Figure 7. Proposed photoesterification reaction mechanism. The
conduction and valence bands and Fermi level for the semiconductor
substrate are depicted to the left of each surface. Immersion in the Previous studies of Si oxidation have shown that formation
electrolyte solution and application of bias bends the semiconductor of the first Si-O bond is rate-limiting and is rapidly followed
bands such that, upon irradiation, electronic holes are driven to the by O insertion into the remaining SBi bonds?® Oxidation of
surface. The electron-deficient Si surface is attacked by the carboxylateSi_H bonds is thermodynamically favorable but is so slow that

nucleophile, breaking a SiSi bond and generating a silicoester it is generallv not observed at room temoerafi§re
species. A Si radical is also produced which abstractsdrh solution. g y P :

The esterified Si atom is subsequently oxidized by trag®.H Photopatterning Esters on Si. Th_e extent of_ esterification_
of the surface depends upon the light intensity used to drive

Si—F on the surface, also implicating the involvement of radical- Photoelectrolysis (Figure 8). Under our experimental conditions
abstraction reactions. (applied bias oft1 V, 1 Q-cm resistivity n-type Si), the rate

The above spectroscopic results are accounted for by aOf ester appearance is very sensitive to light intensity up to 3
mechanism in which illumination of the reverse-biased Si wafer MW/cn?. Above this level, the rate of reaction does not increase
removes electron density from surface Si atoms, inducing @ dramatically with increasing light intensity, presumably
nucleophilic attack by carboxylate (Figure 7). A-S8i bond because the rate becomes limited by mass transport in solution.
is broken to produce a SOOCR species as well as a Si radical The sensitivity of the reaction to light intensity allows Si to
which then abstracts *Hfrom solution. Reaction of the Si  be photopatterned with ester by illuminating the surface through
surface radical may be aided by the presence vhRthe a mask during derivatization (Scheme 3). Figure 9 shows a

electrode from the photo-Kolbe decomposition of RCC®63 photograph of the photoluminescence from a circular porous
Esterification of a surface Si atom renders it susceptible to Si sample with a square ester-modified region in the center.
further oxidation (from trace pD), forming a (SiO-)Hz—_xSi— The ester-modified porous Si has a lower photoluminescence
OOCR species. guantum yield presumably because the ester acts as an efficient

The observed surface reactivity reflects the trend in relative non-radiative recombination center. Porous Si samples with
bond energies of molecular Si compounds:Si bonds are surfaces containing a high concentration of ester are essentially

broken in preference to SH or Si—O bonds* Si—Si (340 non-emissive while samples with a lower concentration retain

kJ/mol) < Si—C (360 kJ/mol)< Si—H (393 kJ/mol)< Si—O some photoluminescence intensity. Different locations on the

(452 kJ/mol)< Si—F (565 kJ/mol). ester-patterned Si surface in Figure 9 were sampled by diffuse
(71) Greenwood, N. N.; Earnshaw, AChemistry of the Elements (72) Ito, T.; Yasumatsu, T.; Watabe, H.; Hiraki, Apn. J. Appl. Phys.

Pergamon Press: Oxford, 1984, pp 389. 199Q 29, 201-204.
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Figure 9. Photograph showing the photoluminescence of a circular Wavenumber (cm )

1-cm-diameter porous Si sample patterned with trifluoroacetic ester in Figure 11. Difference infrared spectrum taken before and after reaction
a 1.5x 1.5 mm square region. The ester-patterned region is apparentof the ester-modified porous Si surface with £€H,)7(CHs),SiOCH;.

as the less-luminescent square (labeled A) in the middle of the porousThe spectrum shows the loss of surface-bound trifluoroacetate ester
Si sample (labeled B). The photopatterned square was generated byand appearance of organosilane.

illuminating the porous Si sample through a mask during derivatization,

as illustrated in Scheme 3. The photograph was taken while exciting ' T T ' '
the porous Si with 365-nm light.

Kubelka-Munk

Kubelka-Munk

3500 3000 2500 2000 1500
-1
Wavenumber (cm ')

s500 30'00 25'00 20'00 15'00 1;'6" Fi_gure 12. Diffuse r_eflectance infrared spectra of the p_attern_ed porous

Wavenumber (cm”) Si sample f_rom Figures .9 _and_ 10 following reaction with orga-
nomethoxysilane. The solid line is the spectrum taken from region A

Figure 10. Diffuse reflectance FTIR spectrum of two regions of the (the previously ester-modified region), showing attachment of orga-

sample shown in Figure 9. The solid line is a spectrum taken from the nosilane. The dashed line is the spectrum from region B (the unmodified

square region (labeled A in Figure 9) showing selective esterification hydride-terminated surface), which shows no significant evidence of

of the surface. The dashed line is a spectrum of the region outside thereaction.

photopatterned square (labeled B in Figure 9), which remains underiva-

tized. CH3(CH,)7(CH3),SiOCHg, in toluene results in replacement of

. the ester with organosilane. A difference IR spectrum before
reflectance FTIR. The patterned square area contained the IR g P

signature of surface-bound ester while the area outside the squarand after reaction is marked by loss of €=0) vibrations

fom the trifluoroacetic ester and appearance €—H)
displayed only the SiHy absorptions of the starting porous Si _ L
(Figure 10). Although we did not test the spatial resolution of stretches from the surface-bound §8H,);(CHs)2SI0— group

: . L o (Figure 11). The low-frequency side of théOSi—H) band
the patterning technique, it is presumably limited by charge : Pyl . ;
carrier mobility in the Si substraf@. The photopatterning (assigned to CHCHz)7(CHy)2SIOSHH) increases while the

technique should achieve higher resolution on porous Si sample high-frequency side of the band (due to LCROSHH)

. . . - Sdecreases in intensity. The absorption assigned$o—0O—
relat!ve to single-crystal .S" becauge p.hotogenera'ged carners areC) decreases and the lower frequency absorption assigned to
confined to nanocrystalline domains in porous Si.

o . i—0) incr . The replacement r ion pr I r
The ester-modified regions of a photopatterned surface CanV(S O) increases e replacement reaction probably occurs

be hydrolyzed to the simple oxide by exposure to acidioH afterin situ hydrolysis of the ester to the simple oxide by trace

The simple oxid nnot be directly ohotopatterned onto th water? The trifluoroacetic ester surface is found to be more
€ simple oxide cannot be directly photopatterneéd onto e . iy than the formic ester surface. The-Bisurface does
surface because-B reacts with both the illuminated and non-

lluminated regions of reverse-biasedssi not react with organomethoxysilane under these conditions.

! uChI ical Rgl f‘ i \flths -Elts - dIlS ‘ Esterifi Reaction of an organomethoxysilane and aISisurface
~nemical Reactivity ot tne Lsterified surface. Estenii- patterned with an ester-modified region results in attachment

cation changes the chemical properties of the Si surface. In a

preliminary report we have shawn that the ester-modified surface of the organosilane exclusively on the esterified region. Figure

is hvdroohilic as obposed to the hvdrophobic native hvdride- 12 presents diffuse-reflectance infrared spectra of the ester-
terr’rilinatgd surfacglp Reaction ofya t?ifluoroacetic e)gter- patterned porous Si sample from Figures 9 and 10 after it was

p i ; . allowed to sit in a solution of 1% C4CH,)7(CH3),SiOCH; in
modified surface with a 1% solution of organomethoxysilane, toluene for 3 h. The spectrum of the patterned square region

(73) Doan, V. V.; Sailor, M. JAppl. Phys. Lett1992 60, 619-620. displays strong/(C—H) absorptions at 2928 cm, assigned to
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the organosilane, and only a smalC=O0) vibration from The ester-modified and native hydride-terminated surfaces
residual ester. The native hydride-terminated Si surface outsidehave significantly different properties, including hydrophilicity,
the patterned region shows no evidence of reaction. The chemical reactivity, and nonradiative surface recombination rate.
photoluminescence intensity from the photopatterned square isyye have demonstrated that organomethoxysilanes react specif-
still very low after organosilanation, suggesting that this species ically with the ester-modified and not the hydride-terminated

is also a very _eff|C|ent nonradlatlve recomb_lnat_lon center. '_I'he regions of a patterned Si surface. The reactivity of Si esters
unreacted region (outside the square) retains its photolumines-

cence intensity throughout the course of the derivatization prov@es a route to.patternlng S.I surfacgs with a yarlety .Of
experiments. chemical reagents via the ester intermediate. This is the first

reported general method for patterning Si with specific chemical
Conclusions functionalities by photoreaction with Si surface atoms.

We have presented a new photoelectrochemical reaction that
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