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Photoelectrochemical etching of silicon in nonaqueous solutions without the use of free-fluoride or HF has been demdnstrated. S
icon was electrochemically oxidized and dissolved using stable, fluoride containing salts in acetonitrile solutions. Tiwelturrent

age behavior of silicon in acetonitrile solutions containing tetrabutylammonium tetrafluoroborate or tetrabutylammonium hexaflu
orophosphate were similar. The voltammetry of silicon in solutions containing tetrabutylammonium trifluoromethylsulfonyl, potas-
sium hexafluoroarsenate, or sodium hexafluoroantimonate showed large hysteresis indicating the presence of silicon oxide on the
surface. Although the dissolution rate of silicon dioxide was negligible in the absence of free-fluoride or HF, the oxiidign an
solution of silicon could be maintained, even when thin oxides were formed. Photocurrent oscillations associated withpthe buildu
and removal of oxides were observed when traces of water were present.
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The photoelectrochemical etching of silicon in agueous electhemical reagentsnd by contact with activated alumina desiccant.
trolytes involves the participation of water in the formation and dis-The alumina desiccant, grade F-1, was purchased from Sigma
solution of silicon oxide$:2 In the absence of free-fluoride or HF, the Chemical (St. Louis, MO). The chemicals used in this study,
oxidized silicon is complexed by water, resulting in an oxide layerTBABF,, tetrabutylammonium hexafluorophosphate, tetrabutylam-
which electrically passivates the surface. The formation of highemonium trifluoromethanesulfonate, sodium hexafluoroantimonate,
quality (dense) oxides and lower-quality oxides has been studied iBoric acid, and potassium hexafluoroarsenate were obtained from
agueous electrolytes as a function of current density, potential, anglidrich Chemical and dried under vacuum for at least 24 h prior to
time3®In agueous electrolytes at potentials above the critical currengise. The materials were handled and experiments were performed in
peak, electropolishing occurs where a steady-state condition of oxidg Vacuum Atmospheres (Hawthorne, CA) inert atmosphere dry box
formation and dissolution is established. maintained at less than 0.05 ppm water and 2 ppm oxygen. The elec-

The electrochemical oxidation of silicon is initiated by valence trochemical measurements were made using an EG&G Princeton
band holes and results in tetravalent dissolution aé’f‘viﬁen free- Applied Research 273 (Princeton, NJ) potentiostat. A 0.65 mW
fluoride is present. The sustained etching of silicon is achieved whepieNe laser with beam diameter of 0.47 mm was used in the pho-

free-fluoride (or HF) is available to complex the oxidized silicon toetching studies. Neutral density filters were supplied by the Oriel
and/or dissolve the oxide. Ohret al. have identified HF as the Corporation (Stratford, CT).

dominant fluoride species most often responsible for silicon dioxide The electrochemical experiments were carried out in a three-
dissolution in agueous solutioh#n a previous work, it was demon-  electrode Teflon reactor previously descriBé8.0hmic contacts

strated that silicon may be electrochemically etched in nonaqueougere made to the back side of the wafer with gallium-indium alloy
electrolytes containing either anhydrous HF or tetrabutylammoniunyr by sputtering a 3000 A aluminum layer. The reactor was filled in

fluoroborate (TBABE).S It is important to note that the chemical g dry box to protect it from atmospheric moisture and oxygen.
and electrochemical behavior of these two fluoride sources (HF and Results

TBABF,) are quite different because of the stability of the fluorob- . . . .
orate complex and the absence of free fluoride. It is well known that _Figure 1 shows the cyclic voltammogram of n-type silicon in 0.5
Si0, is chemically stable and does not dissolve in aqueous or non! TBABF/MeCN in the dark and illuminated. The onset of anodic
aqueous TBABF solutions. Furthermore, the silicon etched in photocurrent at n-type electrodes, which often correlates with the
TBABF,-only electrolytes is not hydrogen terminated, whereas the
silicon is hydrogen terminated in the case of etching in HF-base
electrolytes. The ability to complex silicon without HF or free fluo-
rides provides a unique opportunity to etch silicon in the presence ¢ 07
a stable silicon dioxide layer and to evaluate alternatives to HF. |
this work, we examine the voltammetry and oxidation-dissolution
behavior of silicon using a variety of stable fluoride salts and exam _ os -
ine the effect of surface oxides and water contamination.
Experimental

Prime grade n-type and p-type (100) silicon wafers were ob
tained from MEMC (Dallas, TX). The n-type silicon was doped with 02
phosphorus and had a resistivity of 120m. The p-type silicon
was doped with boron and had resistivities of 116m.

Acetonitrile was chosen as the solvent because of its high diele 0
tric constant and electrochemical inertness. Anhydrous acetonitril
(H,0 < 50 ppm) was obtained from Aldrich Chemical (Milwaukee,
WI). Further purification of the acetonitrile was accomplished by a
series of vacuum distillation transfers followed by reflux over five

Photocurrent

2

e
o

Current (mA)

Dark Current

-0.5 0 0.5 1 1.5 2 2.5 3
Potential (V vs. SCE)

Figure 1. The photoelectrochemical behavior of n-type silicon in 0.5 M

* Electrochemical Society Active Member. TBABF, in acetonitrile in the dark and under illumination. A 0.65 mW HeNe
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flatband potentialK.g), was obsered d@ potentials positie of —0.3

V vs SCE on the posite-going scanThe photocuents vere rela

tively small in mgnitude &potentials beteen—0.3 and 1./ on the
first scanThe photoanodic ctent is due to thexadation of silicon.
Dissolution of the gidized poducts occls thiough brmation of the
fluoride comple. The «idized silicon is ble to extract fuoride ions
from fluoroborate, leaving boion tifluoride poducts® The quantum
efficiengy (number of electins obsered in the gtemal circuit per
absorbed photon) in this potentiadgion was less than onds the
voltage was inceased to alues bgond 1.0V vs SCE,the photocur
rent signifcantly increasedAt potentials gedaer than 1.8/, a phoe

tocurent plaeau vas g@proximately 0.7 mA. This curent core-

sponds to a quantumfiefency of goproximately three That is, pho-

tocurent multiplication tales place and thealue is lover than tha
obseved for n-type silicon in HF in MeCNwhich was dout our®

The efect of potons is discussed in thexaeection.

The contibution of free-fuoride (e.g., impurities from fluorobo-
rate) on the anodic ctent was considexd The puity of the lithium
fluoroborate as eceived was 99.999%jndicaing tha the stating
maerials were suficiently pure. Boric acid was adled to the elec
trolyte in one set ofb@eliments. Boic acid will comple with free-
fluoride generted duing the &peliments,producing fuoroborate.
No differences in the cuent-wltage cuwves or silicon emoval rate
were obseved Fnally, silicon diaide was soakd in the fuorobo-
rate electolyte (as eported peviously) and no dissolution of the
oxide occured® Thus,it was contuded thatrace impuities of free-
fluoride did not hge a signifcant impact on the obsexd behwsior
of silicon in the fuoroborete electolytes.

The gclic voltammaram of n-type silicon in 0.5 MBAPF; in
MeCN, shavn in FHg. 2, is similar to th& of n-type silicon in
TBABF, in MeCN. Both electolytes shav small anodic photocur
rents bginning & potentials positie of —0.3V, and a lage increase
in photocurent occus & approximately 1.5V vs. SCE.The quantum
efficiengy of n-type silicon inTBAPF;, in MeCN is also pproxi-
maely three electons per incident photon and gligible anodic
dark curents vere obseved The photocuent ieaded a pleeau of
0.7 mA a approximately 2.2 V vs SCE.The mass of silicon
removed was compaed to the totalltaige measiwed duing the phe
toetching of a pit in the suaice of the n-type silicon. 4 egtrol Si
were measwed, shawving tha tetravalent dissolution occarin the
electolytes containing BABF, andTBAPFg (Fig. 1 and 2).

Figure 3a shws the curent-wltage cuwe for illuminated n-type
silicon in 0.2 M NaSbfMeCN. Etching was not obsered in the
dak even & high positve potentials. On the initial potential scan
from —1 to 3V vs SCE under 0.65 mW HeNe laser illunioa,
only small photocwents vere obseved giving a quantum éicien-
cy much less than ondhe illuminaed surlces vere not etbed as
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Figure 2 The photoelectrchemical behgor of n-type silicon in 0.5 M
TBAPF; in acetonitile in the dak and under illumingon. A 0.65 mW HeNe
laser light sowe was used

detemined ly visual inspection using an optical noscope How-
ever, a slight oughening of the silicon sate occued The phe
tocurrent could be due to silicorxidation and eaction with taces
of water in the solutionAs the potential &@s scanned posig of 4V
(scan 1 of K. 3a),a signifcant incease in photoctent was ob
seved Once the photoctent and etging were initiasted a high
potentials,a photocurent pldeau was obsered The lysteesis
between the drward scan (scan 1) and theverse scan (scan 2) cor
responds to ahang in the electde surbice most likely due to
“breaking though” the surhce xide. As seen in k. 3a,the lys
teresis is dsent in the second posiigoing scan (scan 3) anever-
sal (scan 4). In subsequertitege g/cles,scans 3 and 4 ofi: 3a
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Figure 3 The photoelectchemical behaor of n-type silicon (HeNe laser

illumination) in (a,top) 0.2 M NaSbf in acetonitile, (b, middle) 0.2 M
KAsFg in acetonitile, and (¢ bottom) 0.5 MTBACF;SO; in acetonitile.
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were replicated The curent-wltage cuve shoved neligible hys-
teresis and the onset potentiahrained 81.75V vs SCE with a
quantum diciengy of three The quantity of siliconemoved was
compaed to the baige passed ding the &petiment. The equia-
lents per mole alues vere detemined fom the amount oftaige
passed and the amount of silicemoved from the electrde It was
found th&a 11 equv of charge were passed per mole of silicogr
moved using the 0.2 M NaSpkh MeCN solutionThis is diferent
from the pevious electolytes where tetevalent dissolution &s con
firmed It shavs tha other side eactions took place dag the &-
petiment. A similar hysteesis in the gltammaram was obsered
for n-type silicon in the 0.5 M KAgAVIleCN electolyte (Fg. 3b).
In this electolyte, the onset potential in therfward scan occued &
approximately 4V vs. SCE due to the psence of a tize axide. At
potentials geder than 5v, a photocurent plaeau of proximately
0.7 mA was obsared giving an @paent quantum éiciengy of
three On the everse scanthe onset potential & obsered near
1.3V vs SCE.The equialents per mole of silicon éted was bund
to be 14 shaving tha other eactions occued dumg oxidation of
the silicon.The curent-wltage scan in 0.5 MBACF;SO;/MeCN is
shovn in FHg. 3c Although similar lystelesis and photocrents
were obseved for n-type silicon inTBACF;SO;/MeCN, the phe
tocurent onset potential @ moe positve on both érward and
reverse scanslhe onset potential on therfvard scan vas & approx-
imately 7V vs SCE.The manitude of the cuent pladeau vas
0.5mA, coresponding to anppaent quantum éiciengy of 2.5. On
the everse scanthe photocuent bgan to decease tigpproximate-
ly 5.5V and the onset potentialas obsered & approximately 2V
vs SCE. It is not lear why the onset potential as moe positve in
the case of th€ BACF;SO; in MeCN as compad to the salts dis
cussed mviously. Chan@s in the equilibum constantdr the dis
socidion of the fuoride from the CESO; complex may effect the
onset potential. If thexidized silicon intemedide is not ale to
stiip fluoride from the CESO; comple, then the silicon mahave
to be «idized to a higheralence sti@ bebre the fuorination. This
could afect the potential (onsetoltage) and quantum Btiency
(photocurent). Also, greder than seen electons per silicon &
moved was measuad

The curent-wltage behaior with NaSbk, KAsFg and
TBACR;SO; suggests thathe ething is inhibited on the initial scan
due the pesence of a silicon diade layer formed pior to the elee
trochemical &petiments.To investigate the efflect of surhce coer-
age of silicon dixide, cyclic voltammety of n-type silicon with
native oxides and thenally grown oxides in theTBABF,/MeCN
and TBAPFg/MeCN solutions \as perbrmed Fgure 4 shas the
cyclic voltammaram for n-type silicon in 0.5 MTBAPFs/MeCN
with a 35 A néive axide on the sudice The 35 A aide was meas
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Figure 4 The photoelectichemical behaor of n-type silicon with a thin
surface xide in 0.5 MTBAPF; in acetonitile in the dak and under illumi
naion. A 0.65 mW HeNe laser light saxe was used

ured ly ellipsomety. In the &peiment,the potential \as scanned
from —1 to 8V vs SCE.At approximately 7 V, the photocuent
increasedreading a plaeau of 0.65 mAAfter scan eversal,a hys-
teresis was obsared and the photoctent onset \&s @& more nga-
tive wltages,similar to kg. 1 and 2This curent-wltage behsior,
with a ndive xide piesentjs nealy the same as thoserfn-type si
icon inTBACF;SO;, KAsFg, and NaSbE (Fig. 3) electolytes with
out an intentionayl oxidized suréce

Silicon samples pared with thin lgers of themally grown
oxide (60 and 180 A) wre etted using the BF solutions. In oder
to etdh the samples with 60 and 180 A of tmeily grown axide, it
was necessytto bias the silicontalOV vs SCE br several seconds.
The photocuent obsered from the silicon with the 60 and 180 A
oxide film was \ery large, like tha in FHg. 2 or 3,and oscilléed The
magnitude of the oscilldons inceased as theoltage increased
After the themally oxidized silicon vas illuminded and biased 40
V vs SCE br 30 s,the gclic voltammayram was similar to thiaof
silicon with no &ide present. High posie potentials wre needed
to remove the thin Igters of axide. Once the vide was emored, the
voltammety was the same as in thesence of rides.

The deendence of the photoeent on light intensity as irves
tigated using a se&rs of neutal density iiters. Cydic voltammeo
grams br n-type silicon in 0.5 M'BABF,/MeCN using a 0.65 mW
HeNe laser and aaviety of neutal density ilters ae shevn in
Fig. 5. The water contamingon in this elecilyte was bund to be
approximately 30 ppm ly Karl Fischer anafsis. The incident light
power was \aried from 1 to 100% of full laser peer (0.65 mW)As
the light intensity inazasedthe photocuent pldeau inceased lin
eaty and curent oscilldions were obseved At 10 and 16% of the
full laser paver, the photocuent was constant with time (no oscil
lations). At higher incident paers (.e., >20%), oscillaions were
obseved d potentials positie of 1.8V vs SCE.At 26.5% of full
laser paver, oscilldions were obseved 4 all potentials on the pho
tocurent pldaeau.At low light intensities and i@ anodic potentials,
the ate of okide formation (due to esidual veter) is laver and the
oxides ae less dense and neonoruniform. At higher light intensi
ties,more uniform oxides with a higher density mde pesentThe
onset of oscillaons a higher potentials and higher intensities indi
cates tha the oscilltions ae associted with a higherate of ocide
formation and peodic dielectic breakdavn.

The curent oscilldions duing silicon ething in fluoride-free
nonaqueous solutionsare found to be dgendent on the ater con
centetion. The curent-wltage behaior of silicon in TBABF,/
MeCN as a function of a@er concentition is shevn in Fg. 6.
There were no danges in onset potential or péau curent when
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Figure 5 Cydic voltammayram for illuminated n-type silicon in 0.5 M
TBAPFg in acetonitile at different light intensities. Newf density ilters

were used to ary the light intensity of the HeNe laser light scarrThe

power of the light sowre and the neut density ifiter is listed ne&t to the

photocurent cuve.
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the water concenttion was inceased fom 15 to 40 ppm. E&c
voltammaram (Hg. 6a and b) xhibited a photocuent onset
potential @ gpproximately —0.5 to OV vs SCE and the highest pho
tocurrent occured in the potentiakegion of 1.5 to 3/ vs SCE .The
addition of weter increased the ngmitude of the photoctent oscit
lations. Not&le efects also ppeaed when compang the equia-
lents per mole of silicon gted When the vater concenttion was
less than 15 pprapproximately 4 equv/mol were measiwed As
the water concentition increased to &lues geder than 50 ppm,
approximately 32 equv/mol were measwed Values geaer than
four indicde side eactions hee occured tha do not esult in sil
con ething. The curent mg be due to eleabchemical poduction
of silicon diaide and/or solent ocidation.

Discussion

The electochemical aidation and dissolution of silicon wolves
a seies of electon-transer and bemical stps bginning with sil-
con stating in the 2ro-valent brm and ending in the tetralent
hexafluoride compl&. The sequence is initied ky valence band
holes and inolves intemedides tha have () electons in high ener
gy levels allaving electon injection into the conduction band and
(i) a stong afinity for fluoride ions.The afinity for fluoride ions is
evident by the sustainedxidation and dissolution of silicon in the
absence of )drogen fuoride and veter, as demonséted hee in
MeCN. Although the equiliium of the BF fluoride comple and
other complges e.g., PR;, CF;SG;, Askg, and Sbk) fails to yield
an gprecisle concentation of free-fuoride, eat of the fuoride-
containing compbees is susqgtible to fluoride scaengng. The par
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Figure @ The curent-wltage behaior of n-type silicon in 0.5 MTBABF,
in acetonitile in the dak and under illumingon a (a, top) 15 ppm ater
concentation and (h bottom) 40 ppm ater concengtion.

tially oxidized silicon on the eledde suréce has a high fafity for
fluoride, which can be obtainedf the salt usedror example the
dissocigion of fluoroborate is shan in Eq. 111

BF; « BF;+F  k=1x10"% [1]
The aility of silicon to electochemically dissole in the pesence of
these salts (without HF orefe fuoride) demonsates the elaive
strength of the silicontioride comple. In aqueous eleddlytes,
no dissolution of silicon occurin the pesence of these salts (with
out HF).

The curent-wltage behaior of silicon in TBABF,/MeCN and
TBAPFg/MeCN ae remakably similar and ghibit minimal curent-
voltage hysteesis or sudce passation. The onset potentials eb
served when silicon is anoded in eithelTBABF, or TBAPF; were
shifted to moe positve potentials compad to the anydrous HF in
MeCN electolyte. Previous esults hae shevn tha the silicon-
hydride surfice brmed duing etding in HF/MeCN is bsent vihen
etching inTBABF,/MeCN.8 The loss of sugice bound ydrogen can
result in an inaease in the suate stee density on the silicon elec
trode The onset potential.€., flatband potential) is alsofaficted ly
the pesence of ltaiged species suate stges. The Femi level
would shift to moe positve potentialsif the surfice were moe pos
itively chamged compagd to the kdride-teminaed surace It is
interesting to note thaa small photocuent is obsered in Fg. 1 and
2 d the same onset potential as okedrwith HF in the eleabiyte.

The electochemical passition of n-type silicon in
TBACF;S0;, KAsFg, and NaSbgin MeCN, as seen in the cnt-
voltage behaior, appeas to be elated to the higher aer contami
naion in these eleadtytes (>50 ppm) and Veer fluoride dissocia
tion constantsThe potential ér the onset of photocnt in these
electolytes was similar to the onset potential obsst in
TBAPFs/MeCN, when a néive axide was pesentshoving the pes
ence of an xide Hocking layer. This thin «ide was most lilely
formed ly the eaction of silicon with tices of water in the elec
trolyte. Without HF silicon dioxide does not dissodv Remal
occus hee via dielectic breakdavn, ion transpot, and «idation of
the undelying silicon. Fllowing breakdavn of the aide, the silk
con is &posed andxidation can pogress,possilly through pits or
defects in the lo-quality axide. Additional chemical anajsis of the
solutions and the éted silicon is needed to detgne the nture of
the surfice passation in the altenae fluoride salt solutions.

The pesence of xides esulting fom weter contamin@ion leads
to the cedion of photocurent oscilléions. The hiildup and beak
down of the xide layer has been studied in aqueous etdyties ty
several authos 3 The oscilldion models deeloped fom results in
aqueous solutions do not fulkexplain the oscillion behaior in
nonaqueousfluoride-free elecilytes. In these nonaqueous -sol
vents,thete is no diemical dissolution of the silicon dime. Previ-
ous esults hae shavn thea there was no measable etd rate for sil
icon diaxide dissolution in MeCN solutions containifBABF,.
The oscilldion models of Gescher and Lubk® and Chazalviel
etal.? represent the sticture of the aide divided into two homaye-
neous iims: a dense xide film with low defect levels and a less-
dense ifm with high detct concenttion. The ionic tanspot
through the gide films resulted in dissolution and coatof the cur
rent oscillaions. The oscilléion mehanisms pesented Y Lehmarf
and Castenseret al® also induded ion tanspot in the «ide layer,
and localizd failures occur B either plysical failure of the aide or
by ionic breakthough which creaes dannels or pas. In eal of
the aqueous modelhe dissolution of thexide by the fuoride-con
taining electolyte was an essential and cdhtrting factor to the
oscillaions. Havever, in those studies it &s not possike to ezalu-
ate the oscilldion behaior in the dsence of SiQ dissolution
because the HF (or othdudrides) was needed to maintain biag
in the aqueous eledlytes. Thus, this is the ifst oppotunity to
obseve oscilldions dummg the xidation and dissolution of silicon
without the dissolution of Si©Thus,it is dear tha SiO, chemical
dissolution is not an essential component to obtain osoilka
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The oscilldions obsered hee ae different in seeral respects
compaed to aqueous conditionsirgt, the ethiing and aidation
does not occur agss the ent& surice since the elecdile vas illu-
minaed with a 0.47 mm diam laser beam. Secdmel frequenyg of
the oscilldions is higher than those obged in aqueous eledtytes.
Oxide gowth aiises fom the tace vater in solution and thesacti/-
ity of the silicon with veter. The efect of inceasing the water con
centition is deatly seen in k. 6, where the inceased ater con
centition caused an inease in the &queny and intensity of the
current oscilldions. Because thénemical dissolution ofxade is not
possilhe in the nonaqueouspn-HF electolytes,the curent oscilla
tions nust be elaed to the érmation of the xide layers from resid
ual weter and subsequenkide breakdaevn a high anodic biasThe
current oscilléions illustiate the complicéons causedywater on
the silicon eactions alow water concenttions.

The substitution of aldoride comple for hydrogen fuoride in
the nonaqueous dting of silicon Glangs the ppaent quantum
efficiengy. The anodiztion of silicon in MeCN without &e-fuoride
resulted in quantum f€iencies of tvo to thee wheras walues of
three to bur were obtained in anfdrous HF in MeCN Previous n-
type silicon mid-infared Fourier transbrm infrared (MIR-FTIR)
studies of silicon eting in BF, in MeCN hae shaovn tha BF; is
produced ly stipping a fuoride from the BF. & In the pesence of
HF (i.e., the availability of protons),a hydride-teminaed suréce is
creaed due to the atition of HF acoss Si-Si bac bonds® The
absence of mtons in the case of BF PRy, CR;SO;, Askg, and
SbF; forces theihal Si-Si bond to undgo electochemical &ida-
tion, leaving the surfce in a nonydride temination stde. This elee
trochemical pute does not confute to the cuent nultiplication,
thus lavering the werall quantum diciengy. The pesence of sur
face stees mg also contibute to the de@ase in werall quantum
efficiengy, since these calcuians did not intude the diect of
recombindion a the nonlgdride surfice

Condusions

In this stug we hare demonstted tha silicon can be xidized
and dissoled in acetonitte solutions ly use of anions siicas BF,
PFs, CFSG;, AsFg, or SbF in place of fee-fuoride. The curent-
voltage behaior of n-Si in these eledilytes was not the same as in
electiolytes containing HRndicaing an altenae oxidation-dissolu
tion pahway. Futhemore, we hare demonstted the Aility to ini-
tiate and sustain eting of silicon-containing suate aides where
the oide is not solule in the eleclyte. Photocurent oscilldions
have been obsged in electolytes without HF or fe-fuoride pie-
sent.The aility to comple silicon using alterae fluoride souces
demonstates the possibility of designing eithdramical or elect-
chemical methodsof the aidation and dissolution of silicon in the
absence of e-fuoride where silicon dixide is stale (not solule).

The Geogia Institute ofTechnolagy assisted in meeting the pichtion
costs of this dicle.
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