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Wet-Chemical Treatment of SkN, Surfaces Studied Using
Infrared Attenuated Total Reflection Spectroscopy

V. M. BermudeZzZ*
Naval Research Laboratory, Electronics Science and Technology Division, Washington DC 20375-5347, USA

Infrared attenuated total reflection spectroscopy has been used to observe the surface chemidlpyfithSi(grown on Si by
low-pressure chemical vapor depositiamder steady-state conditions during exposure to dilute aqueous HF solutions. Surfaces
etched in HF do not exhibit rapid growth of an SiCayer when subsequently exposed to either humid room air at room
temperature or to liquid 0. However, some evidence is found for the formation of an ultrathin oxide-like layer when the etched
surface is rinsed in deionized,A. Removal of this layer in HF results in no detectable signal in the Si-H stretching region, unlike

the case for Si subjected to a similar oxide-removal treatment. The presence of SIOH groups has been detected by observing their
removal by reaction with aqueous acetic acid or HCI solutions, which suggests thag®itips are rapidly hydrolyzed. An

attempt was made to detect surface Nifoups by protonation in aqueous acid to form Nii, which should be more readily
observable in the infrared spectrum. However, the surface coverage ,of iN&hy, is too small to be detected by this means.
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Silicon nitride (SgN,) is important as a dielectric matefigbr ~ solved issue, which may depend on the details gRi$igrowth and
use in electronic devices, including ion-sensitive field-effect transis-oxidation conditions, is whether the native oxide is better described
tors (ISFETS. For these applications, thin films are often grown by as SiQ or as an oxynitride, possibly with a graded O/N ratio.
chemical vapor depositiofCVD) or by sputter deposition. In con- Results for the oxidation and/or hydrolysis of high-surface-area
trast to the situation for many other electronic materials, little is (HSA) Si;N, powderst32® obtained using primarily infraredR)
known of a fundamental nature about the mechanisms involved iNspectroscopy, concur with those noted above for thin films. The
the. Wet-chemicql pro.cessir(g.g, cleaning, etching, surface passi- aaction with HO vapor is more rapid than with dry ,Qand is
vation, etc) of 5'3'_\‘4_;””13- . accelerated by the presence of Ngroups. After removal of ad-
_ Previous studi€s’ of the wet-chemical treatment of Bl,  gorped HO and other contaminants by evacuation at elevated tem-
films have focused primarily on etching in aqueous hydrofluoric perature, (-N-)SiOH and (-Si-)NH are found®7to be the domi-
acid (HF). The etch rate at room temperature fopNyj grown  nant surface species. Other wotS® reporting the interaction of
by low-pressure chemical vapor depositirPCVD) is® R(A/s) HSA powders with liquid HO and/or aqueous acids, are also rel-
= 0.1§HF] + 0.31HF,] (where[X] is the molar concentration  yant. When immersed inJ@ at a pH of 7.0, HSA SN, shifts the
of species X and is considerably slower than for material grown by pH eijther higher or lower, dependifigon the relative surface con-
plasma-enhanced chemical vapor depositRBCVD). Knotter and  ¢entrations of basi¢Si-(NH)-Si and Si-NH] or acidic [Si-OH]
Denteneet proposed a mechanism for the etch rate dependence Oljtes, and reversible hydrolysis of (-SiN sites can alter the con-

pH in which, for the approximate range ofd pH < 4.5, the rate-  ¢entrations of such specié&in nonetching acidic solutions, amine

limiting step is and hydroxyl sites can undergo reversible protonafiéhto form
(-N-)3Si-NHE + F~ — (-N-)3Si-F + NHs Si~(NH;)-Si, Si-NH;, and Si-OH .
In this work we are concerned with observing the surface chem-
while at somewhat higher pH it is istry of SigN, under steady-state conditions during exposure to
) B ) aqueous HF. The experimental technique used here is IR attenuated
(-N-)3Si-NH; + HF; — (-N-)3Si-F + NHz + F~ total reflectanceATR) spectroscopy which has been used previ-

ously (e.g, Ref. 27-29 and works cited thergifor in situ studies of
A subsequent nucleophilic attack by &t the Si*-F°~ site is then  the wet-chemical processing of Si. The present work is, to our

relatively rapid. Boweet al® studied the cleaning of PECVD films knowledge, the first attempt to extend such experiments ,Si
and found that a modified RCA clean, followed by dipping in 1%

HF, is effective in promotipg subsgquent .vvafer. bonding, plossibly as Experimental
a result of the surface being terminated in amine (Nipecies. ) ] ]
Regrowth of the native oxidé? (in air, in wet or dry Q, or in The samples were-45 nm thick films of SiN, grown by

LPCVD on both sides of a Si substrate. Details concerning the
g_rowth, surface cleaning under UHV conditions and characterization
of these samples are given elsewh&eo cleaning of the as-
received sample was done prior to mounting it in the flow (sl
Cbelow). The Si substrate was an internal reflection elen{éRE),

cut in an arbitrary crystallographic orientation, which was obtained

liquid H,O) on the HF-etched surface at room temperature is an
important aspect of wet-chemical treatment and subsequent proces
ing. Previous studies of LPCVA3® or PECVD! Si3N, have found
that surface oxidation at or somewhat above room temperature o
curs readily in room air and in $#© vapor but more slowly in dry

O,. A high concentration of N-H bonds, which occurs in PECVD  ¢ommercially(Harrick Corporation, Ossining, NY The IRE was a
material, |§llfounal to increase the reaction rate with,@. 25x% 15X 1 mn? parallelepiped with a 60° internal reflection
Hydroly3|s_1 “~removes Si-H and Niigroups, produces SiQwith angle which gave a total of fourteen reflections at the two faces for
surface SiOH groups, and releases NHUltrathin H-free SiN,  |ight propagating parallel to the long edge. Of these, eleven reflec-
films grown on S(111) by reaction at hi?h-temperature with NH  tions probed the fluid/sample interfa¢as opfosed to the sealing
under ultrahigh vacuurtiJHV) conditions;,? are found to resist dry  surfaces of the cell Following Queenegt al,?’ the IRE geometry
O, oxidation at temperatures up t6500°C, to an extent depending was chosen to reduce the intensity of the liquigCHabsorption
on the preparation of the Si substrate prior to nitridation. An unre- bands(see be'ov)land to extend the transmission range so thaES|O
modes could be studied.
The SiN,-coated IRE was mounted in a Teflon flow @&ff°
2 E-mail: bermudez@estd.nrl.navy.mil with both sides in contact with the reagent fluid. The Teflon, which
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was pressed tightly around the edges of the IRE to form a fluid-tight 1000 2000 3000 4000
seal, contributed weak absorptions in ATR at 1152 and 1207'cm —————
and the transmission cutoff of the Si IRE occurred at about 980 N-H str.~—

cm™ L. The cell was connected to a pumping system which permitted
a continuous flow of fluid at room temperature and the changing of
fluids without exposing the sample to air. The total cell volume was
5.3 mL, and the typical flow rate was20 mL min . Teflon and
polyethylene were the only materials, other than Si gNgj in
contact with the reagents. The HF solution was prepared by succes
sive dilutions, with deionizedDI) H,O, of a standard concentrated
solution, which is 49% by weight in $0. With a density of 1.19 gm
cm 3, 34.3 mL of the concentrate contains 1 mole of HF.
Spectroscopic data were recorded with a Mattson Cygnus 10(C
Fourier-transform IR system and a narrow-band Hged ,
detector at a resolution of 8 ¢m with 2000 scans averaged in
about 10 min. The entire optical path was purged with dg. N
Triangle apodization with fourfold zero filling was used in pro-
cessing the interferograms. A spectrum recorded with pure DI
H,O flowing through the cell was used as a reference and the quan
tity 3R/R obtained, wheredR(<R) is the fractional change in
reflectance caused by addition of the reagent of intefest,

d0R = RreagenT Rwateb-

Results and Discussion

Preliminary considerations—Before proceeding to the data, a
numerical simulation of the ATR experiment is considered. This is
useful in evaluating the sensitivity to species on thgNgisurface
and in further analysis of the data. Calculations were done for a
model system consisting of a Si substrate with a 45 nm thigkl Si
overlayer covered by an adsorbate layer in contact with a® H
ambient. As in the experiment, light is incident internally at an angle
of 60° at the IRE/fluid interface. The calculations were performed
using the matrix formalism(fully described in Ref. 33 for the
polarized reflectance of a multilayer system with ideal interfaces
between homogeneous and isotropic materials. Complex optica
constants i, k) for liquid H,O and for PECVD SiN, were obtained
as functions ohv from the literaturgRef. 32 and 33, respectively
For crystalline Si, the real indefa) in the region of low absorption
(hv > 1000 cm?) was obtained in the form of a Sellmeier 0.7 H—— j '
function3* (Thus, the multiphonon absorptions above 1000 tm 1000 2000 3000 4000
were neglected.For an SiQ adsorbate layer, the optical constants -1
of silica glas3* were used. Methanol was also used as a model

adsorbate because the IR oscillator parameters for the liquid argjgyre 1. Results of model calculations for a Si IRE covered with a 45 nm

cm

availablé>>** and because it exhibits absorptions that are reasonsnick si,N, layer having a 0.5 nm thick film of CYOH on the surface in an
ably close in energy to those expected for Sidhd NH, on the  H,0 ambient.(a) Shows3R/R, the fractional change in reflectance caused
SisN, surface(see below The fact that an actual G@H film by addition of the CHOH film, in p and s polarization at an internal reflec-
would dissolve in HO is irrelevant since only the model optical tion angle of 60°. All peaks are stronger in p than in s polarizationShows
constants are significant here. the reflectance at 60° for p and s polarization and at 45° for p polarization.

Figure 1 showsR and3R/R for both s and p polarization, where The va_rious vibrgtional modes are labeled (strstretching), including the
5R is the difference in reflectandsee abovewith and without a ng'roxurrcljate reglc:rr]\s expicgd foc:/H 02 t%@H'ﬁ'ﬁ_l;]rface' Th.f g"o' %’H ac?d
0.5 nm thick layer of randomly orientede., liquid) CH;OH as a Bé/Rn;ce’r;?niLea S?sgleoi:terr?; rgfrlec:idon - Ihe magnitudes o an
model adsorbate. Downward-pointing features are due to the '

CH3;OH layer, while upward-pointing structure arises fromCH
The latter features appear &R/R because the presence of the thin 5 5894, for 4 60° angle of incidence. The situation is more favorable
CH;OH layer reduces accordingly the sampling depth into th@H iy the vicinity of the N-H bending modes, where the transmission at
ambient. Hence, when the GBH is removed in the calculation of e 1634 cmt absorption peak is-57%. Similar results fobR/R
dR/R, the HO absorptions gain intensity and appear as positive at 45° (not shown indicate an approximately fivefold higher sensi-
features. The results illustrate the higher sensitivity in p polarizationyyity to adsorbates on the $i, surface, the combined effect of a
and also the difficulties imposed by the strongHabsorptions. For — |arger3 R/R per reflection and of a greater number of reflections for
eleven internal reflectionésee abovg the estimated transmission the same IRE length. However, the calculaRgl(Fig. 10 shows

: . ol - : . , .
for unpolarized light at the-3400 cm * H,O absorption maximum  hat the sample would be effectively opaque in the regions surround-

ing the H,O absorptions.

aTh'erelz isa typographical error in this edition that affects calculations of multilayer Turning now to the etching reagents, dilute HF soluti¢typi-

transmission. Equation 4.170 should réae: 1/S;;. cally about 0.01-0.02 M, pH= 2.7) were employed so that the etch

b There is a typographical error that affects the application of the formalism in this 'ate would be SUfﬁCiently slow that the;8i, films .WOU|d be use-
paper. The factor of #3 in the numerator of Eq. 21b should be simply.4 able for several experiments. There was no obvious dependence of
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Figure 2. (a) Data in the region of Si@ absorption for a bare Si IRE
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cies that are added by the etching process. Removal of the oxide
layer is evidenced by the peaks at 1068 and 1248 cmhich
correspond, respectively, to the TO and longitudinal opti¢alO)
Si-O stretching modes of SO The additional weak structure at
~1154 cmt is due to a slight miscancellation of a Teflon absorp-
tion as noted above.

The weak feature at-1438 cm! is tentatively assigned to the
bending mode of surface Si-O-H groups, hydrogen-bonded,®, H
on the basis of the appearance of the C-O-H bending mode at 1452
cm™tin liquid CH;OH (cf. Fig. 1). However, it is noted that other
studie€”-*” of wet-chemical growth or etching of oxides on Si have
not reported this mode. The small peak at the 1634 %diquid-H,O
absorption, which also appears in the numerical simulations dis-
cussed abovécf. Fig. 1), arises from the fact that a slightly in-
creased thickness of J@ is sampled as the oxide layer is removed.
Numerical simulation also indicates an oxide thickness-@f5 nm
based on the peak height of the TO band. The TO mode was used for
the thickness estimate since the peak intensity, unlike that of the LO
mode?’ is insensitive to the exact optical constants of the ambient
liquid. These simulations were done as described above using SiO
rather than CHOH, as the surface film.

In contrast to these results, data for an as-receivel,Sioated
IRE (Fig. 2b gave little or no indication of the removal of an SiO
layer during the initial HF treatment. Figure 2b shows a spectrum
recorded at the end of the8i, native oxide removal. Continued

in contact with 0.02 M HF. The reference spectrum was obtained in pure€XPosure to HF resulted 9”'3_’ in the monptonic growth Qf a feature
H,0 before exposure to HF; hence, positive-going features represent specid§ee below due to the thinning of the g\, film. Following re-

removed by the HF. The native oxide was formed by exposure of an HF
treated surface to humid room air at room temperatsee text (b) Shows
data, as in(a), for the initial exposure of an as-received/$j sample to the

HF solution.(c) Shows a typical baseline obtained for two successive data

sets with DI HO flowing in the cell. The traces have been displaced verti-
cally for clarity. The sensitivity scale showsR/R per reflection. The IR

beam was p polarized. Note that the IRE transmission is effectively zero

below 980 cm™.

the data on the previous use of a san{pke, on the number of prior
experiments Since, as noted above, the;lSj surface chemistry

can depend on the nature of the film growth, a check of the etch rat

was done by recording a normal-incidence IR transmission spectru
(in a dry N, ambienj for a SgN,-coated Si sample before and after
exposure to 0.087 M HF (pH 2.3). From the loss in the peak
absorbance of the transverse opti¢&D) phonon band, an etch rate
of 0.14 nm min* was deduced which is in good agreement with
previous results(0.17 nm min'Y) for LPCVD SiN,. Since it has
been reportedsee abovethat HSA SiN, powders are attacked by

water, it was considered useful to determine whether the same migq

be true for the LPCVD films used here. ASi;-coated Si wafer was

-moval of the oxide(if any) in HF, exposure to flowing DI 5D for

~30 min or to humid room aiovernigh} did not result in the
appearance of an SjGspectrum(Fig. 23 in data obtained during
subsequent exposure to HF. This indicates that rapid hydrolytic oxi-
dation does not occur under the present conditions for the LPCVD
films studied here. Previously such rapid oxidation was observed
somewhat above room temperature for PECVD filthst room
temperature for HSA powder$;*® and for LPCVD films undergo-
ing chemomechanical polishifg.The present results appear to be
consistent with those of Raidet al® who etched LPCVD SN, in
HF and performed surface analysis, using X-ray photoemission
spectroscopy, after exposure to room air. Rapid growth of 0.2-0.3
m of oxide was seen, followed by only very slow growth beyond

Mhat point.

However, some evidence was found for the formation of an ul-
trathin oxide-like layer by hydrolysis of the HF-treated;’$j sur-
face during postetch rinsing inJ@. Figure 3a shows data, obtained
with a nominally unpolarized IR beam, for prolonged exposure to
HF. Unpolarized radiation was used in order to reduce the relative
intensity’’ of the SgN,, LO phonon absorption which peaks at about
130 cm ! (Ref. 30 and contributes to the tail extending 461200
cm Lin Fig. 3a. The peak at 1000 cm ! results from the tail of the

etched in aqueous HF to remove the oxide and then immersed iR phonon absorption, which peaks at 804 ¢rfRef. 30, and the
static DI H,O at room temperature. Based again on the absorbancqeapi(“y decreasing Si IRE transmission below 1000 &nits ap-

of the TO mode, no significant loss of;8l, was seen after 43 h.
This is consistent with the observatfothat the LPCVD SjN,
etch rate in aqueous HF goes to zero with the concentrations of H
and HE .

Infrared results—Figure 2a shows results for a bare Si IRfBe
for which the SiN, coating had been etched pfifter exposure to
humid room air for four days to form a native oxide. The data
provide a reference spectrum for an Sifim obtained under the
present conditions. The spectrum was recoridesitu with p polar-
ized radiation after etching off the oxide in flowing 0.02 M HF.
Upward-pointing(positive features represent species removed by
the HF, while downward-pointingnegative structure is due to spe-

¢ The term humid room air means that the sample was rinsed with flowing,DI H

to remove HF, after which the Teflon cell was drained and vented to room air. WaterSiOZ- The exact aSSignment of thel125 cm

droplets retained in the lines to the pump are assumed to saturate the air in the cell.

pearance iPR/R is due to the loss of N, absorption as etching
'grogresses. The data in Fig. 3b resulted when the etched surface was
rinsed in DI HO and then briefly treated again with HF. The spec-
trum shows the change, relative to the rinsed surface, caused by the
brief (~10 min) HF treatment. The $N, peak appears, due to the
further etching of that material, together with a shoulder at about
1125 cm ! which is ascribed to the removal of a layer formed when
the etched surface was exposed to pup®Hor to dissolved Q)
during rinsing. Continued exposure to HF resulted in the further
growth of the SjN, peak but not of the shoulder. The shoulder
was difficult to observe, and Fig. 3b shows the clearest of several
data sets.
In view of the very weak absorptioef. Fig. 2), this layer might
better be described as an ultrathin oxide-like layer rather than as
7! feature is uncertain.
It is probably too high in energy to be ascribed to the Si-OH stretch
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Figure 3. Data showing the hydrolysis of the HF-etchedNgj surface.(a) ) ) ] o ] o
Shows the spectrum after prolonged HF etching, referenced to the asFigure 4. (a) Data obtained in p polarization showing the result of rinsing
received surface in DI D. The peak at~1000 cni? is related to the out the HF solution with a 5%by volume solution of glacial acetic acid in
removal of SiN, (see text (b) Shows data for this HF-etched surface after HZ_O._ The reference spectrum is that _of the HF solution; hence, fgatures
a ~30 min rinse in flowing DI HO. The spectrum was obtained after ex- Pointing up (down) correspond to species removeatided by the acetic

posing the HO-rinsed surface again to HFeferenced to the rinsed surface  2Cid- The structure in the 2500-3000 chrange arises from acetic acid C-H
and shows the removal of moresBj, and of an oxygen species formed stretching modes. The sensitivity scale sh@m4R per reflection(b) Simi-

during the rinse. Tracéa) has been reduced in intensity by a factor of 30, lar to (a) but showing the effect of rinsing out the HF solution with 0.3 M

: ; : ; P HCI. The spectrum has been divided by a factor of two relativéato(c)
relative to tracgb), and displaced vertically for clarity. The sensitivity scale .7 ) . ;
shows3R/R per reflection. The IR beam was nominally unpolarized. Similar to (&) and (b) but showmg the effect 9f rinsing OUt. the HF with DI

H,0. The spectra have been displaced vertically for clarity.

which, for isolated OH groups on a Si surface, app¥aas 840

cm™*; although, the frequency may be higher for a Si site multiply- the removal of the isolated SiOH arises from the convefighof
coor(_:iinated to N, inst_ead of to Si, due_ to th(_e part_ial posit_ive chargegioH 1o SIOH in the strongly acidic HCI solution.

on Sibonded to N. Itis noteglthat various Si-O-Si stretching modes e yeaction product is easily hydrolyzed since data obtained
are seetf in the 990-1050 cm" range for Si100 oxidized by HO upon rinsing out the acetic acid or HCI solution with purgdHnot
vapor under UHV ?Of‘d't'ons- Hence, this mode might be due to anshowr) indicate that the surface SiOH is reformed. However, when
O bridging (-N-);Si sites. the HF is rinsed out with DI KO instead of an acidFig. 49, no

H Eviﬂen:”e: for Izhe eXifte.nce of S!OHdgroups. iﬁ seen iln Fig. 4a.5i0.H peak is observed. It is also noted that no narrow IR absorp-
ere the HF etching solution was rinsed out with 8% volumé o0 hands appear near this frequency for dilute aqueous HF

of glacial acetic acid in b, rather than with pure }0. Formic  q,tions3°4° Furthermore, no additional structure was seen to indi-
acid [HOC(=O)H] vapor has been founfito react with SIOH  cate 4 similar interaction between acetic acid or HCI and surface
groups on HSA SN, powders to form the silyl estefe.g, NH, species(see below

(-N-)3Si-OC(=O)H]. The peak at 3645 cnt is assigned to the It is useful to consider why SiOH appears in Fig. 4a,b but is not
removaf of isolated OH groupsi.e., those not H-bonded to J). observed either during HF etching or after rinsing out the HF with
This mode is close in energly to that s&&on Si surfages in contact pure HO (Fig. 49. It has been proposéjdthat an acid attack on the
with aqueous HR3642 cm ); however, for HSA SN, powders  sjOH group is the rate-limiting step in HF etching of SiQf this
after high-temperature evacuattérthe (-N-);SiO-H stretch ap-  process is slow for SIOH on the {8, surface then the steady-state
pears at a somewhat higher energy, 3717 trifhe corresponding  coverage of SiOH in dilute HF would not be much less than that in
Si-O-H bending modécf. Fig. 2 was obscured by the edge of the ,,re H0. The SIOH signature IBR/R (dilute HF solution refer-
strong acetic acid absorption at 1392 C]ﬂThe strong upward-  gced to pure kD) would then be weak, recalling that the experi-
pointing H,0 absorption band at3300 cm * appears because the - ment detects only differences in surface composition. On the other
acetic acid solution is more concentratée.,, contains less bD)  hand, if a large fraction of the SiOH is removed, for example, by
than the HF reference solution. There will also be a contribution inesterification in acetic acid solution, then this loss would be detected
this regiort® from the removal of any SiOH groups that are in SR/R.

H-bonded to HO. Figure 4b shows a similar feature when the HFis  Figure 5 shows data in the Si-H stretching region for a bare Si
displaced by a 0.3 M aqueous HCl soluticree below. In this case,  |Rg (i.e,, one with no nitride laygrand for a SiN,-coated IRE, all

recorded using nominally unpolarized radiation. FosNgi, native

9The actual reaction product cannot be identified from the present data due tpxide refers to a surface exposed to DjCHafter etching in HE. as
interference from strong absorptions in the acetic acid solution. The appearance of th?j ibed ab N id . f he f . ’ SiH
SiO-H mode il R/R means simply that the reaction has replaced the SiOH groups with escribed above. No evidence is seen for the formation 0t< I

another species not absorbing in the vicinity of 3645 &m groups on the 3N, surface following exposure to HF. The weak



Journal of The Electrochemical Socigtys2 (2) F31-F36(2005 F35

Table I. Vibrational frequencies (cm™) for NH; and NH,

2123 groups?
2071 Va Vs 5, 5
(a) si (H,0,) CH,NHI® 30803231 2993-3159 1578-1632 1534-1575
(CHg),NH; ©  3049-3233  3034-3216  1536-1574  1433-1444
(CHg)sNHT ¢ 2760 1215
R3Si-NH, © 3474-3483  3401-3405  1536-1552
1‘2, 092 (R3Si),NH 3351-3382  1164-1179

(b) Si (natlve) %, = antisymmetric stretchy; = symmetric stretchy, , = deforma-
tion. The description 08, , as bending, scissoring, rocking, or wag-
ging varies for different studies and depends on the chemical species.
-5 Other deformations, which fall below 900 ¢ have been omitted.
4x10 b Reference 45-47. The values given represent the ranges reported in
different studies for various compounds.
(c) Si3N4 (native) ¢ Reference 48-52. The values given represent the ranges reported in

different studies for various compounds.
W 4 Reference 53. The data are flfCH3)sNH],SiFs in which strong
-N-H*-F~ hydrogen bonding shiftsv; to a low value. For
[(C,Hs)3sNHISbCL, Ref. 54, v, = 2703 cm?® with (3164 cm?t
without) NH*-CI~ hydrogen bonding.
1800 2000 2200 2400 ® Reference 55, 56; R alkyl group. For HSA SjN, following evacu-
-1 ation at high temperature, the corresponding frequencies for this spe-
cm fcies are reporteéRef. 17 to be 3510, 3450, and 1550 ¢
Reference 55. For HSA $\, following evacuation at high tempera-
Figure 5. The Si-H stretching region fd) a bare Si IRE after removal of ture, the corresponding frequencies for this species are repétesd
an oxide layer formed in 15 wt % 4@, in H,O, (b) a bare Si IRE after 17) to be 3350 and 1470 cm.
removal of the native oxide formed by exposure to laboratory air at room
temperature an¢t) a SgN,-coated Si IRE after removal of the native oxide

(see text In all cases, the oxide was removed by exposure to a flowing strong HO absorption(cf. Fig. 1). Hence, NI—J species should be

0h'087 M HFhSO'UtI;O”' Tdhe fens(ij“"ity.scﬁ'efsr‘olm/ RTp(ZgiﬂECtion' a”ﬁ' observable if the/(N-H) bands are sufficiently intense. For a 0.01-
t espectra ave been displace vertical Yy 0rcar|ty. 8NOowWS a smal .
0.02 M HF solution (pH~ 2.7) the results of Knotter and

residual signal from atmospheric G@Qand from HO vapor, below 1850 } )
em™Y) in the optical path. The IR beam was nominally unpolarized. Denteneet suggest that any surface Nisites should be protonated:

hence, NH species are more likely than the neutral analogs. In the
bulk of the film an N-H stretching mode due to H remaining from
LPCVD growth was seeff, as described above, at 3335 ¢t
broad band at-1850 cmi® is a characteristi®"*° of aqueous HF Observation of the Ni or NH; bending modes under the
solutions. present conditions is difficult due to interference from the strong

For the bare IREFig. 5b, removal of the native oxide in aque- H,O absorption(cf. Fig. 1) and from the additional effect of a slight
ous HF results in a clear Si-H signattfé”in the form of a broad  miscancellation of the Si multiphonon absorptions in the 1250-1500
band at~2080 cm ! with a shoulder at-2115 cmi ™. This structure  ¢cm™! range. The latter effect could be eliminated by the use of a Ge
is somewhat better resolved after removal of an oxide grown by|RE. Although thick(0.3 um) SisN, films have been grow on Ge
exposuré’ to 15 wt % H0, in H,0, with peaks appearing at about by PECVD, Ge has not to our knowledge been evaluated as a sub-
2071 and 2092 cm' and the shoulder at2123 cni’. Since the  sirate for the growth of thin filmgsuch as those used hgray
present Si surface is not crystallographically well-defined, no at-| PCVD which requires a higher substrate temperature than does
tempt is made to assign these features to specific Siidcie$®*  PECVD.

For S'%N4, the Si-H stretching modes would fall in the 2100- An attempt was made to observe Nkpecies by taking advan-
2300 cm * range?*#*depending on the local environment of the Si tage of the protonation-induced shift ifN-H) noted above. Data
atom(i.e., on back-bonding to N's. O). In the bulk of the film, an  were taken while flowing a 0.3 M HCI solution through the cell
Si-H stretching mode, due to a small amount of H remaining from (after having displaced the dilute HF solutjoithe HCI was used to
LPCVD growth, was seéfl at 2200 cm* by referencing the spec-  increase the §D* concentration without incurring the higher etch
trum for a SgN,-coated IRE to that of a bare IR@ll inadry N, rate that would result from a concentrated HF solution. No,NH
ambienj. However, no Sikjis detectable on the chemically treated signatures were observéfig. 4b in the 2700-3200 cm' range(cf.
SisN, surface under conditions for which it can be seen on elemen-Table ) above thedR/R detection limit of~1 X 107° per reflec-
tal Si. This is true for the initial HF treatment of the as-received tion. The same is true in the absence of H@&,, for a dilute HF
sample and for removal of either the native oxide or of an oxide etching solution. In HO solution, both HCI and HF give broad
formed, as above, by exposure to aqueoy®H In view of the  absorption bands, with somewhat different strucfiirén the
evidence given above for the presence of surface SiOH, this result is.2500-3700 cm? range which contribute t8R/R in Fig. 4b.
consistent with the rapid hydrolysis of Si-H sites on theNaisur- This null result suggests that, under steady-state conditions in
face, as noted elsewhe're!® _ S dilute aqueous HF, (-NsBiOH (probably H-bonded to 0) is the

Proceeding now to the question of surface amine sites, Table lominant surface species and that the attack orj Nkes is too
summarizes the report&t*® mode frequencies for various NFand  rapid to permit formation of a sufficiently high concentration of
NH, species. The NHi values were obtained from IR and Raman these species to be detectable in the present experiment. A further
data for crystalline salts containing methyl- or ethylammonium cat-implication is that the rate-limiting step under these conditions may
ions, and the NK data are from IR spectra of aminosilanes. It is be an attack on the Si-N back bond at the (-)&iDH site. It is
noted that the(N-H) modes for NH are lower in energy than those difficult to estimate how low the relative NHsurface coverage
of the neutral NH species and generally lie below the region of would have to be in order to be undetectable. However, IR data for

6R/R
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HSA powders®l’ show that the integrated intensity for the 8.
9. S. |. Raider, R. Flitsch, J. A. Aboaf, and W. A. Pliskih,Electrochem. Soc123

(-Si-),N-H stretching mode is considerably greater than that of the

(-N-)3SiO-H mode. Assuming that the coverages of the two speciesg
are about the same on the HSA powdersacuothen, based on the  11.
presentdR/R detection limit and on the observed SiO-H intensity 12-
(Fig. 4a,b, a conservative estimate indicates that the/Nidverage 1’

would have to be at least a factor five lower than that of SiOH in

order to escape detection. This upper limit estimate is further re-15.
duced if one recalls that the SiO-H band in Fig. 4a,b reflects only thel®-

fraction of SiOH sites not H-bonded to,B. 17

Conclusions

Infrared attenuated total reflection spectroscopy has been used &

. T 19.
observe the surface chemistry ofSj films under steady-state con- 5, | Bergstien and E. Bosted(Colloid Surf. 49, 183 (1990.

ditions during exposure to dilute aqueous HF solutions. Surfaces;.
etched in HF do not exhibit rapid growth of an SiGayer when 22.
. V. A. Hackley and S. G. Malghad, Mater. Sci.,29, 4420(1994.

L . . 4. S. Mezzasalma and D. Baldovinb,Colloid Interface Sci.180, 413(1996.
or to liquid H,O. However, some evidence is found for the forma- 5 (1999

subsequently exposed to either humid room air at room temperatur

tion of an ultrathin oxide-like layer when the etched surface is rinsed

in deionized HO. Removal of this layer in HF results in no detect- 26- :
7. K. T. Queeney, H. Fukidome, E. E. Chaban, and Y. J. Chdb&hys. Chem. B,

able signal in the Si-H stretching region, unlike the case for Si?
subjected to a similar oxide-removal treatment. However, surface,g

SiOH is observed via reaction with acetic acid or HCI solution, 29,

suggesting that SiHsites on the SN, surface are rapidly hydro-  30.
31. R. M. A. Azzam and N. M. Bashar&]lipsometry and Polarized LighChap. 4,

lyzed. Protonation of surface NHK to form NI—Q+l sites, should

shift the v(N-H) stretching modes to lower energy and away from 32

the region of strong KD absorption. However, no NHvas detect-

able by this means which indicates a low steady-state coverage. 33 ) ! - : )
a"‘t4. Handbook of Optical Constants of Soljdél. 1, E. D. Palik, Editor, Academic

These results have implications for chemical processes aimed

the functionalization ofi.e., the attachment of organic ligands)to 35,

SisN, surfaces following exposure to aqueous HF treatment, sincesé.
37.

they suggest SiOH, and not Sitér NH, , as the reactive species

2 ) o 8
remaining after such treatment. In this context, it is noted that sev-

eral groups have reported the functionalization of HF-treatgN,Si  39.
surfaces using alkyl bromid®sor alkyl chlorosilanes?®! In anal-  40.

41

ogy with Si0, surface$? these reactions could occur at SiOH sites 42, Y. Sugita and S. Watanabipn. J. Appl. Phys., Part 17, 3272(19989.

on the SiN, surface, via elimination of HBr or HCI, or even by 43.
direct attack at strained Si-N-Si bridges. One s&’idy‘ported reac- 44

tion with 1-alkenes(i.e, H,C = CH-R, where R is a long-chain
n-alky! ligand) which almost certainly involves surface Sibites®*  4¢

with, possibly, a surface chemistry more like that of pure Si than of
SizN,.
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