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Real-time, in situ infrared study of etching of Si(100) and (111) surfaces
in dilute hydrofluoric acid solution
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The chemical nature of @00 and(111) surfaces during immersion in dilute hydrofluoric aditF)
solution was investigatedifi situ” and in real time using infrared absorption spectroscopy in the
multiple internal reflection geometry. In dilute HF solution, the Si surface is not completely
terminated with hydrogen, but may be covered in part with hydrogen-associated Si fluorides, such
as SiH(SiF) and SiHF,. It is found that the hydrogen coverage of the surface depends on the HF
concentration of the solution. At HF concentrations above 1%, the surface concentration of Si
hydrides is reduced while that of Si fluorides is enhanced. We confirm that rinsing in water
following HF immersion leads to complete hydrogen termination of the surface. Based on the
present experimental results, we suggest that in dilute HF the Si surface is in chemical equilibrium
with the solution to allow the coexistence of Si hydrides and Si fluorides on the surfad€9@®
American Institute of Physic§S0021-897@6)00406-9

I. INTRODUCTION of etching, and complete hydrogen termination of Si surfaces
should be completed in dilute HF solution. On the other
In the fabrication of integrated circuits, preparing chemi-hand, it has been proposed by Jaattall’ that OH™ ions
cally clean silicon surfaces is quite important. One of thepresent inpH-enhanced etching solutions play an essential
widely used cleaning techniques is chemical oxidation inrole in etching the $111) surface. They suggested that oxi-
peroxide solution followed by oxide removal in hydrofluoric dation of the surface Si—H species by Okdns is an impor-
acid (HF) solution!? The surfaces thus produced are hydro-tant (and probably rate limitingstep in the HF etching pro-
phobic and quite stable for chemical attacks. Initially, thecess of silicon. However, the mechanism responsible for the
chemical stability of HF-treated Si surfaces was interpretegroduction of hydrogen-terminated Si surfaces seems very
as being due to surface termination by fluorifeLater, it  complex and has not yet been fully elucidated. To unravel the
was revealed that hydrogen termination is responsible for thdetailed mechanism leading to hydrogen termination, we
chemical stability of the surfac@s® need a better understanding of the surface chemistry and
Recently, Higashit al!!* have demonstrated that treat- atomic process during etching in HF solutions. In particular,
ment with highpH buffered HF(BHF) solution provides an it is of importance to monitor th situ” and in real time the
atomically flat S{111) surface. Interestingly, simple rinsing chemical state of Si surfaces in etching environments.
in boiled de-ionizedDI) water also leads to the production In a previous study® we have carried out am situ
of a flat S{111) surface!? In contrast, a microscopically investigation of the chemical state of(800) surfaces while
smooth S{100) surface cannot be produced by treatmentimmersed in HF solution and in DI water using infrared ab-
with pH-enhanced solution€:*® It seems that the etching sorption spectroscopyRAS). We demonstrated that the sur-
rate of Si crystals by @H-enhanced solution is lower for the face in dilute HF solution is not completely terminated by
Si(111) crystal plane than for the @i00) one. In fact, a long- hydrogen, and that water rinsing is crucial to the complete
term immersion into highpH solutions such as NM{F solu-  hydrogen termination of the surface. The main issues we
tion (pH~8) produces SiL11) microfacets on the $100 address in this study are to elucidate hoWl80) and (111)
surface, as was confirmed with infrared studies:4 surfaces undergo chemical changes during immersion in di-
A number of investigations on the etching mechanism oflute HF solution and in water, and to examine how the
Si surfaces so far have been carried out theoretically andhemical state of Si surfaces in dilute HF solution changes as
experimentally. Raghavachai al1>®have investigated the the HF concentration of the solution is varied.
mechanism leading to hydrogen termination of silicon sur-
faces using first-princip!es q'uantum. phemical techniq'ueﬁ.l_ EXPERIMENT
They proposed a model in which the initial removal of oxide
by solvated HF leads to F termination of the surface dangling Samples used here were prepared freitype P-doped
bonds and then the polarized-S8i backbonds are readily Si(100 and (111 wafers. The sample size was &50x40
attacked by HF to produce the final H-terminated Si surfacemm® with 45° bevels on each of the short edges. The samples
According to the model, fluorine-substituted silane speciesvere initially cleaned with the RCA method and then placed
such as Sik(SiF) are populated on the surface in the coursein a Teflon™ cylindrical cell, as is schematically illustrated
in Fig. 1. The cell, through which dilute HF solution or DI
| . . . water flowed upwards at a flow rate of approximately 4 cc/
ectronic mail: niwano@riec.tohoku.ac.jp . . . .
bpresent address: Department of Electronic Engineering, University of TolMiN, was sealed with a pair of Teflon rubber O-rings. Each of
kyo, Hongo 7-3-1, Tokyo 113, Japan. the long edges of the sample wafer was shaped like a knife
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edge and the wafer was sandwiched between the two Teflon

O-rings. The volume of the cell was approximately 5 cc. TheriG. 2. Si-H stretch vibration spectra of theIi0) surface during immer-
details of the experimental setup will be described elsewher@__ion i_n 5% HF. The figure attached to each spectrum indicates the immersion
The chemical state of Si surfaces during immersion in &™me In min-
flow of dilute HF solution or DI water was monitored by
IRAS in the multiple internal reflectiofMIR) geometry-%2°
As is illustrated in Fig. 1, infrared light which emerged from jensity as the immersion time is increased, which clearly
a globar lamp was focused at normal incidence onto one ofgjcates that in dilute HF solution the chemical oxide on the
the two bevels of the sample, and propagated through the %§; g pstrate surface is etched away and the surfaceHSi
wafer, internally reflecting about 80 times. The light that ex-po 4 is increasingly populated, i.e., the dangling bonds on
ited the sample through the other bevel, was focused onto @q o rface become hydrogen terminated. On the other hand,
liquid-N,-cooled HgCdTe detector through an interferometere giy peak intensity decreased with increasing immersion
(BOMEM MB-100). The resolution of the interferometer ine The appearance of the SiH peak and its decrease in
was set at 4 cnt. Infrared internal reflection spectra of Si jnensity with an increase of immersion time can be rational-
surfaces taken during immersion in HF solution or in Dl;eq a5 follows: Initially, the Si substrate surface was covered
water exhibited strong absorption bands due to the solutiony it chemical oxide, with the interface between the oxide
The infrared spectra measured for the chemically oxidized Si4 g; crystal surface being atomically rough. This is con-
surface during immersion in DI water, therefore, were usedistent with the results of Jacah al2* that chemical oxides
as the background reference spectra. The chemical oxidatig{L e a rather rough SigSi interface compared to thermal
was performed by immersing f[he samples into a 1:1 boile¢)yijes. When the oxide was etched away by HF, the sub-
solution of HSG,:H,0; for 5 min. _ strate surface came up which was rough on an atomic scale.
In the present experimental setup, all of the internal regch 5 surface should exhibit the monohydride vibration

flections were not active reflections, because the entire %ode because the monohydride mode is characteristic of a

wafer surface was not in contact with the solution. CO”Sid'rough, hydrogen-terminated (300 surface with a number

ering the structure of the cell used, we estimated that aboyj; steps and kink& This is why at early stages of HF etch-
80% of the surface was in contact with the etching squtioning the surface exhibited the monohydride vibration peak, as
However, we could not determine an accurate number of thep own in the top spectrum of Fig. 2. For further immersing
active reflections and correspondingly we could not obtain, yg solution, the Si substrate surface was etched by HF
an absolute value of reflectance. So, the sam_ples Were Cargihough the etching rate could be rather low as compared to
fully mounted on the Teflon cell so that the active area of thep 4t for chemical oxide. We interpret that defect sites such as
wafer surface was the same for all the samples. Add|t|onallysteps and kinks were favorably etched away to produce a flat
the starting surface was a chemically oxidized surface. Fo§i(100) surface. This would lead to a decrease in the Si—H
each of the S1L00) and(111) surfaces, therefore, the vertical peak intensity. However, it should be pointed out that in
scale i_s the same for al! the figures .containing infrared specgijute HE the Si100) surface does not become atomically
tra which we will show in the following. smooth, as has been demonstrated by previous Woiks.
We can identify an intense, broad peak around 2230

11l. RESULT AND DISCUSSION cm 1 in the spectra of Fig. 2. We shall briefly consider the
A. Si(100) origin of this peak below. We observed Si—H stretch vibra-

' tion peaks due to the hydrogen-associated intermediate oxi-

Figure 2 shows a series of Si—H stretch vibration spectralation species, SiffO,) and SiHO;), on partially oxidized,

of the S{100) surface during immersion in a flow of 5% HF hydrogen-terminated surfac&s2* Those oxidation species
solution, collected for different immersion times. A broad exhibited different Si—H stretch vibration frequencies, de-
peak at 2100 cmt and a weak peak at 2080 ¢fhcan be  pending on the number of oxygen atoms around the central
attributed to the dihydride S{SiH,) and monohydride Si Si atom: SiH(O,) and SiHO;) are observed at 2200 and
(SiH), respectively. We see that the Sildeak increases in 2250 cm'%, respectively. The broad peak of concern is posi-
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FIG. 3. Si—H stretch vibration spectra of théBI0 surface immersed in DI FIG. 4. Si—H stretch vibration spectra of th [0 surface during immer-
water following immersion in 5% HF, taken for different immersion times in sjon in 1% HF. The figure attached to each spectrum indicates the immersion
water. The figure attached to each spectrum indicates the immersion time ifime in min.

min. The vertical scale is the same as in Fig. 2.

tioned close to these peaks. However, it is unlikely that sili-treated Si100) surface is hydrogen terminated with negligi-
con oxide is formed on the Si surface during storage in dilutébly small amounts of fluoring’~?° We thus determine that
HF solution. A more plausible candidate for the origin of thethe Si surface during storage in water is almost completely
2230 cm! peak is hydrogen-associated Si fluorides. It isterminated with hydrogen. Comparison of Figs. 2 and 3 in-
reported® that the Si—H vibration frequencies for fluorine- dicates that the SiHpeak intensity in 5% HF is approxi-
substituted silane molecules S SiH,F,, and SiHE are  mately half of that in DI water. This suggests that the hydro-
2206, 2245, and 2314 cm, respectively. These positions are gen coverage of the surface during storage in 5% HF is only
close to that of the 2230 cml peak. Lucovsky derived the about 0.5. We speculate that the rest of the surface may be
semiempirical formula for calculating the Si—H stretch vibra-terminated with hydrogen-substituted Si fluorides, such as
tion frequency for various kinds of substituted silane SiH,F, and SiHSIF,).

molecules™2® Using the formula, we calculated a Si—H vi- Figure 4 shows a series of Si—H stretch vibration spectra
bration frequency for the atomic configuration $8if,) of  of the S{100) surface collected during immersion in 1% HF
2230 cm %, which coincides with the position of the peak of for different immersion times. The Sitpeak intensity in-
interest too. Thus, we assign the 2230 ¢npeak to the creased with increasing immersion time, which is the same
hydrogen-associated Si fluorides: SHSIH,F,, SiHF;, and  trend as observed for 5% HF. However, there is a marked
SiH(SiF,). SiH,F, is a molecule and therefore is not chemi- difference between the cases of 5% HF and 1% HF: The
cally bound to the Si atoms on the surface. We understan8iH, peak intensity for 1% HF is larger than that for 5% HF.
this molecule is dissolved in the solution, staying in the vi-In contrast, the Sik{SiF) peak intensity for 1% HF is much
cinity of the surface. Considering the peak position, wesmaller than that for 5% HF. These findings suggest that the
speculate that both SiH, and SiHSIF,), in which two fluo-  chemical state of the &i00) surface during storage in dilute
rine atoms are bonded to the central Si atom, are the domHF strongly depends on the HF concentration. As shown in
nant species. For convenience, we hereafter refer to the 2230g. 5, due to water rinsing the SjEBiF) peak almost com-
cm ! peak as SikSIF. pletely vanished whereas the Sikhtensity was slightly in-

In a practical surface cleaning process of silicon, siliconcreased. We notice that an increase in the ,Sitensity
wafers are rinsed with DI water following HF dipping. The caused by water rinsing is much smaller for 1% HF than for
effect of water rinsing has been reported to remove fluoriné% HF. This suggests that the hydrogen coverage for 1% HF
contaminations left behind on the Si surface after HFsolution is higher than for 5% HF.
treatment’?® However, the change in the surface chemical  In Fig. 6 we show the evolution of the Sjhpeak inten-
state caused by water rinsing has not yet been investigated gity while dipped in a flow of dilute HF solution with five
detail. Figure 3 shows a series of Si—H stretch vibrationdifferent HF concentrations and DI water. Here the term
spectra of the $100 surface which was immersed into a “peak intensity” denotes the peak height. It is obvious from
flow of DI water following HF dipping. These spectra have the left-hand panel of Fig. 6 that in dilute HF the Sipeak
been collected for different water immersion times. We carintensity increases with increasing immersion time. This
see from comparison of Figs. 2 and 3 that the Si¢ak  trend has been observed for all the HF concentrations. As
intensity is enhanced by immersing the surface in DI wateralready mentioned, this indicates that in dilute HF chemical
The SiH, intensity measured for the surface during storage iroxide on the Si substrate the surface is etched away by HF
DI water was nearly equal to that measured for the surfacand subsequently hydrogen termination of the substrate sur-
which was dried by purging the cell with dry,Nifter water  face increasingly proceeds. The Siidtensity reached equi-
rinsing. Additionally, it is well established that the HF- librium at immersion times around 20 min. The immersion

3710 J. Appl. Phys., Vol. 79, No. 7, 1 April 1996 Niwano et al.
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FIG. 7. SiH, and SiH(SiF) peak intensities in dilute HF solution as a

water flow following immersion in 5% HF, taken for different immersion f,nction of HF concentration.
times in water. The figure attached to each spectrum indicates the immersion
time in min. The vertical scale is the same as in Fig. 4.

terminated Si surface in water is attacked by a number of

time required for the Sik intensity to reach equilibrium water molecules as well as small amounts of oxygen mol-
probably depends on the flow rate of HF solution in the cell.ecules dissolved in water. This most probably induces oxida-
If the flow rate were varied, the immersion time needed fortion of the surface. When the surface is oxidized, the surface
equilibrium would change. An important point to note is that S—H bond is replaced by the SiOH or Si—O—Si bridg-
the SiH, intensity at equilibrium was dependent on the HFing bond, leading to the decrease in the Sgigak intensity.
concentration; it was smaller for higher HF concentrationsWe will report elsewhere the details of the oxidation of
This point will be discussed later. hydrogen-terminated Si surfaces during storage in DI water.

As shown in the right-hand panel of Fig. 6, when the Si ~ We plot in Fig. 7 the Sikl intensity at equilibrium in
surface was dipped into water, the Sitensity increased. dilute HF solution as a function of the HF concentration. For
Additionally, the SiH intensity in water was almost indepen- comparison, we also show the dependence of thg(SiP
dent of the HF concentration. These findings suggest thdntensity on the HF concentration. There is a correlation be-
water rinsing produces a completely hydrogen-terminatedween the Sid and SiH(SiF) intensities: When the HF con-
surface. However, this does not mean that fluorine content ogentration exceeds 1%, the Silihtensity decreases, while
the surface after water rinsing is independent of the HF conthe SiHy(SiF) intensity increases. This suggests that as the
centration. An IRAS technique utilized in this study is not HF concentration increases, the Si surface becomes partially
surface sensitive enough for detecting extremely smalhydrogen terminated and the concentration of hydrogen-
amounts of fluorine on the HF-treated surface. We also sesubstituted Si fluorides is increased correspondingly. Taka-
from Fig. 6 that when the water immersion time exceeds 2(agi et al?® demonstrated with x-ray photoemission mea-
min, the SiH intensity slightly decreases. The hydrogen-surements that fluorine content on the HF-treated Si surface
increases with an increase of HF concentration, which is the
same trend as observed for the Si6iF) intensity. We there-
fore suggest that treatment with dilute HF solutions with HF
concentrations below 1% produces Si surfaces with low fluo-
rine content.

The experimental results presented above showed that
. the Si surface while immersed in dilute HF solutionnigt
completelyterminated with hydrogen but may be covered in
part with Si fluorides, such as SjR, and SiHSIF,). We
could not confirm the existence of Si fluorides in which no

SiH, peak intensity (arb. units)

Immersion time  (min)

FIG. 6. SiH, and SiH(SiF) peak intensities as a function of immersion time.
The left-hand panel is for immersion in dilute HF solution and the right-
hand panel is for immersion in water.
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®:01% _ hydrogen atoms are bonded to the central Si atom: Sik, SiF
8;?;/" and Sik, because those silicon fluorides do not exhibit any
HF solution 0125 % vibration bands in the measured frequency range. However,
W:5% such fluorides likely exist on the surface during immersion in
o— o dilute HF solution, although their concentration could be
0 10 20 30 0 10 20 30

quite small. An important point we want to emphasize here is
that Si hydrides and Si fluorides most probably coexist on
the Si surface in dilute HF solution. We speculate that the Si
surface in dilute HF is in chemical equilibrium with the so-

lution to allow the coexistence of the hydride and fluoride

Niwano et al. 3711
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FIG. 8. Si—H stretch vibration spectra of the®il) surface during immer-  FIG. 9. Si—H stretch vibration spectra of théBil) surface immersed in DI

sion in 1% HF solution. The figure attached to each spectrum indicates thwater flow following immersion in 1% HF, taken for different immersion

immersion time in min. times in water. The figure attached to each spectrum indicates the immersion
time in min. The vertical scale is the same as in Fig. 8.

species, and that the equilibrium constant, which determines

the concentration of hydrides and fluorides, depends on the ) ) ) ] )
HE concentration. gests that the surface is microscopically rough immediately

after the oxide is etched away. With increasing immersion
B. Si(111) time, the SiH peak intensity increased while the Spéak
' intensity was reduced, an indication that the surface becomes

Figure 8 shows a series of Si—H stretch vibration spectrdlat through the preferential etching of defects sites. The
of the S{111) surface collected during immersion in a flow SiH,(SiF) peak can be identified on the($11) surface dur-
of 1% HF solution for different immersion times. An intense, ing immersion in HF solution. A close inspection of Fig. 8
broad peak at 2075 cm can be attributed to the monohy- indicates that the SifiSiF) peak exhibits a gradual increase
dride Si. A weak peak observed at 2130 ¢nis due to the in intensity as the immersion time is increased. It appears
trihydride S{SiH). Previous works show that the monohy- that Si fluorides are increasingly populated on the surface at
dride SiH peak is quite sharp on the hydrogen-terminate@arly stages of etching.
surface in dry N ambient: The full width at half-maximum We plot in Fig 9 a series of Si—H stretch vibration spec-
(FWHM) of SiH for the ideal hydrogen-terminated(&11) tra of the S${111) surface which was immersed into a flow of
surface is reported to be 1 ¢ror less' However, the SiH DI water after HF etching, collected for different immersion
peak observed in the spectra of Fig. 8 has a FWHM of aboutimes. We see that as the immersion time increases, the SiH
50 cm L. In addition, the SiH peak is slightly shifted to peak slightly increases while the Sikbeak intensity de-
lower frequencies as compared to the previously reportedreases. As mentioned above, the Sibration mode indi-
position, 2083.7 cm'.!! We attribute the broadening and cates the presence of defect sites, such as steps and adatoms.
shift of the SiH peak to the interaction of the surfacel8  The decrease in the SjHntensity therefore suggests that
bond with water molecules surrounding it. Because of thesuch defects are etched by rinsing in water to produce a flat
peak broadening, we could not analyze the SiH peak intenSi(111) surface. This is consistent with the previous results
sity quantitatively. We therefore only concentrate on thethat the Si111) surface becomes smooth when it is rinsed
changes in spectral profile caused by immersion into dilutavith water following HF treatmenit-24|t has been pro-

HF and water. posed by Jacoketall’ that OH ions present inpH-

As shown in Fig. 8, the SiH peak increased in intensityenhanced etching solutions may play an essential role in
as the immersion time was increased. This is the same treretching the Sil11) surface. They suggested that oxidation of
as observed for the @00 surface, and indicates that in the surface Si—H species is an importgatd probably rate
dilute HF solution chemical oxide on the($11) surface is limiting) step in the HF etching process of silicon. This
etched by HF and the surface SiH bond is increasingly popuwould be the case for etching by water, because in water
lated. Another interesting point about Fig. 8 is that at theOH™ species are present due to the dissociation gd.H
initial stage of etching in HF the dihydrid&iH,) peak can  Then the surface Si—O species would be generated on the
be clearly observed. In the top spectrum of Fig. 8, the,SiH surface during storage in water. In this study, however, we
peak is larger in intensity than the SiH peak. As previouslycould identify no distinct vibration peaks due to the surface
demonstrated® an ideal hydrogen-terminated (811) sur-  Si—O species, such as Sii@,) and SiHO;,), as is evident
face is characterized by a single monohydride peak. Whefrom Fig. 9. The reason for this would be twofold: First, the
the surface is atomically rough, all the hydride modes wouldconcentration of such oxidation species is extremely low.
appear because of the existence of defect sites, such as st&econd, the HF etching rate for such oxidation species is
and kinks. The appearance of the Sipkak therefore sug- quite high.

3712 J. Appl. Phys., Vol. 79, No. 7, 1 April 1996 Niwano et al.
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