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Attenuated total reflection Fourier transform infrared (FTIR) spectroscopy was used to characterize the surface
species on oxide-free silicon nanowires (SINWs) after etching with aqueous HF solution. The HF-etched SINW
surfaces were found to be hydrogen-terminated; in particular, three types of silicon hydride species, the monohydride
(SiH), the dihydride (SiH,), and the trihydride (SiHs), had been observed. The thermal stability of the hydrogen-
passivated surfaces of SINWs was investigated by measuring the FTIR spectra after annealing at different elevated
temperatures. It was found that hydrogen desorption of the trihydrides occurred at ~550 K, and that of the dihydrides
occurred at ~650 K. At or above 750 K, all silicon hydride species began to desorb from the surfaces of the
SiNWs. At around 850 K, the SINW surfaces were free of silicon hydride species. The stabilities and reactivities
of HF-etched SiNWs in air and water were also studied. The hydrogen-passivated surfaces of SiINWs showed
good stability in air (under ambient conditions) but relatively poor stability in water. The stabilities and reactivities
of the SiINWs are also compared with those of silicon wafers.

Introduction lysts. A number of properties such as the morphology,

One-dimensional nanomaterials such as nanotubes andtructure, photoluminescence, electron field emission, elec-
nanowires are important in studies of the roles that dimen- ronic property, thermal and electronic conductivities, and
sionality and size play in influencing their chemical and surface chemical reactivity of SINWs have been studiéél.
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Silicon Nanowires

of the properties of SiINWSs, information regarding the HF etching results in the removal of the surface oxide layer
surfaces (surface species and their properties) of oxide-freeand leaves behind Si surfaces terminated by hydrogen atoms.
SiNWs is relatively scarce. Obviously, the chemical proper- The SiH, SiH, and SiH species have been observed on the
ties of SINW surfaces are crucial to their application in HF-treated surfaces of Si by high-resolution electron energy
mesoscopic electronic devices in terms of their stabilities loss spectroscopy;?° IR spectroscopy: 30 scanning tun-
and transport properties, among many others. neling microscopy! 32 low-energy electron diffractioff,3®

As noted in the literaturé!! the SiNWs prepared by a  etc.
thermal evaporation technique are known to have a relatively In this work, we investigated the thermal stability of the
thick oxide layer. Its presence has been associated with thehydrogen-passivated surfaces of HF-etched SiNWs and their
preferred linear growth of the SINWs. SiNWs prepared by stabilities and reactivities in air and water using Fourier
this method are literally very long, free-standing wires with transform infrared (FTIR) spectroscopy. Specifically, mi-
diameters of several nanometers to tens of nanometers. Eachroattenuated total reflection (ATR)-FTIR spectroscopy was
wire has a crystalline silicon core of approximately 15 nm employed to monitor the SINW surface structure after etching
in diameter and is coated with an oxide layer whose thicknesswith an agueous HF solution. The results are also compared
is of ¥,—%3; of the nominal diameter. The mass ratio of with those of silicon wafers.
oxygen to silicon in these nanowires, as determined by Experimental Section
energy-dispersive spectrometry (EDS) analysis., is gbout3:7 The SINWSs used in this study were prepared by thermal
on the average. It should be noted that the Si oxide layer g anoration. As described in the literatditae as-prepared SINWs
serves as a protective layer, rendering the as-prepared SiNW$aq a crystalline silicon core measuring-1T6 nm in diameter
relatively inert. The inertness of the as-prepared SINWS is and sheathed with a-3-nm-thick oxide layer. Unless otherwise
unfavorable for applications of SINWSs in nanotechnologies. specified, the as-prepared SiNWs were immersed in a 5% HF
Further fabrication and processing require the removal of aqueous solution for 5 min. The HF-etched, oxide-free SINWs were
the oxide layer. It is thus of importance to investigate the placed onto several GaAs wafers and dried inzasieam. The
surface properties in general and the stabilities in particular ATR-FTIR spectra of typical as-prepared SiNWs before and after
of SINWs after removal of the oxide layer. HF etching are shown in Figure 1a,b, respectively. Figure 2 is the

The surface properties of bulk Si materials such as Si exﬁs?)r:gsﬂ i‘;;&ﬁ?gg'gﬂggﬁﬁgﬁ;'\:A'I%l:;eple?f'orme d by etching a
wafers have been well studied. The most widely used

hni f . i ide f he sili f particular as-prepared SiNW sample with a predominantly deuter-
technique for removing silicon oxide from the silicon surface ated HF solution. The latter was prepared by adding a small amount

is etching with dilute hydrofluoric acid. HF acid etching is (1 m|) of 489% aqueous HF solution to a large quantity (10 mL) of
a key step in producing silicon surfaces that are contamina-p,0 and allowing the deuterium to exchange with the hydrogen to
tion-free and chemically stable for subsequent processing inobtain a solution of DF in BO. The solution thus prepared
silicon technology. After HF treatment, the silicon surfaces contained 8% H and 92% D. The ATR-FTIR spectrum of the
are hydrogen-passivated. During the past decade there haveample was taken, and the result, in two different spectral regions,
been numerous studies on the hydrogen-terminated Siis shown in Figure 3.

surfaces of bulk silicon material&:3s It is well-known that In the annealing experiments, five HF-etched, oxide-free SINWs
were placed onto several GaAs wafers, dried in,astdeam, and
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Sham, T. K.Phys. Re. B 2000 61, 8296-8305. (base pressure 10710 Torr) for annealing at 550, 650, 750, and

(15) Sun, X. H.; Tang, Y. H.; Zhang, P.; Naftel, S.; Sammynaiken, R; 850 K for 15 min. The samples were then cooled to room
Sham, T. K.; Zhang, Y. F.; Peng, H. Y.; Wong, N. B.; Lee, SJT.

Appl. Phys 2001, 90, 6379-6383. temperature in the UHV chambgr, gnd their ATR-FTIR spectra were
(16) Sun, X. H.; Peng, H. Y.; Tang, Y. H.; Shi, W. S.; Wong, N. B.; Lee, taken. The results are shown in Figure 4.
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(a) As-prepared SINWs Results and Discussion

IR absorption methods have been widely used to study
the chemical properties of silicon waféfs?® In particular,
FTIR spectroscopy, in the so-called ATR mode, has been
shown to be extremely useful in the investigation of the
surface chemistry of silicon wafet$:2° In this work, we
studied the stabilities and reactivities of the hydrogen-
passivated surfaces of HF-etched SiNWSs, in particular the
thermal stability and reactivities in air (under ambient
conditions) and water, using ATR-FTIR spectroscopy.
Specifically, micro-ATR-FTIR spectroscopy was employed
to monitor the SiINW surface structure after etching with an
aqueous HF solution because of the small quantities of the
samples and difficulty in obtaining flat samples. It was found
that, after a controlled HF treatment (i.e., as-prepared SINWs
were immersed in a 5% aqueous HF solution for 5 min), the
morphology of the SINWs remains essentially intact except
for the removal of the surface oxide layét’'8The diameter
of the SINWs decreased Bi—13 of the original diameter
after removal of the oxide layer by HF etching. EDS results
showed that the etched SiINWs contained less than 2%
oxygen. It was found that the dangling bonds created by
etching were terminated by hydrogens, as in the case of bulk
silicor?~2* and porous silicod®”

Figure 1 shows the ATR-FTIR spectra in the range of
700-4000 cn?! obtained from (a) as-prepared SiNWs and
4000 3500 3000 2800 2000 1800 1000 (b) HF-etched SiNWs. Ip thg spectrum of as-prepared SiNWs

Wavenumber (cm) (Figure 1a), only Si-O vibrations atv_1050 andv800_ cnt
_ ) were observed. The strong absorption near 1050 ¢srdue
Fgue 1 tﬁl'j;;LROSfp;’géTO‘(’)B(i)nj‘f.'prepared SiNWs and (b) HF-etched to a stretching vibration where the oxygen-atom motion is

in the S-O—Si plane and is parallel to the line of two

adjacent silicon atoms. The absorption at about 800 ¢
due to bending vibration in which the oxygen atom moves
in the plane of the StO—Si bonds along the direction of
the bisector of the SiO—Si angle®¥3°Upon etching with a
dilute (5%) aqueous HF solution, new absorption bands
attributable to Si-Hy (2000-2200 anc~900 cn1?l) and CH
(2800-3000 cn1?), wherex = 1, 2, and 3, were observed
in the spectrum, while the SIO absorption bands virtually
disappeared (Figure 1b). These results suggest that SINW
surfaces were terminated by hydrogen upon the removal of
the Si oxide layer by HF etching. The GHands were due
to contamination by organic species upon exposure to air.

Previous high-resolution transmission electron microscopy
studies indicated that the surfaces of SINWs synthesized by
the oxide-assisted meth8chave predominantly (111) sur-
faces, along with a small percentage of (100) and (110)
Figure 2. lATR—FTIR spectrum of HF-etched SiNWs in the range of 2000 ¢|;rfaces. As noted in the literatu#e24 both the Si(111) and
2200 em Si(100) surfaces of Si wafers treated by a HF solution have
min and then removed from DI water and dried in adtteam. All three kinds of silicon hydride species, the monohydride (SiH),
four samples were further dried in a vacuum overnight, and their dihydride (SiH), and trihydride (SiH). The coexistence of

ATR-FTIR spectra were taken. The results are shown in Figure 6. these three types of hydride species is due to the microscopic
All ATR-FTIR measurements were performed in air using a

Perkin-Elmer Spectrum One FTIR Spectrometer interfaced to an (36) Venkateswara, A.; Ozanam, F.; Chazalviel, JJNElectrochem. Soc

i-Series FTIR microscope equipped with a HJCdTe detector cooled 1991 138 153. ) -

with liquid nitrogen. The micro-ATR objective is a germanium 37) fggghg'f'? Sassella, A.; Pivac, B.; PavesiSplid State Commun

crystal with a probe size of 1Q0m in diameter. The resolution of 38y Galeener, F. LPhys. Re. B 1979 19, 4249.

the spectra was 2 cm (39) Galeener, F. L.; Sen, P. Rhys. Re. B 1978 17, 1928.

%R

(b) HF-etched SiNWs

%R

T T T T r T T
2200 2150 2100 2050 2000

Wavenumber (cm™)
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Figure 3. ATR-FTIR spectra of a particular SINW sample obtained by etching with an aqueous solution of HF/DF(i&8@) in two special regions
corresponding to (a) Sitand (b) SiQ stretching frequencies.

— T T T T T T T T T T silicon—hydrogen stretching vibrations. The broadness and
complexity of the absorption envelope suggest that the SINW
surfaces are not perfect or are ideally terminated by hydrogen
atoms but are locally rather rough and may involve many
different terraces and steps on the surfaces of the SINWs. It
is evident that the three broad bands are composed of several
unresolved peaks attributable to the adstructures of different
silicon hydride species.

To specify the adstructures, it is necessary to differentiate
between the isolated versus interacting vibrational modes of
silicon hydrides in the IR spectra. Figure 3 shows the,SiH
(Figure 3a) and SiP (Figure 3b) absorption bands of a
particular SINW sample obtained by etching with an aqueous
solution of mixed HF/DF in the ratio of 8:92. When most of
the H atoms £92%) are replaced by the heavier isotope,
deuterium, the vibration modes are effectively decoupled,
yielding only a single vibrational mode for each chemical
structure. It can be seen that the shapes of the envelopes of
the peaks are rather similar for Sitfersus SiR absorptions.
The SiD, vibration bands (Figure 3b) seem to be more
resolved than the corresponding {iblands (Figure 3a).

R%

0300 2250 2200 2150 2100 2050 2000 Furthermore, the ratio of the stretching frequencies is about

cm™ 1.38, which agrees with the expected ratio/& = 1.41 on
Figure 4. ATR-FTIR spectra in the SiH stretching frequency region of ~ the basis of the mass ratio of 2:1 for D versus H. A
the hydrogen-terminated SiINWs annealed at different temperatures. comparison of Figures 2 and 3a revealed no extensive

roughness of the HF-treated Si surfaces. As a result of thecoupling between the vibrational modes of the Sitbieties
nanoscale of the SINW surface and the existence of manyon the SiINW surfaces. Thus, the absorption peaks in Figures
steps and defects as well as twins and stacking f4tits 2 and 3, labeled M1, M2, M3, D1, D2, and T, may be
the SINWSs, the three kinds of silicon hydrides and their interpreted as due to different chemical adstructures. We
adstructures are expected. Figure 2 shows the vibrationalshould emphasize that these are the three main features of
spectra of HF-etched SiNWs in the frequency range of the the SiH (or SiDy) vibrational modes. There are, as is evident

Inorganic Chemistry, Vol. 42, No. 7, 2003 2401
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Figure 5. ATR-FTIR spectra of the hydrogen-terminated SiNWs recorded repeatedly after exposure to ambient air for different periods of time: (a) in the

region of Si-H stretching vibrations and (b) in the region of 860800 cnt?.
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Figure 6. ATR-FTIR spectra of StH stretching vibrations of hydrogen-
terminated SINW surfaces after DI water rinsing for different time intervals.

ders must await further experimental evidence (which is
beyond the scope of the present study). Finally, the assign-
ments here are in a large part based on the battery of previous
works on Si waferd!~24In accordance with the FTIR results

of the Si(111) and Si(100) wafet§,?* we assign M, D, and

T bands as due to the monohydrides, dihydrides, and
trihydrides, respectively. There are at least three different
structural types, labeled M1, M2, and M3, of the monohy-
dride species, as is evident from the spectra. The M2 mode,
observed as the strongest feature at 2085dior H and
1515 cm! for D, may be characterized as an ideal mono-
hydride terminating on the (111) plane, designated here as
SisSi—H (here Si denotes three adjacent Si atoms on the
surface; similar designations will be used for other adstruc-
ture representations in later discussions). The M1 mode,
appearing as a weak shoulder at 2070 tfor H and 1510
cm* for D, may be associated with an adatom structure Si
H-bonded to an adjacent Sifepresented asJi3i—Si—H)
moiety. The M3 mode (observed at 2099 ¢nfor H and
1523 cm! for D) was observed only on the step defects of
the Si(111) wafef3 It was believed to be due to a dimer
structure (represented as HSiH) formed by the coupling

from the figures, substantial overlaps between these threef two adjacent StH units via a St+-Si bond.

bands. Furthermore, more weak “shoulders” can be identi-
fied: for example, on the low-frequency side of the mono-
hydride band and high-frequency sides of the dihydride and

There are at least two types of dihydrides on the HF-etched
SiINW surfaces, as can be seen from Figures 2 and 3a. The
D1 mode, observed at 2102 chfor H and 1525 cm? for

trinydride bands. The characterizations of these weak shoul-D, is assigned to a relaxed dihydride (represented as Si

2402 Inorganic Chemistry, Vol. 42, No. 7, 2003
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SiH,) on the Si(100) surface, and the D2 mode, observed athydride species, especially the dimer structure M3 (e.g.,
2110 cnt! for H and 1531 cm? for D, is due to a strained  SiH, + SiH, — HSi—SiH + H,!). With further annealing at
dihydride (represented as®l—SiH,). A broad band of the ~ temperatures above 750 K, the monohydride peak eventually
trihydride vibrational mode (T), observed at 2137 ¢rfor decreased in intensity and became very broad, while a new
H, is probably due to the trihydride-SiHs) in different peak at 2255 cmt with a broad shoulder at 2210 cn
environments (we note, however, that a mode of the stepappears. This new peak may be attributed to thSid
dihydride had been identified at 2134 th?* At least three species (the shoulder being due to theSi®l species),
partially resolved peaks of SiDwere observed in the resulting from the insertion of oxygen into a Si backbone
deuterated spectrum (Figure 3b), thereby confirming the (underlayers}* 8 It may have come from the oxidation of
presence of different types of trihydrides (labeled as T, T the monohydride species by a trace amount of oxygen in
and T'). These modes can again be attributed to different the vacuum chamber or, more likely, by air oxidation of the
adjacent adatom structures (e.g., HSiH; or H,Si—SiHj). coordinatively unsaturated silicon monohydride species on
Finally, the band at~900 cnt?! (Figure 1b) can be assigned the SINW surfaces as a result of hydrogen desorption. At
to the scissor mode of the dihydride or umbrella mode of annealing temperatures above 850 K, all Si hydride species
the trihydride, as suggested in the literattire. eventually desorb from the SiNW surfaces, as evidenced by

The thermal stability of the silicon hydrides on the surfaces the disappearance of all the-Sil bands. Furthermore, no
of HF-etched SiNWs was studied by measuring the FTIR Si—O or Si-=C peaks could be found in the spectrum, even
spectra of samples annealed in the UHV chamber at differentafter the sample was exposed to air for a long period of time
elevated temperatures. In each case, the same sample wd$ days). This suggests that the SINW surfaces reconstruct
annealed in the UHV chamber at the specified temperatureonce after the first hydrogen (disappearance of the trihydride
and taken out of the chamber, stored under nitrogen, andand dihydride species) desorption at around 650 K and again
transported to the FTIR spectrometer for measurements inafter the second hydrogen (disappearance of monohydride
air. Figure 4 shows a representative set of the ATR-FTIR SPecies) and oxygen (disappearance gB5iOH peaks)
spectra in the SiH stretching vibration region of the desorptions at or above 850 K. The further reconstructed
hydrogen-terminated SiNWs surface-annealed at different Surfaces of SINWs (after oxygen desorption) apparently have
temperatures. It is clear from Figure 4 that the absorption relatively good stability under ambient conditions.
peak at 2137 cnt decreases dramatically upon annealing ~ Next, we studied the stabilities of the H-terminated SiINWs
up to 550 K and practically disappears at temperatures above air and water. To investigate the effect of the aging of
650 K. In contrast, the absorption peak at 2100tsharpens ~ H-terminated SiNW surfaces in air at room temperature, a
and increases in magnitude relative to the 21374cpeak ~ HF-etched SINW sample was exposed to air for different
as the annealing temperature increases from room temperPeriods of time after HF etching, and their ATR-FTIR spectra
ature to about 650 K. This is taken to imply that, as the were obtained. Figure 5a,b shows the results in two different
annea”ng temperature increases to around 550 K, thelR SpeCtraI regions of the same Sample. As can be seen from
trihydride species (broad-band T at 2137 @nare first Figure 5, the surfaces of the as-etched SiINWs exhibited
converted to dihydride species. Subsequently, at around 65d°ather high stability in air. The spectra remained unchanged
K, the dihydride species (peaks D1 and D2) are, in turn, for nearly 2 days (42 h). Hence, the stability of the
transformed into monohydride species (peaks M1, M2, and H-terminated surface of SINWSs is much better than that of
M3). At or above 750 K, all peaks broaden dramatically, the Si wafer’*-*¢ Upon further exposure to air, absorption
indicating the disintegration of all hydride species. Mean- bands due to the oxidation speciesStH at 2255 cm?,
while, the peak at 2255 cr begins to appear. Consistent and that due to the SiO vibration band at around 1100 cin
with these observations, the peak at 900 tmiisappears ~ Pegan to appear and increase in intensity with increasing
completely at annealing temperatures above 650 K. It €Xposure time. This observation suggests that the Si back-
reinforces the notion that trihydrides and dihydrides are Ponds are attacked by oxygen while the-Bibonds remain
desorbed from the surface at about 650 K. This desorption More or less intact. Because a$i bond is considered to

temperature of the trihydride and dihydride species from the b& much stronger than a-S8i bond, it is reasonable to
surfaces of SINWs is similar to that at 670 K observed for assume that SiSi back-bonds are broken first to form-Si

porous silicod® and Si waferd:3 It is interesting to note ~ O—Si back-bonds! Eventually, all of the Siki absorption

that, at annealing temperatures above 650 K, the monohy-bands degraded after 26 days (top curve, Figure 5a). -
dride peaks, especially the dimer configuration (M3), increase  Although the H-terminated surfaces of SiNWs exhibit a
in intensity at the expense of the dihydrides (D1 and D2) relatively high stability in air, their stability in water is not
and trihydrides (T, T, and T'). This is probably due to (44) Ling, L. Kuwabara, S.. Abe, T.. Shimura, F.Appl. Phys1993 73
surface reconstruction as esorbs from Siklor SiH,, and 30199;362; e ure, AP Y '

two adjacent silicon hydrides can combine to form mono- (45) Niwano, M.; Kageyama, J.; Kinashi, K.; Sawahata, J.; Miyamoto, N.
Surf. Sci. Lett1994 301, 245-249.
(46) Niwano, M.; Kageyama, J.; Kinashi, K.; Takahashi, I.; Miyamoto, N.

(40) Gupat, P.; Colvin, V. L.; George, S. Nhys. Re. B 1988 37, 8234 J. Appl. Phys1994 76, 2157.

8243. (47) Kato, Y.; Ito, T.; Hiraki, A.Jpn. J. Appl. Phys., Part 2988 27,
(41) Froitzheim, H.; Koehler, U.; Lammering, Burf. Sci1985 149 537. L1406.
(42) Komeda, T.; Morita, Y.; Tokumoto, Hsurf. Sci.1996 348 153. (48) Boonekamp, E. P.; Kelly, J. J.; van de Ven, J.; Sondag, A. HI.M.
(43) Niwano, M.; Terashi, M.; Kuge, Burf. Sci.1999 420, 6—16. Appl. Phys.1994 75, 8121-8127.
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as good. The ATR-FTIR spectra, in the-&i stretching surfaces of both the SINWs and the Si wafers, even under
frequency region of the H-terminated SiINWSs after rinsing identical experimental conditions (e.g., temperature, humid-
with DI water for different periods of time, are shown in ity, etc.). Work is in progress to, hopefully, provide an
Figure 6. After 15 min of DI water rinsing, the absorption explanation for or further insight into this observation.
peaks due to the oxidation speciesSti (at~2250 cn?) In summary, FTIR spectroscopy studies of oxide-free
and QSiH; or O;SiH (at~2200 cn),* began to appear.  SiNws (after HF etching) showed that the SINW surfaces
Absorption bands due to silicon hydride species also startedyere hydrogen-terminated: in particular, three silicon hydride
to degrade, especially the Sitdnd Sik species. These  gpecies, the monohydride (SiH), dihydride (SiHand
observations are in accord with the results of our previous rinydride (SiH), were observed. The thermal stability of
studies of the reactivities of the HF-etched SINWs in the o hydrogen-passivated surfaces of SINWs was investigated
aqueous solution of metal iolfs'® and organic solvent$, 1 1 aasuring the FTIR spectra after annealing in vacuum
wherein the surfaces of the HF-etched SINWs were found 4 yitferent elevated temperatures. It was found that hydrogen
to exhibit moderately high reactivities in the aqueous desorption of the trihydride species occurs-&50 K, and

solutions of silver, gold, copper, etc., ions and some COMMON that of the dihydride species occurs-a50 K. At or above
organic solvents such as chloroform, dichloromethane*®etc. 750 K, all silicon hydride species desorb from the surfaces

Thg dtracrjngt,l\(lzvt\jllffgrerjce in the St?b'“.t'es (t)f tlhe hytdrogen-t of SINWSs, and at or above 850 K, the SINW surfaces are
passivated SIVWS In air VErsus waler IS not clear at présent.q. o - o hydride or oxygenated species. Finally, the H-

It is possible that it is associated with the hydroxide ion terminated surfaces of SINWs showed good stability in air

(albeit very low concentration in neutral solutions) in wéfter . " . 2
because it is known that hydroxide ions can attack the silicon (under ambient conditions) but relatively poor stability in
water.

surface. Qualitatively, the hydrogen-terminated surfaces of

SiNWs appear to be less stable in water than that of the  Acknowledgment. We would like to thank Catherine
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