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Hydrogen desorption kinetics from monohydride and dihydride species on silicon surfaces
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Hydrogen desorption kinetics from monohydride and dihydride species on crystalline-silicon sur-

faces were measured using transmission Fourier-transform infrared (FTIR) spectroscopy. The
FTIR desorption measurements were performed in situ in an ultrahigh-vacuum chamber using

high-surface-area porous-silicon samples. The kinetics for hydrogen desorption from the monohy-

dride and dihydride species was monitored using the SiH stretch mode at 2102 cm and the SiH2
scissors mode at 910 cm ', respectively. Annealing studies revealed that hydrogen from the SiH,
species desorbed between 640 and I00 K, whereas hydrogen from the SiH species desorbed between

720 and 800 K. Isothermal studies revealed second-order hydrogen desorption kinetics for both the
monohydride and dihydride surface species. Desorption activation barriers of 65 kcal/mol (2.82 eV)

and 43 kcal/mol (1.86 eV) were measured for the monohydride and dihydride species, respectively.
These desorption activation barriers yield upper limits of 84.6 kcal/mol {3.67 eV) and 73.6 kcal/mol
(3.19 eV) for the Si—H chemical bond energies of the SiH and SiH& surface species.

I. INTRODUCTION

Hydrogen chemisorbed on silicon surfaces is of great
fundamental and technological interest. In particular,
hydrogen is known to passivate silicon surfaces by bind-
ing to silicon dangling bonds. This property is especially
important in amorphous sihcon where hydrogen reduces
the density of defect states in the band gap. '

The reduction of dangling bonds by hydrogen chem-
isorption may also dramatically afl'ect silicon surface
reactivity. For example, adsorbates such as NH&,
H20, ' PH&, and C&H6 (Ref. 8) chemisorb dissociatively
and form silicon-hydrogen bonds. The kinetics of these
reactions are thought to be self-limiting as the product
hydrogen atoms tie up silicon dangling bonds. Conse-
quently, these reactions may be rate-limited by hydrogen
desorptlon.

At higher hydrogen surface coverages, the SiH1 species
is encountered. This species is often associated with sil-
icon surface reconstruction. Moreover, SiH2 is believed
to be a precursor in the etching of silicon surfaces. 'o

Thus an understanding of the relative stability and
desorption kinetics of the monohydride and dihydride
species on sihcon surfaces is extremely important.

Previous ultraviolet photoemission-spectroscopy (UPS)
and low-energy electron difFraction (LEED) studies have
revealed diff'erent hydrogen phases on silicon surfaces as
a function of hydrogen coverage. For example, on the
Si(100) 2 X 1 surface, UPS studies have observed a
monohydride phase where one hydrogen atom binds to
each available silicon dangling bond. VAth continued ex-
posure, the LEED pattern changes to a 1X1 structure
suggesting that the Si—Si lateral surface bonds creating
the 2 & 1 reconstruction have broken and dihydride
species have formed. Electron-energy-loss spectroscopy
(EELS) stlldlcs collfll'111 thc prcscllcc of d1hydrldc species
on both Si(111) 7X7 (Ref. 11) and Si(100) 2X1. In-
frared studies on Si(100) 2X 1 suggest that equal amounts

of hydrogen atoms exist in the monohydride and dihy-
dride configurations at saturation hydrogen coverage. '

Previous temperature-programmed desorption (TPD)
mass-spectrometric studies have measured an activation
barrier of 59 kcal/mol (2.54 CV} for the desorption of Hz
from Si(111)7X7.' Likewise, activation energies for the
desorption of hydrogen from amorphous silicon have
been measured by thermomanometric analysis, ' infrared
spectroscopy, and mass spectrometry. Because hydro-
gen can exist in a variety of states in amorphous sil-
icon, ' contradictory results have been obtained.

Mass-spectrometric studies cannot determine whether
Hl is desorbing from monohydride or dihydride species.
In contrast, Fourier-transform infrared (FTIR) is sensi-
tive to molecular structure and can distinguish between
the monohydride and dihydride features. F I'IR spectros-
copy also has a typical frequency resolution of 4 cm
which is far better than the 40-60-cm resolution limit
for EELS. However, sensitivity requirements limit
transmission j." I'IR spectroscopic studies to high-
surface-area materials. Given typical infrared cross sec-
tions of 1&10 ' cm, ' single-crystal samples with ap-
proximately 1X10' surface-atoms/cm do not have a
suScient surface area for facile transmission infrared
studies.

In order to obtain high-surface-area crystalline-silicon
samples, porous silicon can be utilized. Porous silicon
was 6rst obtained by Uhlir and Turner by anodizing
single-crystal silicon in dilute hydrofluoric acid.
Transmission electron microscopy (TEM} micrographs
have shown that porous silicon contains a network of
nearly parallel pores approximately 200 A in diameter
with a center-to-center separation of approximately
300—400 A. " Likewise, Brunauer-Emmett-Teller (BET)
model methods have measured extremely high surface
areas of approximately 205 rn /cm for porous silicon.
Qther material properties of porous silicon have been
characterized extensively and reported recently.
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Under ordinary preparation conditions, porous silicon
retains the crystalhnity of the original sihcon wafer.
Furthermor ei, poI ous silicon exhlblts sharp and pro-
nounced infrared-absorption features that can be assigned
unambiguously to silicon monohydride and dihydride
surface species. In addition, the close correspondence be-
tween the infrared spectra of hydrogen on porous silicon
and hydrogen on Si(100) 2X1 (Refs. 13 and 31-33) sug-
gests that the surfaces of the porous silicon are very simi-
lar to Si(100) 2 X 1.

In this work, transmission El'IR was used to monitor
directly the temperature-dependent changes in the cover-
ages of both monohydride and dihydride surface species
on porous silicon. Concurrently, TPD mass-spectro-
metric studies observed the loss of surface hydrogen as
H2 in the gas phase. These Fl'IR studies enabled the
desorption kinetics of Hi from monohydride (SiH) and

dihydride (SiH2) species to be measured quantitatively.

u. EXPERIMENT

small circular opening in the sample holder with a diame-
ter of 7 mm ensured that only a well-deSned area on the
silicon wafer was anodized. An 0-ring seal between the
wafer and the sample holder prevented leakage to other
parts of the wafer.

An ultrasonic oscillator facilitated the removal of hy-
drogen bubbles from the surface of the porous-silicon
samples. The electrolyte consisted of a 33%
hydro6uoric-acid-ethanol mixture. A ~aivanostat pro-
vided a constant current of 200 mA/cm and the anodi-
zation reaction was performed for 15 s. This current flux
and time corresponded to a total charge Sow of 1.12
C/cm .

The porous samples produced using the above condi-
tions were bluish-grey in color in agreement with previ-
ous studies. 29 The thickness of the porous layer was 2
pm as measured by cross-section scanning electron mi-

croscopy. This layer was extremely uniform and pro-
duced infrared interference fringes easily observed in the
k I IR spectra.
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FIG, 1. Diagram of the experimental apparatus used to
prepare porous-silicon samples. A porous layer with a 2 pm
thickness was produced with a current density of 200 rnA/cm
for 15 s.

A. PreyarI5on of yorous silicon

The single-crystal silicon samples used to prepare
porous silicon were (100) p-type boron&oped wafers pro-
duced by the Czochralski method. These Si(100) wafers
had a resistivity of 0.464 Qcm, a thickness of 380 pm,
and dimensions of 10X11 mm2. A 2000-A.-thick IHm of
tantalum was deposited on the back of the wafer by
electron-beam evaporation. This thin tantalum Slm en-

sured a uniform current distribution during the electro-
chemical anodization. After completion of the anodiza-
tion, part of this tantalum film was etched away from a
circular area with a diameter of 7 mm at the center of the
wafer to allow infrared transmission. In addition, two
narrow strips (1.5X 10 mm ) of tantalum were deposited
along the front edges of the wafer. This ensured a good
Ohmic contact for the subsequent resistive heating.

In order to prepare the porous silicon, the silicon wafer
was placed in the Te6on sample holder as shown in Fig.
1. The sample holder was then immersed in a
hydrofluoric acid solution for the anodic reaction. A

8, UHV chamber for transamlsion FTIR

Prior to mounting the sample in the UHV chamber
designed for transmission I'i'IR studies, the sample was
rinsed successively ln methanol, acetone, t rl-
chloroethylene, and hydrofluoric acid. The hydroAuoric
acid was used to remove any native oxide which may
have formed on the surface of the porous-silicon samples
after anodization. The porous silicon was then mounted
at the bottom of a liquid-nitrogen-cooled cryostat.

The edges of the porous-sihcon sample were
sandwiched on both sides between two strips of 0.001-in.
tantalum foil. The tantalum foil, in turn, was clamped to
a copper block. A molybdenuiti clip in the shape of a
hair pin was fashioned using 0.010-in. molybdenum foil.
This clip held the tantalum foil securely and unformly to
the edge of the porous-silicon sample.

The sample could be cooled to 100 K and heated to
1200 K using resistive heating. Temperatures were mea-
sured using a 0.005-in. -diam W-5' Re/W-26%%uo Re
thermocouple that was heliarc-welded onto the top edge
of the silicon wafer. The temperatUre was maintained by
a temperature controller that determined the voltage out-
put of a HP 62648 programmable power supply (20 V, 20
A). The temperature controller could maintain tempera-
tures to within +0.5 K or produce linear temperature
ramps.

A schematic of the UHV chamber is shown in Fig. 2.
The UHV chamber was pumped by a 190 1/s Balzers tur-
bornolecular pump that was backed by another Balzers
50 1/s turbomolecular pump. This tandem turbomolecu-
lar pump system enabled pressures of 1.0&10 Torr to
be obtained swithin 2 h after breaking vacuum. This facil-
itated a rapid turnaround time when changing samples.

The infrared beam passed through a pair of 0.5-in. -
thick ZnSe windows. The ZnSe vendors could be isolat-
ed from the vacuum chamber using gate valves. The use
of gate valves was necessary to prevent species from be-
ing deposited inadvertently on the ZnSe vnndovrs. This
eras a problem during earlier oxidation studies when SiO
desorbed from the porous-silicon samples at high temper-
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FIG. 2. Diagram of the UHV chamber for ie situ transmis-
sion FTIR stud, ies.

atures. Gas species such as SiO stick on the ZnSe win-
dows and contribute spuriously to the FYIR spectra.

The UHV chamber was also equipped with a Dycor
quadrupole mass spectrometer. The mass spectrometer
was used to correlate the desorption of Hi from the
porous" 8111con sample %Ath changes Hl the 8111con-
hydrogen absorption features. An ion gauge was used to
monitor the pressure of the chamber. The chamber was
also equipped with a Baratron which enabled higher pres-
sures of 10X10 Torr to be monitored. The reaction
chamber could be isolated from the mass spectrometer
and the tandem turbomolecular pumps by closing a
butterfiy valve.

The FTIR spectrometer employed in these studies was
a Nicolet 7199. The relative advantages of using
Fourier-transform infrared spectrometers over dispersive
infrared instruments have been described elsewhere. A
high-sensitivity liquid-nitrogen-cooled mercury cadmium
telluride (MCT) detector was employed. A total of 1024
scans were taken for each FTIR spectrum. The use of a
MCT detector enabled high mirror velocities of 0.98
cm/s to be used which minimized the data-acquisition
times.

Operating pressures for this I' i'IR work were typically
2.0)&10 Torr. These pressures were reached in ap-
proximately 5 h after changing samples without baking
the UHV chamber. These low pressures were critical for
consistent results because porous-silicon samples can
easily be oxidized at temperatures and pressures of oxy-
gen as low as 200 K and 1X 10 Torr, respectively.

C. Thermal annealing and isothermal anneahng experiments

For the therro. al anneahng studies, the porous-silicon
samples were raised to the annealing ternperatur, held at
the annealing temperature for approximately 1 s and then
returned to the initial temperature. The initial tempera-
ture of the porous-silicon sample was 300 K and a con-
stant heating rate of 8 K/s was used to heat the sample.
After returning to the initial temperature, a FTIR spec-
trurn was taken. This experimental sequence was per-
forrned repeatedly for annealing temperatures up to 840

K.
Isothermal annealing experiments were carried out at

various temperatures for both the monohydride and dihy-
dride species. For the dihydride species, the tempera-
tures ranged from 540 to 610 K. For the monohydride
species, temperatures ranged from 690 to 730 K. In these
experiments, the porous sample was raised to the iso-
thermal temperature, held at that temperature for a given
time, and then returned to the initial temperature of 300
K. A FTIR spectrum of the porous-silicon sample was
then recorded to determine the coverage of the remaining
silicon monohydride or silicon dihydride species. Using
this procedure, the time-dependent coverage of the dihy-
dride or monohydride species could be obtained as a
function of temperature.

For the silicon monohydride isothermal annealing ex-
periments, the sample was first heated to 640 K for 10
min. The integrated area under the 910-cm SiH2 scis-
sors mode after such an isothermal anneal was zero.
Thus this procedure removed the dihydride species and
de5ned the initial coverage of the monohydride species.
The subsequent integrated absorbances for the monohy-
dride species were normalized using this initial monohy-
dride coverage.

A new porous-silicon sample prepared under identical
conditions was used for each annealing run. The total
concentrations of monohydride and dihydride species on
the surface were the same within 5% for each porous-
silicon sample. These concentrations were determined
using the integrated areas under the absorption peaks at
2110 and 910 cm ', respectively.
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FIG. 3. Infrared spectrum of a porous-silicon sample. In or-
der to enhance the infrared absorption features, a sample with a
6-pm-thick porous layer ~as utilized. This sample gave an ab-
sorbance approximately 3 times larger than usual.

III. RESULTS

A. Infrared, spec:trum of porous silicon

After anodization, the porous-silicon samples exhibited
pronounced infrared absorption features at 2087-2110
(doublet), 1107, 910, 666, and 625 cm '. Figure 3 shows
a typical FTIR spectrum of a porous-silicon sample with
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a 6-pm-thick porous layer. For clarity of presentation,
the absorbance of this sample was approximately three
times larger than usual. Absorbance is defined as
A = —log)0(I/Io).

Early studies ascribed the 2087 —2110 cm ' doublet to
silicon-hydrogen stretches. ReAectance infrared studies
of hydrogen on Si(100) 2X1 confirmed this sugges-
tion. ' ' ' ' However, there has been some debate in
the amorphous-silicon literature about the exact assign-
ment of the absorption features around 2100
cm ' ' * ' ' The thermal annealing studies discussed
in the following section will show that the high-frequency
component of the doublet originally at 2110 cm ' can be
assigned primarily to the silicon monohydride stretch. In
addition, the correlation between the 2087 cm ' and 910
cm ' absorption features in the annealing studies will
demonstrate that the low-frequency component of the
doublet at 2087 cm ' can be assigned primarily to the sil-
icon dihydride stretch.

EELS studies on single-crystal silicon surfaces"' and
infrared studies of gaseous silanes ' ' and amorphous sil-
icon' have observed the 910 cm ' absorption feature.
This absorption feature has been attributed to the scissors
mode of the SiH2 dihydride species. Likewise, EELS
studies on Si(100) 2)&1 (Ref. 12) and infrared studies on
amorphous silicon' and on porous silicon 2 have as-
signed the absorptions at 666 and 625 cm ' to the SiH or
SiH~ deforI11at1on modes.

A prominent Si-Si stretch mode was observed at 616
cm in agreement with previous transmission infrared
studies of single-crystal silicon. " Due to their close prox-
imity, the two peaks at 625 and 616 cm ' could not be
resolved separately. However„after the thermal desorp-
tion of hydrogen from the monohydride and dihydride
species, the absorption feature at 666 cm ' was absent
and the integrated area of the absorption feature at 616
cm %'as reduced by a factor of 2.

The absorption at 1107 cm has been attributed to a
bulk interstitial Si-0-Si asymmetric stretch mode.
This feature also appeared with equal intensity in unano-
dized silicon wafers following an HF etch. Consequently,
this Si-0-Si feature is in the bulk of the silicon substrate
and is not caused by oxygen on the porous-silicon sur-
faces.

A small shoulder appeared at 2140 cm ' in the
silicon-hydrogen stretching region. Although there was
no evidence for a Si-0-Si surface species, this silicon-
hydrogen stretch may be caused by the substituent e8'ect
of oxygen atoms. Similar blue shifts have been reported
by infrared studies of amorphous silicon '" and by
EELS studies of hydrogen on Si(100) 2)& 1 surfaces which
had been previously exposed to oxygen. However, an-
nealing studies revealed that the desorption kinetics for
this species and the dihydride species were similar. This
suggests that the sma11 shoulder may arise from another
silicon dihydride stretching mode.
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The Fj.IR spectra showed that the silicon dihydride
species at 910 cm ' have been removed from the surface
by 720 K. On the other hand, the silicon monohydride
species originally at 2110 cm ' remained on the silicon
surface until 820 K.

As the dihydride species is removed from the surface,
the silicon monohydride stretch at 2110 cm ' progres-
sively shifted to 2102 cm '. There was no subsequent
shift of this monohydride feature at 2102 cm ' during
the annealing and removal of the monohydride species.
In addition, notice that the silicon-hydrogen stretching
mode at 2087 cm ' disappeared at nearly the same tem-
perature as the scissors mode of the dihydride species at
910cm

The thermal annealing data clearly demonstrated that
the silicon monohydride and dihydride species were re-
moved from the silicon surface at markedly difkrent tem-
peratures. %hen the silicon dihydride species began to
decrease, a small increase was observed in the absorbance
corresponding primarily to the silicon monohydride
stretching mode. Given the second-order desorption ki-
netics measured for the dihydride species in Sec. III C,
this increase is consistent with the conversion of two
dihydride species to two monohydride species plus
desorbed Hz.

8. Thermal anneahng

Figure 4 displays the changes in the FTIR spectra of
porous silicon as a function of annealing temperature.

FIG. 4. Absorption spectra of porous silicon in the frequency
ranges corresponding to the silicon-hydrogen stretching modes
and silicon dihydride scissors mode as a function of annealing
temperature.



A complete conversion of dlhydf jde spcclcs to
monohydride species should give a larger increase in the
absorbance originally at 2110 cm ' than the increase ob-
served. How&ever, as discussed in Sec. IV A, the spectral
features in the silicon-hydrogen stretching region arc
congested when both species are present. Some monohy-
dride and dihydride spectral features may be overlapping
in the absorbance region around 2110 crn '. Conse-
quently, monohydride kinetic studies were performed
only after removing the dihydride species.

C. Isotherlnsl anneahng

Figurc 5 shows the normalized integrated absorbance
of the 910 cm ' scissors mode for the SiHi species as a
function of time for five diff'erent temperatures. The de-
crease of the integrated absorbance of the 910-crn
mode rejects the isothermal desorption of H2 from the
dihydride species. Second-order rate equations of the
form d8/dt =—k8 were used to fit the data points.

For convenience, the initial coverages 80 (cm ) were
normalized to 80=1. Consequently, integrated second-
order fits of the form 8'(r)=1/(I+k'r) were utilized.
The rate constants k' obtained using this normahzed
form can be converted to absolute rate constants k by
k =k'/80.

The second-order fits to the data are shown as solid
lines in Fig. 5. The 6ts are very good and clearly reveal
that hydrogen desorption from the dihydride species
occurs with second-order kinetics. In contrast, earlier
studies reported Srst-order kinetics for hydrogen desorp-
tion from the dihydride species. ' '

Each curve in Fig. 5 corresponds to the isothermal
desorption of hydrogen from the silicon dihydride species
at one particular temperature. These curves rellect the
various temperature-dependent rate constants for hydro-
gen desorption. The Arrhenius plot of the rate constants
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is displayed in Fig. 6(a).
%ithin the temperature range of this experiment, Fig.

6(a) shows that hydrogen desorption follows Arrhenius
behavior given by k =U2exp( E—d„/RT). The activation
barrier for hydrogen desorption froin the silicon dihy-
dride species was Ed„=43kcal/mol (1.86 eV). Assuming
an initial dihydride coverage of eo——2.3 X 10'4 cm 2, the
preexponential for hydrogen desorption from the silicon
dihydride species was 4.7)&10 cm /s. The choice of
this initial dihydride coverage is justi6ed in Sec. III D.

Figure 7 shows the normalized integrated absorbance
of the silicon monohydride stretch at 2102 cm ' as a
function of time for five different temperatures. The de-
crease of the integrated absorbance of this mode rejects
isothermal desorption of hydrogen from silicon monohy-
dride species. Like the isothermal data for the dihydride
species, a second-order rate equation fits ihe data points
very accurately. These fits are shown as solid lines in Fig.
7.
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FIG. 5. Isothermal desorption of hydrogen from the silicon
dihydride species measured by monitoring the normalized in-

tegrated absorbance of the silicon dihydride scissors mode at
910 cm as a function of time at di8'erent temperatures. The
solid lines show the St of a second-order rate law of the form
—de/dt =ke to the data. A normalized integrated rate law
given by 8"(t)= 1/(1+ k't) where k'=keo was utihzed.

FIG. 6. Arrhenius plot of the temperature-dependent rate
constants k' for hydrogen desorption from (a) dihydride species
and (b) monohydride species. The measured activation barrier
for desorption from the silicon dihydride species was Ed ——43
kcal/mol (1.86 eV). The measured activation barrier for desorp-
tion from the silicon monohydride species was Ed ——65
kcal/mol (2.82 eV}.
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FIG. 7. Isothermal desorption of hydrogen from silicon
monohydride species measured by monitoring the normalized
integrated absorbance of the silicon monohydride stretch at
2102 cm ' as a function of time at different temperatures. The
solid lines display the St of a second-order rate lsw of the form
—de/dt =ke~. A normalized integrated rate law given by
8'(t) = 1/(1+ k't) where k'= keo was employed.
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Figure 6(b) shows the Arrhenius plot of the
temperature-dependent rate constants for the isothermal
desorption of hydrogen from the monohydride species.
The activation barrier for hydrogen desorption from the
monohydride species was E~„=65kcal/mol (2.82 eV).
Assuming an initial monohydride coverage of
eo ——6.8X10' cm, the preexponential for hydrogen
desorption from the monohydride species was 1.7)&10
cm /s. This initial monohydride coverage is equivalent
to the number of silicon atoms in the uppermost layer on
a'Si(100) surface.

Figure 8 shows the correlation between the low-
frequency component of the doublet in the silicon-
hydrogen stretching region at 2087 cm ' and the dihy-
dride scissors mode at 910 cm '. The normalized in-
tegrated absorbances of the absorption features at 2087
and 910 cm ' are plotted as a function of temperature
and time, respectively, in Figs. 8(a) and 8(b). The in-
tegrated absorbance of the 2087-cm ' peak was obtained
by subtracting the integrated absorbance of the monohy-
dride species from the total integrated absorbance. When
the integrated absorbance of the dihydride scissors mode
at 910 cm ' was zero, the monohydride contribution was
defined as the integrated absorbance of the remaining
2102-cm ' peak.

D. Mass-spectrometry studies

Mass-spectrometric analysis demonstrated that the
desorption of H2 correlates well with the disappearance
of the silicon-hydrogen infrared bands. Figure 9 displays
the correlation between the mass-spectrometric measure-
ment of the integrated desorption of H2 evolving from the
monohydride species and the disappearance of the in-
tegrated absorbance for the monohydride stretch. Figure
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FIG. 8. Normalized integrated absorbance of the absorption
at 2087 cm ' in the silicon-hydrogen stretching region and the
absorption at 910cm assigned to the silicon dihydride scissors
mode as (a) a function of annealing temperatures and (b) s func-
tion of time at 580 K.
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FIG. 9. Correlation between the mass-spectrometric mea-
surement of hydrogen integrated desorption and the infrared
measurement of hydrogen disappearance from the surface. The
data sre from three porous-silicon samples using the integrated
absorbance of the silicon monohydride stretch.

9 confirms that the infrared cross sections for the silicon-
hydrogen stretch remain constant as a function of surface
hydrogen coverage.

The combined infrared and mass-spectrometric
analysis also revealed that there is a 3:1 ratio between H2
desorbing from monohydride and dihydride species. The
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desorptlon kinetics is second-order for H2 desorption
from both monohydride and dihydride species. Follow-
ing the recombinatory desorption of H2 from two dihy-
dride species, the two dihydride species would be con-
verted to two monohydride species. Consequently, given
a 3:1 ratio for 82 desorbing from monohydride and dihy-
dride species, the initial ratio between the number densi-
ties for the monohydride and dihydride surface species on
porous silicon is 2:1.

An initial ratio of 2:1 between monohydride (SiH} and
dihydride (SiH2) species indicates that equal amounts of
hydrogen atoms reside in each species. Previous infrared
studies of hydrogen on Si(100) at saturation hydrogen
coverage have measured a 1:1ratio between monohydride
and dihydride configurations. ' On Si(100), silicon sur-
face atoms dimerize and form the 2g 1 reconstruction.
The resulting monohydride configuration on Si(100) con-
sists of a silicon dimer (H-Si-Si-H} with one hydrogen per
silicon. In agreement with the above results, these previ-
ous infrared measurements indicate that equal amounts
of hydrogen atoms exist in each con6guration.

IV. MSCUSSIG}N

A. Infrared spectra of porous silicon

A comparison of the infrared spectra of hydrogen
chemisorbed on Si(ill) 7X7, Si(100) 2X1, and porous
sihcon reveals that hydrogen chemisorbed on Si(100)
2X1 and porous sihcon are remarkably similar. ' 3'

The infrared spectra of hydrogen on Si(100) 2 X 1 and on
porous silicon both display a sharp and distinct doublet
structure in the sihcon-hydrogen stretching region at
nearly the same frequencies. Moreover, the sharp struc-
ture suggests well-defined hydrogen chemisorption sites.

In contrast, the infrared spectra of hydrogen on Si(111)
7X7 is characterized by a rather broad, featureless, ab-
sorption centered around 2100 cm '. This broad distri-
bution indicates that hydrogen is ehemisorbed in an inho-
mogeneous distribution of sites. Consequently, the simi-
larity in structure and close correspondence in frequen-
cies suggest that the surface of porous sihcon is similar to
Si(100) 2)& 1.

A simple thermodynamic explanation argues that the
hydrogenerated Si(100) surface would be favored in
porous-silicon formation. For example, the unrecon-
structed Si(100) surface has a higher density of silicon
dangling bonds than the other low-Miller-index silicon
surfaces such as the unreconstructed Si(111) and Si(110)
surfaces. Therefore, because Si—H bond energies are
larger than bulk Si '&i bond energies, the hydrogenated
Si(100) surface is more stable than the hydrogenated
Si(111)and Si(110)surfaces.

Infrared studies of hydrogenated Si(100}2X1 surfaces
have shown that, because of the dimer structure on the
surface, the monohydride silicon-hydrogen stretch is
characterized by two modes. One mode is the antisym-
metric stretch with a transition dipole moment parallel to
the surface along the dimer direction. The other mode is
the syminetric stretch with a transition dipole moment
perpendicular to the surface. The antisymmetric and
symmetric modes have transition frequencies at 2088 and

2099 crn ', respectively. Cluster calculations have
confirmed these assignments and the difference in fre-
quencies.

The dihydride silicon-hydrogen stretch on Si(100) 2X 1
is also characterized by two modes. Gne mode is the an-
tisymmetric stretch with a transition dipole moment
paranel to the surface. The other mode is the symmetric
stretch with a transition dipole moment perpendicular to
the surface. The antisynunetric and the symmetr&c dihy-
dride stretching modes have their transition frequencies
at 2104 and 2091 cm ', respectively. '3

The thermal stability of the monohydride species is ex-
pected to be higher than the dihydride species. Conse-
quently, the silicon-hydrogen stretch on porous sihcon at
2102 cm ' after the removal of the dihydride species is
assigned to a monohydride species. Likewise, the corre-
lation between the desorption kinetics for the absorption
features at 2087 and 910 cm ' argue that the silicon-
hydrogen stretch on porous sihcon at 2087 cm ' is asso-
ciated with a dihydride species.

The desorption behavior, the similarity of the spectral
features, and the above frequency assignments suggest
the following correspondence between porous silicon and
Si(100) 2X1. The monohydride absorption feature on
porous silicon at 2102 cm ' is closely associated with the
symmetric monohydride feature on Si(100) 2X1 at 2099
cm . Likewise, the dihydride absorption feature on
porous sihcon at 2087 cm ' compares favorably with the
symmetric dihydride feature on Si(100) 2X1 at 2091
cm '. Thus we believe that no antisymmetric modes are
clearly observed in our FTIR spectra of hydrogen on
porous sil1con.

The selectivity for symmetric vibrational modes can be
explained by considering the experimental geometry.
The F 1 IR experiments were performed with the infrared
light impinging on the silicon wafer at normal incidence.
Because the pores are primarily normal to the surface of
the silicon wafer, the passage of infrared light through
the pores can be regarded as nearly equivalent to an
external grazing incidence geometry.

Using expressions derived by Chabal, the change in
the refiectance b,R can be calculated for light polarized
both parallel ( kR i } and perpendicular ( b,R i ) to the
plane of incidence for a given vibrational oscillator. A
model calculation was performed assuming an isotropic
Si-H vibrational oscillator with an angle of incidence of
8=85'. At this angle close to grazing incidence. bRi
was found to be negligible compared to 4A

~~.

The infrared light used in this l'TIR study was not po-
larized. However, the model calculation demonstrates
that the maximum changes in refiectivity at close to graz-
ing incidence will be obtained for light that is polarized
parallel to the plane of incidence (JKR i ) Light of this po-
larization interacts with vibrational modes which are per-
pendicular to the surface Thus the .external grazing in-
cidence geometry discriminates in favor of the symmetric
vibrational modes.

The integrated area under the silicon monohydride
peak at 2102 cm ' and the gas-phase cross section for a
silicon-hydrogen stretch can be used to approximate the
concentration of monohydride species on the porous sil-
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icon after removing the dihydride species by thermal an-
nealing. Using a gas-phase cross section of 6.35X10
cm for the Si—H bond, ' '~' typical monohydride con-
centrations of 1.81X10 ' cm 3 were determined for the
2-pm-thick porous layer.

The monohydride coverage after the thermal anneal of
the dihydride species was assumed to correspond to the
number of silicon atoms in the uppermost layer on Si(100)
or a coverage of 6.8&(10' cm . Consequently, a sur-
face area of 268 m /cm was calculated for the porous sil-
icon. This surface area agrees well with the surface-area
measurement of 205 m /cm obtained using BET
methods for porous silicon prepared under similar condi-
tions. 2 '2

B. Desorytion kinetics

Second-order kinetics for hydrogen desorbing from sil-
icon monohydride species are anticipated. Two hydrogen
atoms from two adjacent silicon monohydride species
must recombine in order to form Hz. Second-order kinet-
ics for recombinatory desorption should be observed in
the absence of adsorbate-adsorbate interactions or site in-
homogeneities. Likewise, second-order desorption kinet-
ics are commonly observed in the recombinatory desorp-
tion of hydrogen from transition-metal surfaces. '

Second-order desorption kinetics from the silicon dihy-
dride species is a new observation. Previous studies had
suggested that the H2 desorption from dihydride species
was first-order in the silicon dihydride coverage. ' ' The
rationalization for 6rst-order kinetics was that the
desorbing H2 molecule was formed by the association of
two hydrogen atoms from the same dihydride species. ' '
In contrast, theoretical work recently modeled the
desorption of H2 from dihydride species on Si(100) in
terms of the recombinatory desorption of two hydrogen
atoms from two adjacent silicon dihydride species. " This
model predicts second-order desorption kinetics in agree-
ment with the experimental observations.

The activation barrier of 65 kcal/mol (2.82 eV) mea-
sured for H2 desorption from monohydride species is in
reasonably good agreement with previously measured ac-
tivation barriers. For example, an activation barrier of
59 kcal/mol (2.54 eV) for H2 desorption from Si(111)
7X7 was determined using temperature programmed
desorption. ' An activation barrier of 61 kcal/mol (2.60
eV) for H2 desorption from Si(111) 7 X 7 was recently
measured by using laser-induced thermal desorption tech-
niques. Likewise, variational transition rate calcula-
tions have predicted an activation barrier of 55.6
kcal/mol (2.41 eV} for hydrogen desorbing from Si(111).

The chemical binding energy of a hydrogen molecule is
104.2 kcal/mol (4.52 eV). If the activation barrier of
desorption, Ed„is equal to the heat of adsorption, E~,
the silicon-hydrogen chemical bond energy can be ob-
tained using 2E(Si—H}=Ed +E(H—H). The main as-
sumption behind this determination of the Si—H chemi-
cal bond energy is the absence of an activation barrier for
adsorption.

If an activation barrier for adsorption exists, then
Ed„pE& snd the silicon-hydrogen chemical bond ener-
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FIG. 10. Predicted hydrogen temperature programmed
desorption (TPD) signal from a silicon surface using the dihy-
dride and monohydride desorption kinetics obtained from this
study. The initial coverages were de6ned to yield a 3:1 ratio for
Hz evolving from monohydride and dihydride species. A heat-
ing rate of 6.6 K s was utilized.

gies will be overestimated. Consequently, upper limit
values of 84.6 kcal/mol (3.67 eV) and 73.6 kcal/mol (3.19
eV} are obtained for the silicon-hydrogen bond energies
of the SiH and SiH2 surface species, respectively. A re-
cent theoretical calculation has predicted an activation
barrier of 4.2 kcal/mol (0.182 eV) for hydrogen adsorp-
tion on Si(111). Using this activation barrier for ad-
sorption, chemical bond energies of 82.5 kcal/mol (3.58
eV) and 71.5 kcal/mol (3.10 eV) are obtained for the
silicon-hydrogen bond energies of the SiH and SiH2 sur-
face species.

These silicon-hydrogen chemical bond energies are well
inside the 64-90 kcal/mol range obtained for SiH and
SiH2 bond strengths in gas-phase silanes. This agree-
ment suggests that silicon-hydrogen bond breaking does
not occur as a concerted process with the reconstruction
or dimerization of surface silicon atoms. If desorption
snd reconstruction or dimerization were concurrent, then
the energy gained by the reconstruction or dimerization
would lower the desorption activation barrier consider-
ably. Consequently, an unreasonably low value for the
silicon-hydrogen bond strength would be obtained.

Finally, the kinetic parameters for Hz desorption from
monohydride and dihydride species on porous-silicon
surfaces were used to generate a TPD curve. Figure 10
shows the predicted hydrogen TPD signal for a heating
rate of 6.6 K/s and a coverage equivalent to the initial
hydrogen coverage on porous silicon. Dihydride snd
monohydride desorption parameters were used to gen-
erate the low-temperature (P2) and the high-temperature
(P&}hydrogen desorption curves, respectively.

This simulated TPD curve is nearly identical to the
measured TPD spectrum of hydrogen on Si(111)7 X 7 ob-
tained at saturation hydrogen coverage with a heating
rate of 6.6 K/s. ' ' Likewise, this simulation is also near-
ly equivalent to the TPD spectrum of hydrogen on
Si(100) 2X 1 obtained at saturation coverage with a heat-
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ing rate of 12.5 K/s. This agreement argues that the
high-temperature Pi peak commonly observed in TPD
studies of hydrogen on single-crystal silicon surfaces is
H2 desorbing recombinatively from monohydride species.
Likewise, the agreement suggests that the low-
temperature Pz peak observed in the TPD spectra is H2
desorbing recombinatively from dihydride species.

The kinetics for hydrogen desorption from monohy-
dride and dihydride species on crystalline-silicon surfaces
were measured using transmission FLIR Spectroscopy.
The desorption studies were performed in situ in an
UHV chamber using high-surface-area porous-silicon
samples. Hydrogen on the porous-sihcon surface was ob-
served to be very similar to hydrogen on Si(100) 2 X 1.

The kinetics for hydrogen desorption from the
monohydride and dihydride species were monitored using
the SiH stretch «t 2102 cm ' and SiHz scissor mode at
910 cm ', respectively. Anneahng studies revealed that
the SiH2 species desorbed between 640 and 700 K,
whereas the SiH species desorbed from the silicon surface
between 720 and 800 K. Isothermal studies revealed
second-order desorption kinetics from both the monohy-
dride and dihydride species.

A desorption activation barrier of 65 kcal/mol (2.82
eV) and a preexponential of 1.7X10 cmz/s were mea-
sured for 82 desorbing from the monohydride species. A
desorption activation barrier of 43 kcal/mol (1.86 eV)
and a preexponential of 4.7X10 cmz/s were measured
for 82 desorbing from the dihydride species. These
desorption activation barriers yield upper limits of 84.6
kcal/mol (3.67 eV) and 73.6 kcal/mol (3.19 eV) for the
silicon-hydrogen chemical bond energies of SiH and SiHz
surface species.
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