
Hydrogen desorption from Si: How does this relate to film growth?
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The desorption of hydrogen from the Si~100! surface is investigated. The hydrogen coverage is
generated by the adsorption of atomic hydrogen, by the thermal decomposition of disilane, or during
silicon epitaxy using silane in a rapid thermal chemical vapor deposition reactor. Temperature
programmed desorption studies are then used to help yield information about the hydrogen surface
coverage and the desorption kinetics of hydrogen. The desorption order of hydrogen is first order,
consistent with previously reported single crystal studies. However, the activation energy for
desorption of hydrogen from surfaces generated during Si epitaxy with SiH4 is considerably
different. The activation energy for hydrogen desorption from these epitaxially grown layers is
4963 kcal/mol. The presence of monatomic steps on the surface, which are created during the
temperature quench, is believed to play a role in this difference of activation energies. Single crystal,
ultra-high vacuum based studies using atomic hydrogen and disilane adsorption and desorption are
used to gain further insight into this phenomena. ©1995 American Vacuum Society.
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I. INTRODUCTION

The interaction of hydrogen with silicon has been inve
tigated over a number of years. Early studies focused on
adsorption of hydrogen and how it could alter the electro
structure of silicon.1,2 More recently, the desorption of hy
drogen from Si has received considerable attention. The
combinative desorption of hydrogen was assumed to b
second order process in early temperature programmed
sorption ~TPD! studies.3 This process was believed to b
analogous to hydrogen desorption from metal surfaces. H
ever, Shinniahet al.4,5 clearly showed by laser-induced the
mal desorption~LITD ! that the recombinative desorption o
hydrogen from the Si~100! surface was a first order proces
This surprising result generated a number of other invest
tions. A recent literature search revealed that there are
well over 90 published reports dealing with various aspe
of hydrogen desorption from silicon.6

Understanding the interactions of hydrogen with the s
con surface is also needed for a mechanistic interpretatio
the chemical vapor deposition~CVD! of silicon from
silanes.7 Hydrogen at the Si surface during epitaxy can lim
the adsorption of silane and therefore affect the Si gro
rate. The desorption of H2 frees sites on the surface whic
then allow for additional SiH4 adsorption and reaction. Ther
is a balance between adsorption and reaction of silane
hydrogen desorption that governs the overall Si growth r

The adsorption of hydrogen on the Si~100!-~231! surface
and the dynamics of its desorption were calculated by a n
ber of investigators8–17 in an effort to help explain this phe
nomena. The structure of the monohydride phase,8–10 the
Si–H bond strength,11 the activation energy for desorption o
H2,

12 and the mechanism leading to desorption13–17were all
examined in these theoretical studies. The kinetics of
H2 desorption process and its dynamics were also de
mined by several research groups with a variety of exp
mental methods.4,5,18–31

In this article, hydrogen TPD results from a number

a!Author to whom correspondence should be addressed.
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different samples, heating rates, and coverages are exam
The hydrogen surface coverage ranges from 0.1 to 1 ML~1
ML56.831014 Si atoms cm22). Over this coverage
range, the desorption kinetics of hydrogen are known to
first order and independent of coverage.4,5,19,23The TPD re-
sults are examined by a variety of analysis methods in or
to make sure that the kinetic parameters obtained are
unique to the analysis method. Atomic hydrogen, silane,
disilane are used as the chemical sources for surface hy
gen.

II. EXPERIMENT

The experiments described in this article are performed
two separate systems. The film growth studies are perform
in a rapid thermal chemical vapor deposition~RTCVD! re-
actor that is coupled to a differentially pumped quadrup
mass spectrometer. This system is described in de
elsewhere.32 The Si samples are heated by a set of infra
lamps and the temperature of the substrate is monitored
an optical pyrometer.

The samples in the RTCVD reactor are double-sided p
ished 3.25 in. Si~100! wafers~n-type, Sb doped, 10 mV-cm
resistivity!. The wafers are RCA and HF cleaned prior
loading into the reactor. The sample is outgassed at 57
followed by a brief anneal to 1000 K. The sample tempe
ture is then lowered to the desired growth temperature
silane ~Airco, ultra large scale integrated grade! flow is es-
tablished.

The second experimental system is a stainless steel u
high vacuum~UHV! chamber that is described elsewhere33

The base pressure of the system is 6310211 Torr with a
typical working pressure of 1310210 Torr. The chamber is
equipped with a double-pass cylindrical mirror analyz
~CMA! for Auger electron and photoelectron spectroscop
a differentially pumped ultraviolet discharge lamp, tw
x-ray source, ion gun, and quadrupole mass spectromete
both temperature programmed desorption and secondary
mass spectrometry.
181013(4)/1810/6/$6.00 ©1995 American Vacuum Society
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Samples that are used in the UHV chamber are clea
into 1032530.4 mm rectangles fromn-type Si~100! wafers
@Virginia Semiconductor,60.25° of the ~100! plane, Sb
doped, 5–10 mV-cm resistivity# and mounted to a liquid
nitrogen cooled manipulator. The sample is held by mol
denum clamps for resistive heating. The sample tempera
is monitored by a pair of chromel-alumel thermocouples
tached to the back of the sample with Aremco 516 cera
adhesive.

Surface cleanliness is followed by Auger electron and
traviolet photoelectron spectroscopies. A clean surface
generated by the removal of the native oxide by repea
heating to 1213 K in vacuum followed by slow cooling
room temperature.

Disilane and atomic hydrogen are the two hydride sour
used in the UHV chamber. Disilane~Voltaix, ultrahigh purity
grade, minimum purity 99.998%! is further purified by sev-
eral freeze-pump-thaw degassing cycles. Hydrogen~Linde,
prepurified grade, minimum purity 99.99%! is used directly
after passing the gas through a liquid nitrogen cooled tr
The purity of the gases is also checkedin situ by mass spec-
trometry. Atomic hydrogen is generated by flowing hydrog
gas over a hot tungsten filament in line-of-sight of the silic
surface.

III. RESULTS

A. UHV studies

The H2 TPD results from the decomposition of Si2H6 are
shown as Figure 1. The silicon surface temperature was
K during the Si2H6 exposures and the temperature ramp r
was 6 K s21. At low Si2H6 exposures~Fig. 1a!, a single
desorption state is observed near 800 K. This desorption s
has been previously identified asb1 by Schulze and
Henzler.3 Increasing the Si2H6 exposure results in the satu
ration of theb1 state and a new desorption state (b2) starts
to populate at lower temperatures. Theb2 state also saturate
for coverages greater than 2.331014 Si2H6 moleules
cm22.

The data from Fig. 1 and several other replicate sets
data were analyzed to determine the activation energy
desorption and the preexponential factor that govern the
netics of theb1 state. Analysis of the thermal desorption da
by the leading edge or threshold TPD method~TTPD!34,35

was performed. This method uses an Arrhenius plot of
desorption rate versus temperature. The slope of the pl
related to the activation energy for desorption and
y-intercept is the natural log of the preexponential fact
This analysis method is used for all the hydrogen desorp
results with initial hydrogen atom coverages less than
310214 cm22. The results of this analysis method are su
marized in Table I.

The data are also analyzed by the Chan, Aris, and W
berg method~CAW!.38 This method depends on knowledg
of the ramp rate, peak temperature, and peak width at 1/2
3/4 maximum. The results of this analysis method are lis
in Table I.

The b1 desorption state was also simulated by kine
modeling. Figure 2 shows the results of a typical fit to t
JVST B - Microelectronics and Nanometer Structures
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experimental data used in determining the hydrogen deso
tion kinetics using the kinetic model. The solid line is the
desorption trace for hydrogen resulting from the decompos
tion of disilane for an initial disilane coverage of 5.0
310213 molecules cm22. The dashed line shows the results
of the simulated TPD spectrum. For this fit, an activatio
energy of 53.5 kcal mol21 and a preexponential factor of
131014 s21 are used. There is excellent agreement be
tween the two spectra. The agreement between the exp

FIG. 1. H2 thermal desorption spectra for several coverages of Si2H6 . The
temperature ramp rate was 6 K s21 and the adsorption temperature was 110
K. The Si2H6 coverages shown are~a! 2.431013, ~b! 2.5 3 1013, ~c!
5.031013, ~d! 5.431013, ~e! 5.831013, ~f! 7.431013, ~g! 8.1
31013, ~h! 8.331013, and ~i! 8.731013 Si2H6 molecules cm22.

TABLE I. Kinetic parameters for the desorption of hydrogen from Si~100!

Hydride source
Data analysis

method
Ea

~kcal mol21) n (s21)

H atoms TTPDa 5761 (662)31014

CAWb 5763 (765)31015

Simulation 5862 (262)31015

Si2H6 TTPD 5462 (264)31012

CAW 5361 (665)31014

Simulation 53.161 (962)31013

SiH4 RLKc 4562 (161)31012

TTPD 5064 (364)3109

CAW 4861 (366)31014

Simulation 48.561 (664)31012

aReferences 34 and 35.
bReference 36.
cReference 37 and 38.
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1812 C. M. Greenlief and M. Armstrong: Hydrogen desorption from Si 1812
mental and calculated spectra was consistently of this q
ity. The entire set of data is fit with an activation energy
53.161 kcal mol21 and a preexponential factor of (
62)31013 s21. These kinetic parameters are averag
over the entire range of coverages used in this study and
kinetic parameters do not exhibit any unusual coverage
pendence.

Atomic hydrogen was also used as a hydride source.
drogen atoms were exposed to Si~100! at a surface tempera
ture of 110 K. Thermal desorption spectra were obtained
function of exposure. The H2 TPD spectra were very simila
to those presented in Figure 1. The only significant diff
ence was that the desorption peak width of theb1 state was
narrower. The desorption order of hydrogen when us
atomic hydrogen as the hydride source was first order.
activation energy for desorption and preexponential fac
determined by computer modeling was 5862 kcal mol21

and (262)31015 s21, respectively, and are included i
Table I.

The error limits for the activation energies and preexp
nential factors listed in Table I are the result of both t
experimental deviations~one experiment to the next! and
systematic errors in the analysis method. For example, in
CAW method, improper determination of the peak width
1/2 or 3/4 maximum can lead to about an order of magnit
change in the preexponential factor. The error limits

FIG. 2. Solid line: H2 TPD spectrum for an initial disilane coverage o
5.031013 Si2H6 molecules cm

22. The adsorption temperature is 110 K an
the ramp rate is 6 K s21. Dashed line: Computer fit of the high temperatur
desorption state. The activation energy used for the fit is 53.5 kcal m21

and the preexponential factor is 131014 s21.
J. Vac. Sci. Technol. B, Vol. 13, No. 4, Jul/Aug 1995
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listed for one standard deviation. All the experimental da
are analyzed by the CAW method and by computer simu
tion. However, only a portion of the data are analyzed by t
TTPD method.

B. RTCVD studies

A set of thermal desorption experiments completed in th
RTCVD system are shown in Figure 3. The lower portion o
the figure shows TPD spectra obtained at several differe
ramp rates. The hydrogen coverage is generated by the
composition of SiH4 . A Si~100! wafer is exposed to a SiH4
flow rate of 3 mTorr for 5 min at a surface temperature o
813 K to establish equilibrium growth conditions, followed
by quenching of the gas flow and temperature to freeze-o
the hydrogen coverage.32 The hydrogen coverage shown fo
each spectrum in Figure 3 is 5.431014 cm22. Figure 3a is
the TPD spectrum obtained with a ramp rate of 2.8 K s21.
As the ramp rate is increased from 2.8 to 60.8 K s21, the
peak temperature also increases.

The upper portion of Figure 3 is a set of simulated TP
spectra using the same ramp rates as the experimental
presented in the lower portion of the figure. These spectra
calculated using an activation energy of 48.5 kcal mol21 and
a preexponential factor of 63 1012 s21. The desorption

FIG. 3. a:upper panel, simulated TPD spectra for the same coverages a
ramp rates used in part a. The activation energy for desorption used in
simulations is 48.5 kcal mol21 and the preexponential factor used is 6
31012 s21. b: lower panel, TPD spectra for the desorption of H2 from
Si~100! at several different ramp rates. The initial hydrogen coverage
5.431014 cm22. The ramp rates shown are A! 2.8, B! 6.3, C! 10.3, D!
17.9, E! 27.7, and F! 60.8 K s21.
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1813 C. M. Greenlief and M. Armstrong: Hydrogen desorption from Si 1813
peak temperatures for the simulated spectra match clo
with the experimentally determined results. The poorest fi
with the fastest ramp rate used~60.8 K s21) where the simu-
lated peak temperature is 5 K lower than the measured spe
trum. The leading edge of each desorption peak is rep
duced well and, in most cases, the width of the calcula
peaks are in good agreement with the measured spectra.
entire set of thermal desorption spectra can be simula
~both peak temperature and width! by an activation energy
for desorption of 48.561 kcal mol21 and a preexponentia
factor of (664)31012 s21.

The rate data shown in Figure 3 was also analyzed
examining the peak temperature shift as a function of ra
rate,37,38 in addition to the CAW method. The results of thes
analyses are included in Table I.

Figure 4 shows an Arrenhius plot of the silicon grow
rate from silane on Si~100! at two different SiH4 flow rates in
the RTCVD reactor. The film thickness was determined
secondary ion mass spectrometry~SIMS! in a CAMECA-4f.
The Sb doping of the substrate was used to derive the la
thickness. Two distinct growth regimes are observed. Th
two regimes have been previously identified.39 The higher
activation energy regime is observed at temperatures be
550 °C, is independent of silane flow rate, and is attributed
Si growth that is limited by the desorption of hydrogen fro
the growing surface. The high temperature regime has a
nificantly lower activation energy, is dependent on SiH4 flow

FIG. 4. Growth rates for epitaxial silicon on Si~100! from SiH4 . Two growth
conditions are shown: 3 mTorr~solid circles! and 0.3 mTorr~solid triangles!.
The activation energy shown is determined from a least-squares fit to
data between 400 and 600 °C at a pressure of 3 mTorr. The film thickne
were determined by seconday-ion-mass spectroscopy.
JVST B - Microelectronics and Nanometer Structures
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rate, and is attributed to Si growth that is limited by SiH4

adsorption.
Table II is a comparison of the H2 desorption kinetic pa-

rameters obtained in this study. Also shown are the deso
tion kinetic parameters of H2 from Si~100! when using
atomic hydrogen or disilane as a hydride source from pre
ous studies. There is excellent agreement between the v
ous research groups for the activation energy and preex
nential factor for H2 desorption when using disilane and
atomic hydrogen in the UHV studies. However, the kinet
parameters obtained with silane in the stop/growth RTCV
studies are significantly different. Both the activation energ
for desorption and the preexponential factor are lower.

IV. DISCUSSION

The activation energies and preexponential factors o
tained from the different analysis methods used in this stu
are compared in Table I. The first point to note is that th
TPD results analyzed by this variety of methods does lead
a set of kinetic parameters that are reasonably close with o
another. This result shows that the kinetic parameters o
tained are not dependent on the analysis method used.
parameters listed in Table II from this study are obtained
averaging over the entire set of data, regardless of the ana
sis method. Therefore, the average is weighted some by
CAW and computer simulation determinations since all
the data are analyzed by these two methods and only the
coverage data are analyzed by the TTPD method.

Table II compares the kinetic parameters from this stu
with those previously obtained in the literature. The activ
tion energy for desorption of H2 when using atomic H as the
hydride source obtained here is in excellent agreement w
other investigators’ values~with the exception of Ref. 5!. The
same type of agreement is obtained with disilane as the
dride precursor. Silane seems to be the only exception. T
hydrogen coverage with silane is generated when the m
ecule decomposes on the surface. This is a process that
deposits Si onto the original substrate. The hydrogen cov
age from silane is generated by interrupting the growth pr
cess. High-resolution transmission electron microscopy
vealed that the Si film is epitaxial. However, since the film

he
ses

TABLE II. Comparison of kinetic parameters for H2 desorption from Si~100!.

Hydride
source Reference

Experimental
method

Ea

~kcal mol21) n (s21)

H atoms 23 SHGa 57.2 2.131015

5 LITDb 4562 2.231011

19 LITD 5862 (5.565)31015

18 TPDc 57 2.031015

20 LITD 57.262.6 2.213101561

This study TPD 57.562 (363)31015

Si2H6 20 LITD 54.362.3 2.323101461

This study TPD 5362 (163)31014

SiH4 This study TPD 4963 83101361

aSHG: second harmonic generation.
bLITD: laser induced thermal desorption.
cTPD: temperature programmed desorption.
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1814 C. M. Greenlief and M. Armstrong: Hydrogen desorption from Si 1814
in TPD studies are not annealed to remove the hydrogen
expected that the atomic level structure of the outerm
layer is not complete. In other words, there is a partia
layer on top of the substrate. This structure can be thoug
as an atomically rough surface. The rough structure ca
contrasted with the experiments performed on well-anne
and atomically smooth single crystal studies in UHV. T
difference in the local structure for the ‘‘rough’’ surfaces m
account for the difference in the kinetic parameters obta
here; a lower activation energy for desorption and a lo
preexponential.

In a series of papers, Zare and co-workers28–30 demon-
strated that the internal energy distribution for hydrogen
sorption was the same whether atomic hydrogen or disi
was used as the hydrogen source. It is plausible that
hydrogen internal state distribution with SiH4 as the hydro-
gen source is the same or very similar to the atomic hy
gen and disilane case. The studies by Zare and co-wo
clearly show that the recombinative desorption of hydro
from Si~100! occurs through a common intermediate. Ho
ever, the authors did not examine closely the desorption
netics which could be different.

In a recent study,20 George and co-workers measured
desorption kinetics of hydrogen from the decomposition
disilane. This study was undertaken to test whether disi
could atomically roughen a Si~100! surface in an UHV envi-
ronment and lower the desorption energy of H2 . They con-
cluded that there was no difference in the activation ene
for desorption of hydrogen when using either atomic hyd
gen or disilane as the hydrogen source. Using the root-m
squared displacement of a silicon adatom at 600 K,40,41 they
were able to show that Si could diffuse easily to form isla
prior to H2 desorption and thereby removing any atom
level roughness induced by the adsorption of disilane.
activation energy for H2 desorption from the decompositio
of disilane we obtained here is only slightly less than that
the activation energy obtained with atomic H. This res
confirms that the roughness is removed prior to desorptio
hydrogen in these UHV experiments.

The activation energy for the growth rate of Si on Si~100!
from the decomposition of SiH4 is 46 kcal mol21 for the
temperature range of 425–550 °C and a pressure
mTorr.39 Over this temperature range the growth rate is l
ited by the desorption of hydrogen. The activation energy
Si growth is within the experimental error of the activati
energy measured for desorption of hydrogen from SiH4 de-
composition. The atomic level structure of the film duri
growth should be similar to that in our desorption stud
since we are just quenching the reaction. The similarity
the two activation energies suggests that the quenching
periments are monitoring more closely the local growth
vironment than are the desorption experiments conducte
UHV even though desorption may be occurring throug
common intermediate. This result, taken with the disila
resutls, implies that the outermost growing layer during e
taxy may involve a roughness extended over several at
layers.
J. Vac. Sci. Technol. B, Vol. 13, No. 4, Jul/Aug 1995
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V. CONCLUSIONS

The desorption of hydrogen from the Si~100! surface is a
first order process that is independent of the hydride sourc
The activation energy for desorption of hydrogen when usin
atomic H or disilane as the hydrogen precursor is almost t
same. However, when silane is used in the stop/growth CV
studies, the activation energy for hydrogen desorption is low
ered. The activation energy of 4963 kcal mol21 is the same
as the activation energy for Si growth between 700 and 84
K. This result shows that the growth process in this temper
ture range is limited by the desorption of hydrogen. Kineti
modeling of silicon growth from silane should take into ac
count these differences in the kinetic parameters.
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