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Hydrogen desorption in SiGe films: A diffusion limited process
J. Vizoso,a) F. Martı́n, J. Suñé, and M. Nafrı́a
Departament d’Enginyeria Electro`nica, Universitat Auto`noma de Barcelona,
08193-Bellaterra, Barcelona, Spain

~Received 2 August 1996; accepted for publication 14 April 1997!

A model to explain the hydrogen desorption kinetics in SiGe alloys is presented. This is an
extension of a previous desorption model of hydrogen from Si, that considers the presence of three
dimer types in the surface in which hydrogen atoms tend to pair before the desorption reaction.
Surface diffusion is included in the model. The comparison with experimental results shows that
desorption is a diffusion limited process. ©1997 American Institute of Physics.
@S0003-6951~97!02724-1#
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From the recent progress of different techniques for
growth of very thin semiconductor films, much effort h
been dedicated to the epitaxy of Si12xGex alloys on silicon
due to the possibility of tailoring the band gap. This h
opened the door to the fabrication of new heterostruct
based devices within the framework of the existing Si p
cess technology, with applications in the field of high spe
electronics and optoelectronics.1–3 Among these techniques
those based on temperature limited reaction process~LRP! or
rapid thermal chemical vapor deposition~RTCVD! have
been found to provide very thin heteroepitaxial layers w
sharp transition regions.4,5 However, in order to have goo
control over layer thickness, a knowledge of the growth
netics is necessary. In this regard, several works have d
with the effects of the growth conditions and composition
the kinetics of the Si12xGex epitaxy,

5–9 concluding that at
low temperatures the growth rate of epitaxial layers is c
trolled by the presence of hydrogen atoms in the surfa
which results from the decomposition of the molecules of
precursor gases~usually SiH4 and GeH4! during the deposi-
tion process, and whose desorption is not immediate. In
dition, the growth rate at low temperatures is considera
higher than in pure Si, which is attributed to a catalytic effe
on the desorption of hydrogen produced by the presenc
Ge.10 From these comments, it follows that the understa
ing of the epitaxial growth of Si12xGex films begins by the
study of the desorption kinetics of hydrogen from the se
conductor surface.

In this letter a model for hydrogen desorption
Si12xGex ~100! is proposed. It is based on the followin
assumptions:~1! in the surface, atoms pair up forming thre
types of dimers: Si–Si, Ge–Ge, and Si–Ge. This is s
ported by the fact that in pure Si and Ge, dimerization in
surface occurs.11–14 The dimers can be found in three po
sible states of hydrogen occupancy: clean~‘‘unoccupied
dimers’’!, characterized by ap interaction between the at
oms forming the dimer, singly occupied~where hydrogen
adsorption breaks the double bond resulting in a Si–H
Ge–H bond and an unpaired dangling bond!, and double-
occupied.~2! Hydrogen desorption occurs by pre-pairing
two hydrogen atoms in a single dimer. This has been s
gested by several authors15,16 to explain the first-order kinet
ics of hydrogen desorption in pure Si, and has been s
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ported by Boland12 by arguing that there exists
thermodynamic preference for the hydrogen atoms to pai
a direct consequence of the existence of ap bond between
the atoms in unoccupied dimers.~3! The distribution of
double occupied dimers depends on two processes: des
tion and diffusion in the surface. It is assumed that deso
tion occurs at a different rate from each type of dimer, so t
three desorption constants (KSi , KGe, andKSiGe! are con-
sidered. The temperature dependence of these constants
the Arrhenius type@Ki5n i exp(2Eai /KT)#, n i being a fre-
quency factor andEai the thermal activation energy assoc
ated to each process, with is given byEX1-H1EX2-H2Ep

2EH-H ; Ep is thep bond energy, and the other terms th
energies corresponding to the indicated bonds, where X1
X2 refer to silicon or germanium atoms, depending on
dimer from which desorption occurs. Desorption tends
destroy the thermodynamic equilibrium distribution
dimers, which is reestablished by means of diffusion on
surface. If diffusion is considered to be a very fast process
compared to desorption, the occupancy state of the dime
given by a thermodynamic equilibrium distribution whic
depends only on temperature and hydrogen coverage,u. This
fast diffusion assumption is considered by D’Evelyn, Yan
and Sutcu16 in modeling the desorption of hydrogen from
pure Si. However, in order to be valid even at low tempe
ture, diffusion will be included in our model. Besides, sin
the hydrogen desorption kinetics are faster for Si
films,8,10,17the prior assumption of instantaneous diffusion
doubtful.

According to the previous assumptions, we postulate t
the desorption rate of hydrogen is given by

du

dt
52KSiu2

Si2KGeu2
Ge2KSiGeu2

SiGe, ~1!

where u2
Si , u2

Ge, and u2
SiGe are the hydrogen coverage i

doubly occupied dimers of Si, Ge, and SiGe, respective
On the other hand, the evolution of doubly occupied dim
for each species is governed by

du2
Si

dt
52Kdif~u2

Si2u2est
Si !2KSiu2

Si , ~2!

du2
Ge

dt
52Kdif~u2

Ge2u2est
Ge !2KGeu2

Ge, ~3!
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du2
SiGe

dt
52Kdif~u2

SiGe2u2est
SiGe!2KSiGeu2

SiGe, ~4!

where the first term on the right-hand side is related to
fusion and tends to reestablish the thermodynamic equ
rium distribution at a rate given byKdif , whereas the secon
term corresponds to desorption.u2est

i is the equilibrium dis-
tribution of doubly occupied dimers and can be inferred fro
an extension of the lattice gas model of D’Evelyn, Yang, a
Sutcu.16 Let N5NSi1NGe1NSiGe be the total number o
dimers in the surface, where each individual contribution
assumed to be statistically determined from the percentag
Ge in the alloy. For Si and Ge dimers, there are three p
sible states of occupancy. However, for SiGe dimers, f
states arise, provided that there are two distinguisha
singly occupied states. Ifni

j is the number of dimers of type
j and occupancyi , and Ei

j the corresponding energy
the partition functionZ is given by

Z5
NSi
!

n0
Si!n1

Si!n2
Si!

NGe
!

n0
Ge!n1

Ge!n2
Ge!

3
NSiGe
!

n0
SiGe!n

1
SiGe!n1

SiGe!n2
SiGe!

2~n1
Si

1n1
Ge

!

3expS 2b (
i51,2;j

ni
jEi

j D , ~5!

where it has been assumed that the energy reference lev
given by the clean dimers, andb51/KT. In the notation of
Eq. ~5!, the underline in singly occupied SiGe dimers ind
cate the atom at which hydrogen is bounded. If we supp
that 2M hydrogen atoms are chemisorbed on the surface,
following constraints apply to Eq.~5!:

2M52~n2
Si1n2

Ge1n2
SiGe!1n1

Si1n1
Ge1n

1
SiGe1n1

SiGe, ~6!

NSi5n0
Si1n1

Si1n2
Si , ~7!

NGe5n0
Ge1n1

Ge1n2
Ge, ~8!

NSiGe5n0
SiGe1n

1
SiGe1n1

SiGe1n2
SiGe. ~9!

By maximizingZ, subject to these constraints, the therm
dynamic equilibrium distribution of doubly occupied dime
as a function of hydrogen coverage and temperature ca
numerically evaluated. In the model, the energies associ
with each dimer state are given byEp2EX-H and Ep

22EX-H for singly and doubly occupied dimers of Si and G
~X represents a Si or Ge atom!, and byEp2EX-H andEp

2ESi-H2EGe-H for the singly and double occupied SiG
dimers. Ep , which is assumed to be independent of t
dimer type,11 has been obtained from the work of D’Evely
Yang, and Sutcu,16 and the bond energies (ESi-H andEGe-H!
from the values of the activation energies for desorption
pure Si18 and Ge.11 In such a way, the energies of the dim
states have been evaluated.

The parameters of the presented model are the hydro
diffusion constant and the frequency factors. Even thou
the frequency factor must be dependent on the dimer ty
the close proximity of reported values for pure Si and
leads us to consider a single frequency factor. In such a w
3288 Appl. Phys. Lett., Vol. 70, No. 24, 16 June 1997
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the parameters of the model are reduced to two. We hav
fitted this parameter to describe the desorption experimen
performed by Sharp and Eres.13 A random distribution of
dimer states has been chosen to startup the simulation of t
desorption process, being the initial coverageu50.6. They
found that hydrogen coverage exhibits a binary decay with
fast component in the initial stages which prevails only dur
ing;30 ms. This behavior suggests that diffusion is not abl
to reestablish thermodynamic equilibrium instantaneously. I
this was the case, two different stages would not be ob
served, as has been verified by computer simulation of th
desorption process under a wide range of diffusion constant
The best fit ~Fig. 1! provides Kdif56 s21 and n58
31014 s21, from which the desorption constants from Si,
SiGe, and Ge dimers are 3, 147, and 7187 s21, respectively.
This confirms our assumption that hydrogen desorption is
diffusion limited process because the diffusion rate is muc
smaller than the desorption rates from SiGe and Ge dimer

FIG. 1. Desorption kinetics for hydrogen in SiGe. The dots correspond t
the biexponential law proposed by Sharp and Eres~Ref. 13! to fit their
experimental results. These data have been used to get the parameters of
model proposed in the work.

FIG. 2. Evolution of hydrogen coverage in double occupied dimers. Fo
comparison, the thermodynamic equilibrium distribution is also represente
The decay of double occupied Ge dimers is not visible in the time scale.
Vizoso et al.
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On the other hand, the fact that desorption is a two-s
process is related, according to our model, to the highKGe

constant, which is responsible for a very fast decay of dou
occupied Ge dimers that cannot be appreciated in the
scale of Fig. 1, resulting in a desorption in two stages,
stead of three. Figure 2 shows the time evolution of dou
occupied dimers. It is interesting to note that the duration
the first step of Fig. 1 perfectly correlates with the decay ti
of doubly occupied SiGe dimers. Therefore, it can be c
cluded that the fast first step of Fig. 1 is due to the comp
desorption of hydrogen from SiGe and Ge dimers, which
very fast since the desorption constants are very high c
pared to the rate at which diffusion is able to supply state
double occupancy for these dimer sites. The binary deca
then related to a diffusion controlled process and is a con
quence of the desorption of hydrogen in a sequential fash
where in a first step hydrogen desorption occurs from dou
occupied SiGe and Ge dimers only, and then hydrogen de
is governed by Si dimers.

In conclusion, we have presented a model for hydrog
desorption in SiGe alloys based on the pre-pairing of hyd
gen atoms in dimer units previous to the desorption react
The fast diffusion assumption of hydrogen atoms in the s
face of previous works has been suppressed. The mode
plains the two-step desorption kinetics observed by Sh
and Eres as a result of a diffusion limited desorption of h
drogen from the surface.
Appl. Phys. Lett., Vol. 70, No. 24, 16 June 1997
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