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The growth ratesRSi of Si layers deposited on Si~011!‘ ‘1632’’ by gas-source molecular beam
epitaxy from Si2H6 were determined as a function of temperatureTs ~400–975 °C! and Si2H6 flux
JSi2H6

(5.031015– 9.031016cm22 s21). RSi ranges from 0.0015mm h21 at Ts5400 °C to 0.415mm
h21 at Ts5975 °C with JSi2H6

52.231016cm22 s21. In the surface-reaction-limited regime atTs

,725 °C, RSi initially exhibits an exponential decrease with 1/Ts , then decreases at a slower rate
at Ts<550 °C as an additional deposition pathway becomes operative. In the
impingement-flux-limited regime, 725<Ts<900 °C,RSi is independent ofTs but increases linearly
with JSi2H6

. At Ts.900 °C, RSi(Ts) increases withTs due to surface roughening. Overall,
RSi(JSi2H6

,Ts) is well described atTs<900 °C by a kinetic model incorporating two competing film
growth mechanisms:~1! dissociative chemisorption of Si2H6 onto dangling bonds followed by fast
surface dissociation steps and second-order H2 desorption from the surface monohydride phase; and
~2! Si2H6 insertion into Si–H surface bonds followed by second-order desorption of SiH4. © 2000
American Institute of Physics.@S0003-6951~00!02320-2#

Si12xGex(011) offers potential benefits over
Si12xGex(001) for certain types of device applications. The
maximum film/substrate conduction-band offset in strained
Si12xGexSi~011! heterostructures is predicted to be substan-
tially larger,1 the optical band gap decreases more rapidly
with increasingx,1 and optical selection rules allow hole–
intersubband transitions to be excited by light polarized par-
allel to Si12xGex /Si~011! multiple quantum well layers.2

A major difference between Si~011! and Si~001!, which
has a significant effect on film growth kinetics and mecha-
nistic rate limitations during gas-source film growth, is the
considerably higher complexity of the Si~011! surface unit
cell. Our previous results3,4 confirmed published reports
showing that the clean surface reconstruction is ‘‘1632.’’
However, this surface, while labeled 1632 based upon ob-
served diffraction pattern periodicities, actually has a nonor-
thogonal

F17 1

2 2G
structure with surface vectorsās517ā1b̄ and b̄s52ā
12b̄, where ā51/2@01̄1# and b̄5@100#.3,4–6 The Si~011!
surface reconstruction undergoes a gradual and reversible
transformation from 1632 to 131 at temperatures between
700 and 770 °C.3,7,8 We showed, using D2 temperature pro-
grammed desorption~TPD!, that the 1632 reconstruction
has a unit cell structure consisting of 16 adatom species and
8 p-bonded dimers, resulting in a maximum dangling bond
coverage of 0.5 ML referenced to the 131 bulk surface.3

While the Si~011! surface structure has received signifi-
cant attention, very little is known about the kinetics of
Si~011! epitaxy. In this letter, we present the results of the

first reported investigation of the temperature-and flux-
dependent growth kinetics of Si~011! gas-source molecular
beam epitaxy~GS-MBE! from Si2H6.

All films were grown in a multichamber ultrahigh-
vacuum~UHV! system, described in detail in Ref. 3, with a
base pressure of 5310211Torr. The system is equipped with
provisions for TPD, reflection high-energy electron diffrac-
tion ~RHEED!, low-energy electron diffraction, and Auger
electron spectroscopy~AES!. The film growth experiments
were carried out at temperaturesTs5400– 975 °C using
Si2H6 precursor fluxesJSi2H6

55.031015– 9.031016 cm22

s21. During deposition, the Si2H6 molecular beam is deliv-
ered to the substrate through a directed tubular doser. The
substrates were 0.5 mm thick B-doped Si~011! wafers (3
31017cm23) with a miscut of 0.126° alonĝ112&.

Substrate cleaning consisted of solvent degreasing and
wet chemical oxidation/etch cycles followed by an ultravio-
let ozone treatment, UHV degassing, and oxide desorption.3

RHEED patterns from substrates subjected to this procedure
were sharp 1632. No residual C or O was detected by AES.

Deposited Si film thicknesses were determined using
secondary ion mass spectrometry and surface profilometry.
The Cameca IMS-5F spectrometer was operated with a
10 keV O2

1 primary ion beam to detect11B from the lightly
doped substrates during sputter etching. Surface profilometry
was then used to measure the depth of the crater. The uncer-
tainty in film thickness is< 4 nm.

All Si ~011! layers exhibited sharp 1632 RHEED pat-
terns. D2 TPD spectra were obtained from Si~011!1632 sur-
faces dosed for successively longer times to provide normal-
ized coveragesuD /uD,sat, where uD,sat is the saturation
coverage. The spectra are very similar to those we obtained
from Si~111!4 and consist of a low temperature desorption
peak centered at 430 °C and a high temperature feature at
550 °C. The primary difference between the Si~011! and
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Si~111! TPD spectra is that the high-temperature Si~011! fea-
ture contains a more obvious shoulder peak, split in this case
by 30 °C and centered at 520 °C. Following the procedure
described in Refs. 3 and 4, we have fit the data using stan-
dard Polanyi–Wigner analyses. An example is shown in Fig.
1. Theb2 peak arises due to D2 desorption from the dideu-
teride phase while the higher temperatureb1* andb1 peaks
are associated with desorption from adatoms and rest atoms
in the monohydride phase.3,4 All peaks are second order and
we have ignored the small feature near 375 °C, attributed to
desorption from trideuteride species, since it is not relevant
to the present Si~011! growth kinetics experiments. Fre-
quency factorsv and desorption activation energiesEd are
131015s21 and 2.2260.02 eV for b2 , 231015s21 and
2.5560.02 eV for b1* , and 231015s21 and 2.6860.02 eV
for b1 .3,4

The film growth rateRSi as a function ofTs with JSi2H6

52.231016cm22 s21 is shown in Fig. 2. Over the tempera-
ture range between 550 and 900 °C,RSi(Ts) follows the gen-
eral form expected for chemical vapor deposition in which
RSi decreases exponentially with 1/Ts at low temperatures in
a surface-reaction-limited mode, while at high temperatures
RSi tends to saturation in an impingement-flux-limited mode.
In the surface-reaction-limited growth mode,RSi increases
from 0.011mm h21 at 550 °C to 0.111mm h21 at 700 °C as

layer growth proceeds by the second-order dissociative ad-
sorption of Si2H6 onto dangling bonds whose coverageudb is
determined by the associative desorption rate of H2. The
surface structural phase transition from 131 to 1632,
which for Si~011! occurs near 700 °C, does not have a sig-
nificant effect on the shape ofRSi(Ts).

9 At Ts.725 °C, the
steady-state hydrogen coverage on the 131 reconstructed
Si~011! surface is sufficiently low (uH,0.19 ML) thatRSi is
limited primarily by the Si2H6 impingement rate. With
JSi2H6

52.231016cm22 s21, RSi.0.21mm h21 at 725<Ts

<900 °C. The increase inRSi at Ts.900 °C is due to sur-
face roughening as observed by RHEED, resulting in a
higher surface area and a change in the overall Si2H6 sticking
probability due to orientation dependence.

At Ts<550 °C, a new surface reaction pathway becomes
operative andRSi grows progressively larger than values pre-
dicted by a single exponential dependence on 1/Ts . As dis-
cussed below, we propose that this is due toRSi becoming
increasingly controlled by direct insertion of Si2H6 into Si–H
surface bonds.

Figure 3~a! is a plot of RSi as a function of Si2H6 flux
during film growth in the surface-reaction-limited regime
(Ts5550 °C) and in the transition region (Ts5700 °C). The
steady-state H coverageuH , obtained from using Eq.~2!
below and noting that (udb1uH)51 ML, is 0.87 ML at Ts

5550 °C and only 0.26 atTs5700 °C for JSi2H6
52.2

31016cm22 s21. RSi at Ts5550 °C remains constant at
0.01160.001mm h21 and is not a function ofJSi2H6

since
film growth in this regime is controlled by the H2 desorption
rate rather than the precursor dosing rate. In contrast,RSi at
700 °C initially increases linearly withJSi2H6

, typical of flux-
limited growth, before saturating at a value of 0.153
60.006mm h21 with JSi2H6

>3.331016cm22 s21. Thus, uH

increased sufficiently at the higher fluxes, due to competition
between Si2H6 adsorption and H2 desorption, to drive the
growth kinetics into the surface-reaction-limited regime.

FIG. 1. Fitted~solid and dashed lines! and measured~filled circles! D2TPD
spectra from a Si~011! sample withuD /uD,sat51.0. The linear heating rate in
all experiments was 5 °C s21.

FIG. 2. Experimental and calculated Si~011! growth ratesRSi as a function
of temperatureTs for an incident Si2H6 flux JSi2H6

52.231016 cm22 s21.

FIG. 3. ~a! Log–log plots of Si~011! growth ratesRSi as a function of the
incident Si2H6 flux JSi2H6

at Ts5550 and 700 °C.~b! RSi~cm22 s21! vs JSi2H6

at Ts5700 °C.
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We have previously demonstrated thatRSi(JSi2H6
,Ts) for

GS-MBE deposition from Si2H6 on the much simpler
Si~001!231 ~Ref. 10! surface can be well described by a
model, containing no fitting parameters, in which second-
order dissociative chemisorption of Si2H6 is followed by a
series of fast surface decomposition reactions with the final
step being first-order H2 desorption from the surface mono-
hydride phase. However, our TPD results for Si~011! show
that Si2H6 adsorption and H2 desorption are both second
order.3,4 Thus, making the reasonable assumption that the
intermediate surface reaction steps are also fast on Si~011!,
the overall change inudb during Si~011! GS-MBE is given
by the expression

dudb

dt
522JSi2H6

kaudb
2 1kd~12udb!

2. ~1!

The reaction rate constantka for Si2H6 adsorption on
Si~011! can be expressed asSSi2H6

/Ns in which SSi2H6
is the

zero-coverage reactive sticking probability andNs is the bulk
surface site number density, 9.631014cm22. kd in Eq. ~1! is
the recombinative H2 desorption rate constant which can be
expressed asn•exp(Ed /kTs), where the frequency factorn
5231015s21 and the desorption activation energyEd

52.68 eV are known from theb1 TPD results discussed
above.SSi2H6

at 700 °C was determined from the slope of the
RSi vs JSi2H6

data in Fig. 3~b! to be 0.0075, approximately
20% of the Si~001! value.10 We assume, as in the case for
Si~001! GS-MBE from Si2H6,

11 thatSSi2H6
for Si~011! is not

stronglyTs dependent.
The steady-state dangling bond coverage obtained from

Eq. ~1! is

udb5F11S 2I Si2H6
SSi2H6

Nsn exp~2Ed /kTs!
D 0.5G21

~2!

and the film growth rate is given by

RSi5
2JSi2H6

SSi2H6
udb

2

N
, ~3!

in which N is the bulk Si atom number density, 5
31022cm23. In the flux-limited regime whereudb ap-
proaches its saturation value, Eq.~3! predictsRSi to be nearly
independent ofTs and to increase linearly withJSi2H6

, as
observed in Fig. 3~b!.

The dashed curve in Fig. 2 is a plot ofRSi vs Ts based
upon Eqs.~2! and~3!. While it provides a good fit to the data
for the growth temperature range 550,Ts<900 °C, experi-
mental RSi values are higher than predicted at both higher
and lower temperatures. The difference at higher tempera-
tures is due to surface roughening.

The RSi(Ts) results atTs<550 °C indicate that a new
reaction path for film growth becomes competitive with the
mechanism described by Eqs.~2! and ~3!. Dangling bond
coverages determined by TPD range from 0.133 ML at
550 °C to 0.002 ML at 400 °C. At these temperatures, where
uH is high and approaching saturation, we propose that film
growth via the direct insertion of incident Si2H6 molecules
into Si–H surface bonds becomes significant. A similar path-

way has been suggested by Kulkarniet al.11 and Boland12 to
contribute to low-temperature Si~111! and Si~001! growth,
respectively. Two of the three monohydride adatom back-
bonds on the Si~011! 1632 surface are highly strained and
easily broken during H2 adsorption to form dihydride
species.3,4 By analogy, we propose that the backbonds are
also attacked by Si2H6, resulting in bond breakage and the
insertion of a SiH2 fragment accompanied by SiH4 desorp-
tion. This results in the addition of a second term to Eq.~3!,

RSi5
2JSi2H6

SSi2H6
udb

2

N
1

2JSi2H6
SSi2H6

Si–HuH

N
. ~4!

SSi2H6

Si–H is the Si2H6 reactive sticking probability via inser-

tion, a thermally activated process with activation energy
ESi–H. Figure 2 shows that calculated results based on Eqs.
~2! and ~4! exhibit very good agreement with experimental
data over the entire growth temperature range until surface
roughening becomes significant atTs.900 °C. The best fit
shown by the solid line in Fig. 2 givesESi–H50.5 eV which
yields SSi2H6

Si–H values varying from 5.2431024 at 550 °C to

1.0931024 at 400 °C.
In conclusion, theRSi(Ts) data are well described by a

kinetic model incorporating two competing film growth
mechanisms:~1! dissociative chemisorption of Si2H6 onto
dangling bonds followed by fast surface dissociation steps
and second-order H2 desorption from the surface monohy-
dride phase; and~2! Si2H6 insertion into Si–H surface bonds
followed by second-order desorption of SiH4.
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