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Growth mode in Si„100…-„231… epitaxy by low-temperature chemical-vapor deposition

Perng-Hung Wu and Deng-Sung Lin*
Institute of Physics, National Chiao-Tung University, 75 Bo-Ai Street, Hsinchu, Taiwan

~Received 29 December 1997!

This study investigates the growth processes of Si on Si(100)-(231) during ultrahigh vacuum chemical
vapor deposition using disilane as the source gas. The evolution of surface morphology and atomic ordering
during growth at temperatures between 300 and 600 °C is examined in real time by high-temperature scanning
tunneling microscopy. Directly imaging various growth kinetic processes, such as pure step-flow growth,
double step-flow growth, two-dimensional nucleation growth, and surface passivation at different substrate
temperature ranges clearly illustrates the growth mechanisms for the model chemical vapor deposition growth
system and provides interesting comparison with results of Monte Carlo simulations and those of solid phase
molecular-beam epitaxy.@S0163-1829~98!05619-7#
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I. INTRODUCTION

In recent years, increasing emphasis has been place
surface atomistic processes and growth mechanisms du
low-temperature ultrahigh vacuum chemical vapor depo
tion ~UHV-CVD! of group IV elements.1–14 Among those
growth systems, Si~100! homoepitaxy using disilane ha
been most extensively studied as a model system owing t
importance in both fundamental science and indust
applications.1–11 Compared with other conventional ga
sources such as SiH4 and SiH2Cl2, disilane (Si2H6) offers a
higher sticking probability on Si and Ge surfaces and low
decomposition activation energy for both gas phases and
face reactions, thereby allowing a lower depositi
temperature.1,2,12 The Si~100! surface typically exhibits a
two-domain (231) dimer structure with a dangling bond fo
each surface atom.

Upon adsorption above 120 K on the Si(100)-(231) sur-
face, a Si2H6 molecule undergoes dissociative chemisorpt
by cleaving the relatively weaker Si-Si bond to form tw
SiH3 ~trihydride! radicals on dangling-bond sites.4,8 A SiH3

radical becomes unstable at higher temperatures and fu
decomposes into a SiH2 ~dihydride! species and a H atom,
which subsequently reacts with a nearby dangling bond
form SiH ~monohydride!. At room temperature~RT!, disi-
lane exposure of Si~100! results primarily in the presence o
SiH2 and SiH radicals on the surface. SiH2 species further
decomposes into monohydride~SiH! and two SiH radical
pairs to form a monohydride dimer (Si2H2) at 200–350 °C.
At higher temperatures, the desorption of hydrogen from
monohydride dimers takes place and epitaxial Si atoms
left on the surface. Correspondingly, the Si~100! surface un-
der disilane exposure can exhibit a mixture of Si dangl
bonds and monohydride, dihydride, and trihydride spec
depending on the experimental conditions.4,6,7,11 Interest-
ingly, the H2 temperature-programmed desorption spectra
the RT disilane-saturated Si~100! surface markedly re-
sembles that of H-saturated Si~100!.15 Two desorption
maxima,b1 andb2 , appear at 525 and 410 °C, respective
As generally accepted, theb2 andb1 desorption states occu
upon the following reactions:
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2SiH2~ads!→Si2H2~ads!~adsorbed monohydride dimer!

1H2~g!, ~1!

and

Si2H2~ads or sub!→Si2~surface dimer!1H2~g!, ~2!

respectively.4 In Eqs. ~1! and ~2!, ~ads!, ~sub!, and (g) de-
note an adsorbed species, species formed on the subs
and desorbed gas molecular, respectively. Notably, the
atoms on the adsorbed monohydride dimers@Si2H2~ads!# can
migrate to the substrate surface and form substrate mon
dride dimers@Si2H2~sub!]. Therefore, the H2 molecules can
desorb from either the adsorbed or substrate monohyd
dimers as indicated in Eq.~2!.

In this work, we report on various growth kinetic pro
cesses of Si/Si(100)-(231) during low-temperature UHV-
CVD from Si2H6. The atomistics of Si solid phas
molecular-beam epitaxy~MBE! have been extensively
studied.16–18Upon MBE Si deposition on Si~100! in the tem-
perature range of 300–500 °C, two-dimensional~2D! islands
nucleate on the terrace, grow, and coalesce to form a
layer. At higher temperatures, adatoms are highly mobile
the terrace and adhere to steps, leading to the step-
growth. Previous investigations have examined the sa
Si/Si~100! CVD growth system by reflection high-energ
diffraction ~RHEED!,1,9 reflectance anisotropy~RA!,9 and
STM using the conventional ‘‘growth interruption
observation’’ method.4–7 By simultaneously measuring RA
and RHEED, Zhanget al. identified the step-flow growth
mode above 650 °C and the 2D nucleation growth mode
tween 550 and 650 °C.9 Using STM, Linet al. observed de-
nuded zones and the island coarsening phenomena;6 Broni-
kowski, Wang, and Hamers demonstrated that the antiph
boundaries act as nucleation centers during low-tempera
epitaxy.5 According to Boland, multilayer growth occurs o
the surface, which remains largely H passivated.7 In addition,
Mizushimaet al. performed Monte Carlo simulations, ind
cating that the surface hydrogen atoms preferentially att
to step edges and block the growth front.10 This study em-
ploys high-temperature scanning tunneling microscope~VT-
STM! to observe in real time the evolution of surface mo
12 421 © 1998 The American Physical Society
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12 422 57PERNG-HUNG WU AND DENG-SUNG LIN
phology during Si CVD in atomic resolution and, therefo
provides an extremely comprehensive understanding of
growth features over the most interesting temperature ra
~300–600 °C!, in which hydrogen influences the growth k
netics. Our results are also compared with recent result
Monte Carlo simulations and those from the correspond
MBE.

II. EXPERIMENTAL PROCEDURE

STM measurements were taken in a stainless-steel ch
ber equipped with a bolt-on commercial VT-STM syste
~Omicron!. The chamber has a base pressure of
310210 Torr. The tips of the STM were electrochemical
etched tungsten wires. All images were obtained in a c
stant current mode with a tunneling current of;0.3 nA and
a tip bias of 2.0 V. An image is typically acquired in 120
300 s, depending on the scanning size and surface rough
The figures presented in this paper show selected frames
of the image sequences taken continuously during
growth. Slight distortions due to thermal drift were not a
justed.

The Si~100! samples were sliced from boron-doped w
fers with an electrical resistivity of around 10V cm, corre-
sponding to a dopant concentration of approximately
31015 cm23. The wafer’s misalignment is around 0.1° t
ward ^011&. Substrate cleaning involved outgassing
;900 K for 10 h, followed by dc heating to;1450 K for a
few seconds. Disilane~Voltaix, ultrahigh purity grade! was
introduced into the chamber through a precision leak va
Next, the dosing pressure@(1 – 2)31028 Torr# was moni-
tored by an ionization gauge that did not directly face
sample. The pressure readings of the ion gauge were
brated by the gauge’s sensitivity to Si2H6, which is around
2.4 relative to air.12 The sample was annealed by passing
current through it. Its temperature was measured with
infrared pyrometer using a Ge diode and calibrated by a t
mal couple attached to a dummy sample.

III. RESULTS AND DISCUSSION

A. Step-flow growth at T5600 °C

Figure 1~a! depicts a 500032500-Å2 STM image of the
initially clean Si(100)-(231) surface after the sample
heated and maintained at 600 °C for about 30 min. At t
scale, individual atoms and dimers cannot be viewed.
primary features in Fig. 1~a! denote alternatively smoothe
and rougher steps~so-calledSA andSB , respectively!. Each
step separates two degenerate reconstruction terraces~TA and
TB! with their dimer rows running parallel~perpendicular! to
the domain edges. At this temperature, the step edges ap
hairy due to thermal-induced fluctuations.

Figures 1~b!–1~e! illustrate the UHV-CVD homoepitaxia
growth experiment at 600 °C. In this study, the surface
Fig. 1~a! is exposed to disilane (;231028 Torr) for 11.2,
27.2, 38, 100 L (1 L51026 Torr s) for Figs. 1~b!–1~e!, re-
spectively. Prior to the gas exposure, an area with th
dimensional~3D! clusters appearing at the upper right corn
in Figs. 1~b! and 1~c! is located for the experiment. Th
clusters are used as a marker and the largest 3D island
sures;9 Å in height. As the exposure increases, the
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clusters are gradually buried by the grown film. After 100
of disilane exposure, only a small bump less than 1 Å in
height can still be found in Fig. 1~e!, indicating that a film of
;6 ML thick is grown. By aligning the markers in two con
secutive images, the total thickness of the grown film,
components due to the advance ofSB andSA steps, and the
evolution of the fractional coverage (QB) of TB domains for
various disilane exposure are deduced and plotted in
2~a!. According to the slope of the growth curve for the tot
thickness in Fig. 2~a!, the initial growth rate is approximately
;0.055 ML/L. The reactive sticking probability of disilan
is therefore around 0.05, which closely corresponds to

FIG. 1. Real-time STM images of a growth sequence of Si
Si(100)-(231) at 600 °C. Images~a!–~e! show the surfaces afte
disilane exposure of 0, 11.2, 27.2, 38.6, and 100 L, respectiv
The images are of size 500032500 Å2 for ~a!–~c! and 10 000
35000 Å2 for ~d!, ~e!.
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deduced from a time-of-flight direct recoiling measuremen3

Since the tip shades the scanning area, the actual expo
~depending on the radius of tips and the scanning size! is
reduced. The reduction of exposure should be within a sm
percentage for a scan range of 500035000 Å2 and a typical
tip radius of less than 1000 Å.19 However, growth rates up to
a factor of 2 smaller are occasionally observed with so
tips, indicating the STM tips occasionally have a large
dius. At this temperature, H desorbs upon adsorption of d
lane and, hence, the surface coverage of H is nearly
since its desorption temperature~the so-calledb1 state,
;525 °C! is well below the growth temperature. The a
sorbed Si adatoms left behind after H desorption are su
ciently mobile to reach the step edges, leading to step-fl
growth. TheSB steps appear to advance faster, leading to
formation of a nearly single-domain surface, as Fig. 1~b!
depicts. As the disilane dosage increases, the growth
ceeds by a double-step flow and the surface remains ne
single domain as revealed in Figs. 1~d! and 1~e!. Quantita-
tively, the slopes of the growth curves in Fig. 2~a! indicate
that the advance ofSB steps is nearly three times faster th
that of SA steps in the initial stage. This can be attributed
the fact that the adatom incorporation rate intoSB steps is
markedly higher than that ofSA steps, as concluded by se
eral previous studies.16,17 The surface prior to the growth
@Fig. 1~a!# consists of alternatingTA and TB domains. The
initial amount ofuB is about 60%. As growth continues,uB
increases to;85% after growing less than 1 ML and, the
remains largely at the same value, as Fig. 2~b! depicts. Simi-
lar to that found in the growth by MBE,16 uB never reaches

FIG. 2. ~a! Total thickness of the grown film and its componen
due to the advance ofSB and SA steps and~b! evolution of the
fractional coverageQB for various disilane exposure at 600 °C.
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100% due to step pinning at defects, causing cusps on thSB
steps in Figs. 1~c!–1~e!. Overall, the step-flow growth behav
ior resembles that observed during MBE, indicating that h
drogen, which has an extremely short surface lifetime at
temperature, only slightly influences the growth.

B. Two-dimensional nucleation growth atT5440– 490 °C

Figure 3 displays the selected STM images of the Si~100!
surface during exposure to disilane while maintaining
440 °C, a temperature between theb1 and b2 desorption
peaks in TPD. The initially clean Si(100)-(231) surface
@Fig. 3~a!# has a low concentration of DV’s, which appear
dark spots. After exposing to disilane for 2.5 L, the surfa
shows that small two-dimensional~2D! islands nucleate and
grow as revealed in Fig. 3~b!. The 2D islands are clean ep
taxial Si islands, as evidenced by the fact that they have
same apparent height with the substrate monoatomic st
At this temperature, the bimolecular reaction between t
surface SiH2 groups into a Si2H2 monohydride dimer and a
gas phase H2 molecule@Eq. ~1!# is completed. Although the
b1 desorption peak upon annealing a disilane-saturated

FIG. 3. STM images (200031000 Å2) of a growth sequence o
Si on Si(100)-(231) at 440 °C. Images~a!–~d! are recorded at a
disilane exposure of 0, 2.5, 20, and 50 L, respectively.
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12 424 57PERNG-HUNG WU AND DENG-SUNG LIN
face reaches as high as 525 °C, the H2 desorption from ad-
sorbed Si2H2 monohydride dimers occurs at a slow rate
410 °C.7,10 The H atoms on the adsorbed monohydri
dimers can also hop to the available surrounding dang
bonds of substrate dimers, leaving ‘‘clean’’ adsorbed
dimers to nucleate into 2D islands.4 Furthermore, H atoms
released from the dissociation of SiH3 groups bond to clean
substrate dimers to form substrate monohydride dim
Consequently, the substrate Si2H2 monohydride dimers accu
mulate. Figure 3~b! confirms such an accumulation by a
increasing concentration of dark spots. Due to the electro
effect, a surface monohydride dimer has a markedly~nearly
1 Å! lower apparent height than an adjacent clean Si dime
the occupied state.20 Therefore, it appears similar to a mis
ing dimer defect in the images. In Fig. 3~b! the 2D islands
have a shape anisotropy of about a factor of 3. The isl
density is substantially higher than that observed in the
MBE deposition at the same temperature range.17 As pre-
dicted by the Monte Carlo simulation, this difference in t
island density between the solid phase MBE and CVD
be attributed to the substantial increase in the effective a
vation energy for Si diffusion due to the presence of H on
surface.10,21 Figure 3~c! depicts that as the growth procee
further, the terraces are increasingly covered by an incr
ing number of 2D islands. However, the islands do not c
tinue to grow in size, indicating that the growth front of th
2D islands is eventually blocked by H atoms on the subst
since the ends of clean epitaxial Si islands are weak ads
tion sites for H.4 As disilane exposure continues, grow
goes on to fill the first layer and starts on the second laye
Figs. 3~d! and 4~a! reveal. The actual amount of H accum
lated on the surface such as that of Fig. 4~a! is difficult to be
extracted owing to the inability of resolution in real-tim
imaging to distinguish monohydride dimers from missi
dimer defects. However, the effect of the surface mono
dride species can be discerned by comparing Fig. 4~a! and
Fig. 4~b!, which are taken before and after halting the di
lane gas, respectively. The diffusion of Si adatoms acce
ates as H atoms on the surface are gradually depleted. F
4~b! also reveals that small islands and clusters adhere to
edges or coalesce to form larger islands.

Figures 5~a!–5~d! display the CVD growth sequence
490 °C, a temperature near theb1 desorption peak. The evo
lution of the surface morphology during the growth close
resembles that at 450 °C. However, compared to growt
450 °C, the 2D epitaxial islands can grow larger in size
490 °C and the island density is smaller. These observat
are expected since higher substrate temperature lead
lower residual surface H concentration and larger effective
diffusion length. Nevertheless, ideal layer-by-layer grow
does not occur. Figure 5~c! indicates that the second laye
growth starts before the first layer completes growth. Furt
growth leads to increased roughness as revealed in Figs.~d!
and 6. Such growth is ascribed to the fact that antiph
domain boundaries~APB! provide preferred nucleation site
for growth in the next layer.5 Since epitaxial islands nucleat
randomly, the distance between dimer rows of two neighb
ing 2D islands on a single-domain terrace can be either
or even lattice constants. Therefore, islands could have
same~even! or opposite~odd! phases. When two neighbo
ing 2D islands with opposite phases grow and intersect
t

g
i

s.

ic

in

d
i

n
ti-
e

s-
-

te
p-

as

-

-
r-
ure
ep

at
t
ns
to
i

r

e

r-
d

he

n

APB arises. At temperatures ranging between 490
600 °C, the island nucleation growth and the step-fl
growth occur simultaneously, as shown in Fig. 7.

C. T<400 °C

At temperatures well below theb1 desorption peak, sur
face dangling bonds are progressively occupied by eac
the adsorption fragments including SiHx hydrides and H; the
surface eventually becomes passivated and ultimately
vents multilayer growth. Figures 8~a!–8~c! illustrate the
Si~100! surfaces after 30, 60, and 160 L disilane exposure
370 °C, respectively. In Fig. 8~a!, one-dimensional islands
orthogonal to the substrate dimer rows are randomly d
persed and cover;54% of the surface. Bright features oc
casionally appear in the images, which can be attributed
the bonding of disilane fragments to the new epitaxy laye7

Figures 8~b! and 8~c! indicate that the surface morpholog
remains largely the same after much more additional ex
sure. This finding implies that the surface in Fig. 8~a! is
largely passivated and that the rate of H2 desorption from

FIG. 4. ~a! STM image (5003500 Å2) of the same growth se
quence as in Fig. 3 at a disilane exposure of 65 L.~b! The same
surface after halting disilane exposure for 20 min. The area is
3800 Å2.
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FIG. 5. STM images (500032500 Å2) of a growth sequence a
490 °C. Images~a!–~d! are recorded at a disilane exposure of 1.3
20, and 48 L, respectively.

FIG. 6. Small area (5003500 Å2) image of the same growth
sequence as in Fig. 5. The disilane exposure is 103 L.
this surface is nearly zero. Compared to Fig. 8~a!, the cover-
age of 1D islands and the bright features on the 1D island
Fig. 8~c! slightly increase, presumably due to the liberati
of dangling bonds after gradual H2 desorption from adsorbed
Si2H2 dimers. Following continuous growth, the surface su
as that in Fig. 8~a! resembles that prepared by 400 °C anne
ing on a room-temperature disilane-saturated surface.7 Ac-
cording to Ref. 7, the 1D rows are formed by monohydri
dimers. The synchrotron core-level photoemission spect
for a disilane-saturated Si~100! surface after 400 °C annea
ing also indicates that all surface dangling bonds are s
rated by H.11 The above results demonstrate not only th
both the 1D islands and the remaining substrate areas in
8 consist of Si2H2 monohydride dimers, but also that th
monohydride dimer structure resists multilayer growth
370 °C. In Ref. 7, Boland successfully grew epitaxial laye
on a (231) monohydride surface~prepared by atomic H
adsorption! at 415 °C followed by a 5-min postanneal
375 °C. Boland also found that the new surface retains
(231) monohydride structure and, therefore, concluded t
epitaxy growth of Si on a monohydride surface occurs

,
FIG. 7. Real-time STM images of a growth sequence at 530

The images are of size 600033000 Å2. Images~a!–~d! show the
surfaces after disilane exposure of 5.6, 18, 36, and 98 L, res
tively.
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415 °C in part due to a direct interaction between disila
and the monohydride surface. As discussed above an
Sec. III B, Figs. 3 and 8 imply that the desorption rate of2
from a monohydride surface increases sharply from 370
440 °C. It is likely that the different growth condition
~growth at a higher temperature followed by postannealing
a lower temperature versus continuous real-time growth! led

FIG. 8. Real-time STM images of Si~100! dosed by~a! 30, ~b!
60, and~c! 160 L of disilane at 370 °C. The images are of si
7003700 Å2 for ~a!, ~c! and 400032000 Å2 for ~b!.
.

e
in

to

at

to the discrepancy between Ref. 7 and this work regard
the degree of interaction between disilane and the mono
dride surface.

At 300 °C, a temperature well below theb2 desorption
state, the dissociation of dyhydrides@Eq. ~1!# cannot occur
and the Si(100)-(231) surface is saturated by poorly or
dered surface SiH2 species, as depicted in Fig. 9. Neverth
less, short Si2H2 monohydride strings with a local (231)
structure can be discerned in the image by close inspect

IV. SUMMARY

This work uses real-time HT-STM to examine the grow
of Si on Si~100! during UHV-CVD. Those results provide
detailed information regarding the growth speed of differe
steps, the evolution of the surface ordering and morpholo
and the growth modes for various temperatures. At a disila
pressure of around 231028 Torr, the growth at.570 °C
proceeds with a pure step-flow mode during the initial sta
The growth atSB step is approximately three times fast
thanSA . After a single-domain surface is obtained, doub
step flow growth occurs. Between 450 and 500 °C, tw
dimensional nucleation growth occurs. In addition, vario
amounts of H atoms are present on the surface, but do
prevent growth. The H atoms reduce the effective diffusi
length of Si adatoms, leading to a large island density a
ultimately causing an imperfection of layer-by-layer growt
Below approximately 400 °C, the surface is passivated
various hydride species, thereby prohibiting multilay
growth.
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