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Formation of rippled surface morphology during
Si/Si (100) epitaxy by ultrahigh vacuum
chemical vapour deposition*

Hu Wei-Xuan(#4F %),

Cheng Bu-Wen (6 30)T, Xue Chun-Lai(fEHK),

Su Shao-Jian(75/>1%), and Wang Qi-Ming(T )5 )

State Key Laboratory on Integrated Optoelectronics, Institute of Semiconductors,
Chinese Academy of Sciences, Beijing 100083, China

(Received 17 February 2011; revised manuscript received 20 June 2011)

The Si epitaxial films are grown on Si (100) substrates using pure SioHg as a gas source using ultrahigh vacuum

chemical vapour deposition technology. The values of growth temperature Ty are 650 °C, 700 °C, 730 °C, 750 °C, and

800 °C. Growth mode changes from island mode to step-flow mode with T increasing from 650 °C to 700 °C. Rippled
surface morphologies are observed at Ty = 700 °C, 730 °C, and 800 °C, but disappear when Ty = 750 °C. A model
is presented to explain the formation and the disappearance of the ripples by considering the stability of the step-flow

growth.
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1. Introduction

Because of its good electrical, mechanical and
thermal properties, Si is a dominant material in mod-
ern microelectronic and optoelectronic industry and
has received much attention. In Si device fabrica-
tion, the Si epitaxial layer is widely used in order to
grow a ‘new substrate’ which is atomically clean and
smooth for the Si-based heteroepitaxy, or to obtain a
layer with different doping levels or doping types.!*?
Among a variety of growth methods, the ultra high
vacuum chemical vapour deposition (UHVCVD) tech-
nology has a high background vacuum and there-
fore the epitaxy can be operated at relatively low
temperature.l>4 As a result, high quality films and
abrupt doping can be realized.

An interesting surface morphology of the Si layer
are the ripples that appear when quick thick (~ 1um)
homoepitaxial film is grown. The rippled surface is
like a series of hills and valleys several nanometers in
height and a few micrometers in period, which is unfa-
vorable for Si material growth and device fabrication.
In general, the ripple surface morphology is believed
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to be caused by step-bunching on the vicinal surface
during growth. The steps originate from the uninten-
tional miscut of the Si substrate.

Pidduck et al.l®! performed detailed studies on the
rippled surfaces of Si epitaxial films grown by molec-
ular beam epitaxy (MBE) and vapour phase epitaxy
(VPE). Their results showed that the ripple formation
was independent of impurities or defects. The direc-
tion of the ripples is found to depend on the surface
misorientation but not in a simple manner, i.e., the
ripples are not always parallel to the step edge under
atmospheric condition. Besides, the angle between the
ripple and step edge under atmospheric condition for
the Si epitaxial layer grown by MBE is different from
that for VPE. They assume that the stable step edge
is parallel to the ripples during growth, and consider
that the ripples are formed by step-bunching. Mys-
livecek et al.[% investigated the ripple morphologies of
Si grown by MBE at different temperatures (350 °C—
550 °C). They also believed that the step-bunching
leads to the rippled surface. Wingerden et all”) has
another idea, they linked the ripples to kink bunching,
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and considered the ripple formation as a specific case
of step edge instability.

In this paper, we investigate the rippled sur-
face morphology of the Si epitaxial layer grown by
UHVCVD technology. The growth temperature de-
pendence of the surface morphology is investigated in
a range of 650 °C—800 °C. The ripples are observable
when the growth temperatures are 700 °C, 730 °C,
and 800 °C, but unobservable at 750 °C. This phe-
nomenon has not been reported and studied, to our
best knowledge. We present a simple model to explain
the formation and the disappearance of the ripples by
examining the stability of the growth.

2. Experimental details

A cold wall
(100)
4Q-cm.
improved RCA wet-chemical cleaning recipe, i.e.,
using Hs05:HyS04=1:4, H305:NH,;OH:H;0=2:1:5,
HF:H>,O=1:10, H505:HCl:Hy;O=7:1:2 solutions se-

quentially to clean the substrate. Before growing, the

UHVCVD
substrate with a resistivity of 2 Q.cm-

started on an Si

The substrate was cleaned using an

substrate was degassed at 300 °C for several hours in
the pre-treatment chamber and then deoxided in the
growth chamber by being heated to 930 °C for 5 min-
utes. And then, the homoepitaxy of Si on Si (100)
was processed at growth temperature T, with a pure
SigHg flow of 6 sccm. The values of growth temper-
ature T, were 650 °C, 700 °C, 730 °C, 750 °C, and
800 °C separately.l¥] The Si epitaxial layers were all
1-pum thick.

The reflection high energy electron diffraction
(RHEED) measurements show the 2x1 surface re-
construction patterns for all samples, which indicates
good crystal quality of the epitaxial films. During the
epitaxy, the growth mode (island mode or step-flow
mode) could not be monitored because the RHEED
measurement could not be performed at the pressure
during growth. The surface mophologies of the epitax-
ial layers were examined by the atomic force micro-
scope (AFM) under atmospheric condition, because
no in situ scanning tunneling microscope was avail-
able in our UHVCVD system. The misorientation of
the substrate is evaluated by the double-crystal X-
ray diffraction measurements, the results indicates a
6 ~ 0.25° miscut angle in the [011] direction

3. Results and discussion

3.1. Vicinal Si (100) surface

The 0.25° misorientation leads to monatomic-
height steps on the vicinal Si (100) surface below
800 °C.1! On the Si surface, two neighbouring atoms
dimerize to form a 2x1 structure along the [011] di-
rection which reduces the number of dangling bonds
at the expense of inducing a large surface stress in
order to minimize the surface energy.['% The stress is
anisotropic on the vicinal surface, that is, there are
tensile strains perpendicular to the dimmer rows and
compressed strains along the dimer rows.!'!! Because
of the stress anisotropy, the dimer rows on adjacent
terraces rotate 90° across steps of monatomic height
along the [011] direction.'?l Therefore, if the steps are
along the [011] direction (i.e., the step edge is along
the [011] direction), there are two types of monatomic
steps on the vicinal Si (100) surface: one is Sg step
if the step edge is perpendicular to the upper-terrace
dimer rows, the other is Sp step if the step edge is
parallel to the upper-terrace dimer rows. As shown
in Fig. 1(a), the vicinal surface consists of evenly dis-
tributed TA and Ty terraces if the step is along the
[011] direction. The terraces are labeled according to
the step type at their down step edge as T or Ty ter-
races. For the steps along other directions, the step is
no longer pure Sg or Sa step, the terrace is no longer
pure Ty or Ty terrace either. Instead, each step is the
mixture of Sp and Sp steps, each terrace is the mix-
ture of Ty and Ty terraces. The composition of Sp

Fig. 1. Steps and terraces on the vicinal Si (100) surface.

The dimer row aligns along the dash line. (a) If the steps
are along the [011] direction (i.e., the step edge is along the
[011] direction), the vicinal surface consists of evenly dis-
tributed T p and Ty terraces. The Sa step edge is parallel
to the upper-terrace dimer rows, while the Sg step edge is
perpendicular to the upper-terrace dimer rows. The ter-
races are labeled according to the step type at their down
step edge as Tp or Ty terraces. (b) If the steps are not
along the [011] direction, each step is a mixture of Sy and
Sp steps, each terrace is a mixture of Tp and Ty terraces.
The step with high (low) Sg composition is labeled as the
S (Sa) step, and the terrace with high (low) Tg terrace
the Tg (Ta) terrace.
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step or Tx terrace is determined by the direction of
the step edge. For convenience, we call the step with
high (low) Sp composition the Sg (Sa) step, the ter-
race with high (low) Tp terrace the Ty (Ta) terrace
as shown in Fig. 1(b).

3.2. Surface morphology of Si epitaxial
layer
The surface morphologies of samples grown at
different temperatures (T, = 650 °C, 700 °C, 730 °C,

750 °C, 800°C) are shown in Fig. 2.
morphology is very sensitive to the growth tempera-

The surface

ture. For the sample grown at 650 °C, the surface is
rough and filled with two-dimensional (2D) islands,
with a root mean square (RMS) roughness of 4.70 nm.
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Fig. 2. Surface morphologies under different values of growth
temperature Ty = 650 °C (a), 700 °C (b), 730 °C (c), 750 °C
(d), and 800 °C (e). The RMS roughnesses are 4.70, 2.54,
1.70, 0.73, 3.40 nm, respectively. The height profiles along
the lines in the AFM image of sample at Ty = 700 °C (b),
730 °C, (c), and 800 °C (e) are shown in Fig. 5.

In this case, the diffusion coefficient is low, as a re-
sult, the adatom tends to stay still on the Ty or Tp
terrace and meets another adatom to form a cluster
at a high probability. The clusters have much lower
mobility than a single adatom, they finally stop on the
terrace, becoming a nucleation centre and leads to the
2D island surface morphology.

When T, = 700 °C and 730 °C, the surfaces be-
came smoother and free of islands with roughnesses of
2.54 nm and 1.70 nm, respectively. However, ripples
can be seen on the surface. Considering the +£10° az-
imuth accuracy of the AFM measurement, the direc-
tions of the ripples are approximately along the [010]
direction. Obviously, the growth mode changes from
island mode to step-flow mode, and during growth
the steps propagate along the direction perpendic-
ular to the step edge. Under these temperatures,
the diffusion coefficient is high enough so that the
adatoms are able to migrate into the kink of the step
edge. The growth mode transition from island mode
to step-flow mode during Si growth using the molec-
ular beam epitaxy technology has been reported.'?!
When T, = 750 °C, the epitaxial film was very smooth
with an RMS roughness of 0.73 nm and the ripples
disappeared. When 7T, reached 800 °C, the ripples
appear again approximately along the [010] direction
and the surface becomes rougher with an RMS rough-
ness of 3.40 nm.

5F 650 °C 4.7 nm
= oaf
o 800 °C 3.4 nm
8
s 3L
< 700 °C 2.54 nm
2
w °r
S 730 °C 1.70 nm
~ 1L
750 °C 0.73 nm
640 680 720 760 800
Temperature/°C

Fig. 3. Temperature dependence of the surface RMS
roughness.

The RMS roughness of the surface as a function
of the growth temperature is shown in Fig. 3. The di-
rection of the ripples and the substrate misorientation
under atmospheric condition of all samples are indi-
cated in Fig. 4. The angle between the miscut vector
[100] and the normal line is § = 0.25° . Before growth,
the step edge direction is [011] which is perpendicu-
lar to the miscut vector [100]. But during growth,
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the stable step edge is parallel to the direction of

[100]

normal line .
miscut vector

[011]

substrate [011]

Fig. 4. Schematic diagram of the miscut vector of the Si
(100) substrate and the ripples on the surface. The an-
gle between the miscut vector [100] and the normal line
is 8 = 0.25°. Before growth under atmospheric condition,
the step edge direction is along [011], but during growth,
the stable step edge is parallel to the direction of the rip-
ples.
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Fig. 5. The ripple height profiles of samples grown at
700 °C (a), 730 °C (b), and 800 °C (c) along the line in
the AFM image which is perpendicular to the ripples. The
average heights and periods of the ripple ‘hills’ are 2.2 nm
and 800 nm, 3.1 nm and 1300 nm, 5.2 nm and 1370 nm
for samples (a) Tg = 700 °C, (b) 730 °C, and (c) 800 °C
respectively.

ripples as indicated by Pidduck et all®! The ripple
height profiles of samples grown at 700 °C, 730 °C,
and 800 °C along the direction perpendicular to the
ripple in Figs. 2(b), 2(c), and 2(e) are shown in Fig. 5.
As can be seen in Fig. 5, the average heights and peri-
ods of the ripple ‘hills’ are 2.2 nm and 800 nm, 3.1 nm
and 1300 nm, 5.2 nm and 1470 nm for sample grown
at 700 °C, 730 °C, and 800 °C respectively. The av-
erage height and period both become larger at higher
growth temperatures.

3.3. Ripple formation and disappearance

The diffusion of adatoms is highly anisotropic on
the terrace. The diffusion parallel to the dimer rows is
a factor of 1000 times faster than that perpendicular
to them.['*15] As a result, during epitaxy in step-flow
mode, the Sp steps advance faster than the Sp steps.
They finally come together to form biatomic steps.
For a biatomic step, the speed of the upper Sg step is
limited by that of the lower Sp step. However, when
the misorientation is smaller than 6° the biatomic step
is unstable and tends to relax back to monatomic step
at high temperatures during growth.[%!6l Therefore,
the Sp steps tend to keep a distance daye from the
Sa steps. According to Poon et al’s work!'” the
dave =~ 20a; at 500 °C, where a; is the lattice con-
stant. We will call the Sp and Sp steps the Sg/Sa
pair instead of biatomic step in the discussion below.
The vicinal surface morphology after this early stage
of step-flow growth is shown in Fig. 6(a). It seems that
a series of units of Sg/Sa pairs are formed everywhere.

After the early stage of step-flow growth discussed
above, the following epitaxy may be unstable or sta-
ble, depending on whether several Sg/Sa pairs may
If the step-flow
growth is unstable, several Sp/Sa pairs may come to-

catch up with each other or not.

gether to form a ‘higher hill’ on the vicinal surface.
If the step-flow growth is stable, the vicinal surface
morphology still consists of a series of Sp/Sa pairs
The stability of the step-flow
growth is determined mainly by the competition be-
tween two mechanisms: the Ehrlich-Schwoebel (ES)
barrier™® and the elastic repulsion between Sa and

as shown in Fig. 6(a).

Sp steps.[1

Adatoms which migrate across the terrace of
each Sg/Sa pair will encounter the Ehrlich—Schwoebel
(ES) barrier which prevents diffusion across the ter-
The ES barrier on clean Si (100) surface is
observablel?’l and apparently low.?") The ES barrier

race.

has a significant influence on the stability of the Sp/Sa
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pairs, depending on whether the ES barrier hinders
the diffusion of atoms from lower to upper terraces
or hinders the diffusion from upper to lower terraces.
According to the work of Mo et al.,'¥ there is no en-
ergy barrier for an adatom to diffuse from the upper
Ty terrace to the lower T terrace, and the Sg step is
a good sink for the adatom. Besides, in their work the
denuded zone which was caused by the anisotropic dif-
fusion was not seen on the T4 terrace near the Sp step
in low flux, thus there is a barrier which prevents the
diffusion from lower Ty terrace to upper Ta terrace.
Therefore the ES barrier of the Sg/Sa pair should
hinder the diffusion from lower to upper terrace.

If we assume that the step edges of each Sp/Sa
pair are straight and the adatom diffusion length is
much larger than the terrace width, the motion of
the Sp/Sa pairs can be understood in terms of a
simple modell'®2? of step flow: v, (t) = dX,/dt =
kaWi—1(t) + koW, (t), where v, (t) and X,,(¢) are, re-
spectively, the position and the speed of the n-th step
of Sp/Sa pairs at time ¢; k1 and ko are the coefficients.
The step index n increases in the direction of step mo-
tion. W, (t) = Xp41(t) — X, (t) is the width of the
terrace in front of the n-th step. As mentioned above,
the ES barrier of Si hinders the diffusion from lower
to upper terraces, the speed of a step of the Sp/Sa
pair now has a positive correlation with the width of
the upper terrace: v,(t) = k1W,_1, k1 > 0. During
growth, if the fluctuations advance to the n-th step of
Sp/Sa pairs, the (n—1)-th terrace width will be larger
than that of the n-th terrace: W,,_1 > W,,. As can be
seen in Fig. 6(b), before the growth is affected by the
fluctuations, the widths of the (n — 1)-th and the n-th
terraces are the same (solid line). After the fluctua-
tions, W,,_1 > W,, (dash line). As a result the speed
of the n-th Sg/Sa pair (v, = k1W,_1) becomes even
faster than that of the (n+1)-th step (vi,+1 = k1 W,,):
Up > Upy1. The n-th step moves faster and faster
while the (n + 1)-th step moves slower and slower un-
der the effect of the fluctuations. Finally, a structure
is formed after two Sp/Sa pairs have met each other.
This analysis is also valid if the fluctuations slow down
the n-th step.
be caught up by the (n — 1)-th step and also form

In this situation the n-th step will

a structure composed of two Sg /S pairs. Obviously,
the fluctuation is a positive feedback to the growth
when the ES barrier hinders the diffusion from lower
terrace to upper terrace. As shown in Fig. 6(c), the
moving speed vs of the structure formed by two Sg/Sa
pairs is slower than that of one Sg/Sa pair, because

the upper Sg/Sa pair cannot move before the bottom
Sp/Sa pair advances. Consequently, the Sg/Sa pair
tends to catch up with the structure formed by two
Sp/Sa pairs, forming an even bigger structure. This
process occurs continuously, and pyramid-like struc-
tures consisting of several Sg/Sa pairs will be formed,
until the pyramid is big enough to prevent the diffu-
sion across steps and the fluctuations. The pyramids
which have more Sg/Sa pairs move more slowly than
those with less Sp/Sa pairs. The average speed of
an Sp/Sa pair is vy, the speed of a pyramid with m
Sp/Sa pairs is vy, as indicated by Kandel et al.,110 o,
is approximately m times v,,, i.e. v, = v1/m. As a
result, when the pyramids grow bigger, the speeds of
different pyramids become the same. Thus a series of
pyramids with uniform size are formed on the vicinal
surface as shown in Fig. 6(d). We can draw a conclu-
sion that the ES barrier of Si destabilizes the step-flow
growth.

Unlike the ES barrier, the elastic repulsion be-
tween Sp and Sp steps tends to stabilize the step-
flow growth.['¥] The elastic repulsion is caused by the
strain anisotropy, i.e., the tensile strain perpendicu-
lar to the dimer rows is different from the compressed
strain along the dimer rows.!'] In the absence of ES
barrier, the elastic repulsion stabilizes the step-flow by
preventing the steps from accidentally bunching.(23]

In order to explain the formation and the disap-
pearance of the ripples, we assume that the effect of
the elastic repulsion is weaker than that of the ES bar-
rier when T, = 700 °C and 730 °C. As a result, the
step-flow is unstable under the effect of the ES barrier
and a series of pyramid-like structures are formed on
the vicinal surface. The pyramid-like structures lead
to a rippled surface morphology when T, = 700 °C
and 730 °C.

At a higher temperature (T, = 750°), the energy
of adatom is high enough to overcome the ES bar-
rier and the effect of the ES barrier is less important:
D, /D_ x exp(2Ews/kpT), where Egg is the ES bar-
rier, Dy and D_ are the diffusion coefficients along
and reverse to the ES barrier, respectively. As can
be seen, D, and D_ tend to be the same at high
temperature. However, in this case the elastic repul-
sion keeps on stabilizing the step-flow. The elastic re-
pulsion is strong enough to prevent the fluctuations.
Consequently, the bunching between Sg/Sa pairs can-
not occur and the step-flow is stable, which leads to a
smooth surface free of ripples.

When 7, = 800 °C, the temperature is high
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enough so that the dimer vibrates frequently and
[24,25] Thus,

anisotropy is weakened and the effect of elastic repul-

starts bulking collectively. the strain
sion is no longer strong enough to prevent the fluctu-
ations. Therefore, there is no mechanism to stabilize
the step-flow. Accidental bunching between Sp/Sa
pairs occurs under fluctuations. After the accidental

bunching, a series of Sg/Sa pairs comes together to
form a pyramid-like structure. As discussed above,
pyramids which have more Sg/Sa pairs move more
slowly than those with less Sg/Sa pairs. Finally, rip-
pled surface morphology is formed with a series of

pyramid-like structures of uniform size.

(d)

Xn—l

Fig. 6. Schematic diagrams of the evolution of ripples on the epitaxial Si layer surface. (a) After the early stage

of the epitaxy, a series of Sg/Sa pairs are formed on the vicinal surface because of the diffusion anisotropy.

The step of Sgp/Sa pairs advances along the direction of the arrow. X, and v, are the position and the speed
of the n-th step, W, is the terrace width in front of the n-th step. (b) If the fluctuations advance to the n-th
step, the width of terrace in front of the (n — 1)-th step will be larger than that in front of the n-th step. In

the case when ES barrier hinders the diffusion from lower terrace to upper terrace, the n-th step will catch up
with the (n 4+ 1)-th step. The solid line and the dashed line represent the step structure before and after the

fluctuations during growth, respectively. (c) The structure formed by two Sg/Sa pairs moves more slowly than
that formed by one Sg/Sa pair, because the upper Sg/Sa pairs cannot move until the bottom Sg/Sa pairs
advance to meet them. (d) The bunching keeps on occurring, finally forming a series of pyramid-like structures

with several Sg/Sa pairs, until the pyramid is large enough to prevent the diffusion and fluctuations.

4. Conclusion

The Si homoepitaxy is carried out at the values
of growth temperature T, = 650 °C, 700 °C, 730 °C,
750 °C, and 800 °C on Si (100) surface with 0.25°
misorientation towards [011] direction. Growth mode

changes from 2D island mode to step-flow mode as

T, elevates from 650 °C to 700 °C. When the layer
is grown in step-flow mode, a series of Sg/Sa pairs
is formed on the vicinal surface at the early stage be-
cause of the diffusion anisotropy. The ES barrier of the
Sp/Sa pairs, which hinders the diffusion from lower
terrace to upper terrace, leading to the formation of
ripples when 7, = 700 °C and 730 °C. The elastic
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repulsion between Sp and Sg steps tends to stabilize
the step-flow. At T, = 750 °C, the effect of the ES
barrier vanishes but the elastic repulsion still exists,
thus the surface of the epitaxial layer is smooth and
free of ripples. When T, = 800 °C, the buckling and
the vibration of dimers weaken the elastic repulsion
between steps, thus the ripples appear again because
of the accidental bunching.

Our model has a limitation in consideration of the
competition between ES barrier and elastic repulsion
in that there are no detailed data available to support
it. Nevertheless, the phenomenon may be important
for the Si homoepitaxy using the CVD technology and
for Si device fabrication.
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