
VOLUME 73, NUMBER 17 PHYSICAL REVIEW LETTERS 24 OCToBER 1994

Instability in Low-Temperature Molecular-Beam Epitaxy Growth of Si/Si(111)
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Using high-resolution low-energy electron diffraction we studied in situ low-temperature molecular-
beam epitaxial growth of Si/Si(111). At -275 C and a deposition rate of -7 bilayers/min, a
roughcning evolution occurs after an initial transient layer-by-layer growth. It shows dynamic
scaling characteristics with a roughness exponent n = 1 and an interface growth exponent P =;.
More importantly, the average local slope is found to increase with time as -Qln(t). However, such
a roughening behavior does not exist either at temperatures higher than 350'C or under a slower
deposition rate of -1 bilayer/min. The phenomena are consistent with a statistical model of linear
diffusion dynamics.

PACS numbers: 64.60.Ht, 61.14.Hg, 68.55.Jk

The molecular-beam epitaxy (MBE) process has been
widely studied for decades due to its technological im-

portance and scientific interest. Recently, there has been
considerable effort in understanding the mechanism of
instability in which a rough growth front is generated.
Two mechanisms have been proposed based on different
driving forces: one from statistical fluctuation [1—8] and

another one from asymmetric diffusion barrier in step
edges [6,9,10]. In the statistical model, a rough surface
is generated by the flux fluctuation. Because of competi-
tion between fluctuation and relaxation, the growing sur-

face exhibits dynamic scaling characteristics with a steady
evolution in both vertical roughening and lateral coarsen-
ing [1]. The local slope of the rough surface may or may
not increase as a function of time, depending on whether
nonlinear diffusion plays a role. On the other hand, in

the step barrier model, unstable growth occurs when a
step-edge diffusion barrier (Schwobel barrier [11])resists
the landing atoms from downward migration. Large-scale
mounds are formed on a singular surface with a stationary
slope [10]. Both types of roughening structures seem to
have been obtained in experiments [10,12—19], although
the data available were far from complete.

In this Letter, we report a study on in situ low-
temperature molecular-beam epitaxial (MBE) growth of
Si on a singular Si(111)surface using high-resolution low-

energy electron diffraction (HRLEED) [20]. The tech-
nique is not only sensitive to local surface roughness but
is also capable of resolving a small inclination angle down
to 0.05 for surface structures having miscut, mosaic, or
mounds at both large and small scales. We observed that

roughening evolution with dynamic scaling characteristics
occurs under a deposition rate of -7 bilayers/min and
at 275 ~ 5 C (Si melting temperature = 1410'C). More
importantly, the average local slope was found to increase
with time proportional to Qln(t). However, such roughen-

ing behavior was not observed either at a slower deposi-
tion rate of -1 bilayer/min or at temperatures higher than
350 C, where for both cases, the ultimate angles for aver-

age slopes were measured to be relatively small ((0.6').
The phenomena are explained by a statistical fluctuation
model under linear diffusion dynamics [3—8].

The experiment was performed in a UHV chamber
equipped with a HRLEED system [20] and a Si evapo-
rator. The Si evaporator is a compact rod-fed e beam
source heated by electron bombardments to the tip of
a Si rod, which provides a clean and controlled Si
flux [21]. A flat Si(111) sample (-6 X 11 mm2) with a
miscut angle &0.1' and an average terrace width of at
least 1000 A was cleaned in UHV by flashing the sample

up to 1200 'C. The substrate temperature was measured

by a type-C thermocouple (W-5%Re vs W-26kRe). The
growth processes were studied as functions of deposition
time, growth rate, and substrate temperature. The sur-

face steps created during deposition are biatomic (bilayer)
steps as determined from out-of-phase diffraction condi-
tions of HRLEED [22].

We first monitored the HRLEED intensity as a func-
tion of deposition time at different temperatures with a
deposition rate of -7 bilayers/min. Each data (beam
intensity profile) was taken from the sample where
the deposition was performed continuously to the time
indicated, and the measurement was done after the sam-

ple was quenched to room temperature. Every deposi-
tion started from a clean and Aat surface prepared by
high-temperature flashing. Figures 1(a) and 1(b) show

the time-dependent line shapes of the (00) beam inten-

sity scanned along the [112]direction at growth tempera-

tures, 350 ~ 5'C, respectively. The data were taken at
electron energy E = 47.0 eV, which corresponds to a near
out-of-phase condition, k&c = 7.01m, where c is the bi-

layer step height (3.135 A) of Si(111). k~~ and k& are

the components of diffraction momentum transfers par-

allel and perpendicular to the surface, respectively. Note
that [22] the diffraction technique is not sensitive to sur-

face steps when constructive interference occurs at the

in-phase conditions k&c = 2m+ (m = 0, 1, 2, . . .). How-

ever, away from the in-phase conditions k&c 4 2m',
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FIG. 2. Under a deposition rate of -7 bilayers/min and at
a sample temperature of 275 ~ 5'C, the damped intensity
oscillations were observed within the first 100 s at E = 47 eV.
The solid circles are experimental data points.

FIG. 1. Time-dependent angular profiles of the (00) beam
scanned along the [T12]direction for the out-of phase condition,
k~c = 7n, are plotted at (a) 350 + 5 C and (b) 275 + 5'C,
respectively. The deposition rate was fixed at -7 bilayers/min.
The relative intensity has been scaled up by the factor shown
near the peak of each profile.

where destructive interference occurs, the steps can be
detected from the broadened diffraction line shape. The
broadening reaches maximum at the out-of-phase condi-
tions kj c = (2m + l)n. . As shown in Fig. 1, at t = 0
(before deposition), the line shapes exhibit a sharp 8-like
profile that is identical to the HRLEED resolution. The
Si(111)surface we used was therefore step free within the
instrument response. Once the deposition proceeded, a
diffuse profile built up and was superimposed to the cen-
tral 8 component, as demonstrated in Fig. 1(a) for t ) 0
and in Fig. 1(b) at t = 1 min.

The "8 + diffuse" line shape is a characteristic of the
surface containing steps with a finite interface width w

[2,23], where w is the root-mean-square height fluctuation
(in units of c). Because of coherent electron diffraction,
a sharp central S peak appears when the surface looks
smooth on large scale, and it decays quickly with increas-
ing w as e ( " ), where )k&c —2m'.

~

~ m. . The
broad diffuse line shape is a result of the interference from
local steps. In Fig. 1(a), at the longest deposition time,
20 min, for which about 140 bilayers were deposited, the
8 component shows only little decay. The persistence of
the 8 component at out-of-phase conditions is an indica-
tion that the existing steps were restricted only to one or
two levels of the surface [24]. Such a smooth morphol-
ogy during growth at 350 C was consistent with the pre-
vious experiments where the layer-by-layer growth was
observed to last for quite a long time [25,26].

In contrast to the process at 350 C, the growth at a
lower temperature (-275 C) exhibited a distinctly differ-
ent behavior. Figure 2 is the plot of the time-dependent
peak intensities measured within the first 100 s of depo-
sition. Showing a damped oscillation at the initial stage,
the intensity oscillation no longer existed after t = 2 min.

The b intensity was also reduced significantly due to the
increase of w. For longer times, t & 4 min, as shown
in Fig. 1(b), the 8 component completely disappeared.
The growing surface thus developed into a multilayer
rough structure. Quantitatively, we can estimate w from
the ratio R of the integrated 8 intensity to the total
integrated intensity at the near in-phase conditions for
which the b component could still be measured. This
ratio has a simple relation [2,23], R = e "(k" 2

or —ln(R) = w2)kzc —2m'. ~2 ~ w2. In Fig. 3, we plot
—ln(R) vs t at ~k&c —8n.

~

= 0.349m, a near in-phase
condition. At t = 10 min, the thickness h of the de-
posited film was about 70 bilayers (=220 A) and the
w reached 1.9c (=6.0 A). At 17 min, h = 370 A. and
w = 2.8c = 8.8 k The systematic increase of w with
time is thus a clear indication of the roughening evolu-
tion during growth.

From Fig. 1(b), one can further observe the continu-
ous broadening of the diffuse profile as a function of
time. Such broadening also occurred at other diffraction
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FIG. 3. The log-scaled relationship of —1n(R) vs t measured
at 275 ~ 5'C is plotted at )k~c —8m( = 0.349m, where R
represents the ratio of the measured integrated 8 intensity to
the total integrated intensity. Since R = e '( " &', i.e.,—In(R) ~ w2, this plot actually shows the relationship between

and t.
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conditions, except near in-phase regions. Figure 4(a) is
the log-scaled plot of the full width at half maximum
(FWHM) of the diffuse line shapes as a function of kic
at different times, with kic varying from 7.0 to 7.75m.
Note that the FWHM is proportional to the average lo-
cal slope or the average step density in a rough surface
[2,23]. To demonstrate the evolution of the local slope
during growth, we show in Fig. 4(b) a plot of FWHM vs
t at a near out-of-phase condition of E = 48 eV, corre-
sponding to kic = 7.08m.

We must point out that the observed roughening
evolution is purely a dynamic phenomenon, which was
not observed in previous studies of the Si/Si(111) system
in similar temperature regions. The low temperature and
the deposition conditions could be very crucial. For a
comparison, we also studied a sevenfold slower process at
275 ~ 5 C with a deposition rate of -1 bilayer/min. The
roughening did not occur at this growth condition, and a
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FIG. 4. (a) The Iog-scaled plots of FWHM vs 8 —kic/vr
along the [112] direction for the (00) beam are shown at
different growth times with the growth temperature 275 ~
5 C. The uncertainty is about the size of the data points. The
log-scaled linear relations indicate that the FWHM varies with
8 —kj c/m in a form of power law. (b) The amplitude of
FWHM at kic = 7.08m is plotted as a function of the growth
time in open circles. The solid curve results from the fitted
results using the form of FWHM = Agin(t/r)

smooth morphology similar to that observed at 350 C was
again observed.

The dynamic roughening shown above can be ana-
lyzed in the spirit of dynamic scaling principles based on
the Wolf-Villain-Das Sartna (WVDS) model, a statistical
model under linear diffusion dynamics [3—8]. The dy-
namic scaling theory predicted that, due to the fluctuation,
the surface height-height correlation, H(r, r) = ([z(r, t)—
z(0, t)]2), has power-law relations both in space and time,
where z(r, t) is the surface height of an atom at the planar
position r. In the WVDS model in which a local linear
diffusion mechanism was assumed to dominate the MBE
growth, time scaling will exist on the long-range scale
as H(r, t) = 2w2 —t'/2 —t2/, with the growth exponent

P = 0.25. On the other hand, space scaling will exist on
the short-range scale as H(r, t) —r2 In(t) —(p r), where
the roughness exponent u = 1 and the average local slope

p ~ vj'ln(t) [8].
In linear diffusion dynamics, the local slope [~ Qln(t)]

is not stationary. This phenomenon arises from the fact
that under sufficiently low temperatures or fast deposi-
tions, the atomic mobility is so low that the disordered
atoms can only relax to nearby kink sites before sub-

sequent deposited atoms arrive. The diffusion of atoms
is thus unable to compete with the fluctuations, and the
local slope will increase with time. This qualitatively
agrees with the observation shown in Fig. 4. Quantita-
tively, we can show that the evolution of the slope does
follow the simple Qln(t) growth law. The experimen-
tal data in Fig. 4(b) were fitted by an equivalent form,
FWHM = Agin(t/r), where A and r are adjustable fitting
parameters (the constant 7 has a unit of time). The fit
result is plotted as the solid curve in Fig. 4(b), which is
reasonably good except at the initial transient layer-by-
layer growth region t & 2 min. [The equation Qln(t/r)
makes sense only for t ) r —2.5 min, so that the fit fails
for t ( 7.]

The power-law type of height-height correlation,
H(r, t) —(pr)2 with cL = 1, can be further tested in

the present experiment. We have shown rigorously
[2,23] that, for a real-space power-law correlation,
H(r, t) —(p r)2, the reciprocal-space relationship,
FWHM vs kic, should also exhibit a power-law,
FWHM —pikic —2m'. i'/ . As shown in Fig. 4(a),
the plots at different times have the log-scaled linear
relations, except at the region close to the out-of-phase
condition, kic —7m, i.e., 8 —kic/m —1. (The de-
viation at near the out-of-phase conditions is a result
of the discrete lattice effect [2,23].) The FWHM thus

varies with 8 —kic/n. in a form of power law. Such
a power-law relation is preserved for different times
despite the continuous increase of the FWHM amplitude
with time as —vjln(t). According to the linear relation

log(FWHM) —a ' log8 —kic/n. i, the value of a was
extracted from the slopes in Fig. 4(a) to be 1.03 ~ 0.07.
We conclude that the short-range height-height correla-
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tion measured from the present experiment is consistent
with the form H(r, t) —r2 ln(t).

The time scaling for interface width can be also
examined from Fig. 3. Since the log-scaled plot in Fig. 3
shows a linear relation at t ~ 13 min, one obtains a
power-law relation w ~ t' i -T. he growth exponent P can
then be extracted from the slope to be P = 0.25 ~ 0.02.
The result at t ( 13 min thus agrees reasonably with the
prediction by linear diffusion dynamics. To understand
the crossover behavior in the later growth stage of t ~
15 min, as shown in the anomalous increase of w from
Fig. 3, we monitored the intensity as a function of t and
found that it started to decay much faster even at the
in-phase conditions. After t = 25 min, the intensity had
become too low to be measured. Such a strong disorder is
usually related to the formation of an amorphous type of
defect structure in the surface, which has been confirmed
in the previous experiments [15]where the interface width
was found to grow much faster in the thicker amorphous
Si film.

The present result is very different from our previous
experiment of Fe/Fe(100) epitaxial growth [13],in which
the local slope (p) became stationary (independent of
time) in the final stage. In that case, nonlinear dynamics
played an important role, and the fluctuation and diffusion
came to a balance so that a constant value of p was
achieved. Our observation also differs from a recent
experiment on Cu/Cu(100) which was more consistent
with the Schwobel barrier model because the pyramidlike
structures with a stationary slope were produced during
growth [16]. It thus appears that for the Si/Si(111)
system, in the low temperature (275 'C) fast growth case,
the roughening evolution with growing local slope is
driven by statistical fluctuation rather than the Schwobel
effect. Even for the two smooth growth cases, namely,
the slower growth at 275 C or faster growth at 350'C,
the results did not appear to be consistent with the
Schwobel barrier model. We have calculated the average
slopes for these two cases, where the line shapes show
a slight broadening. From the measured FWHM, we
estimate that the local slopes of growing surface are
quite small, corresponding to an ultimate angle less than
0.6 . Therefore, the large-scale mounds occurring in the
GaAs growth with angles of a few degrees [10] are not
observed in the present system. Based on the observed
dynamic scaling characteristics in both space and time,
especially the measured Qln(i) law in the growth of
local slope, we believe that our present result is the first
complete experimental confirmation for MBE growth that
is dominated by the linear diffusion mechanism.
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