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Noise-Induced Roughening Evolution of Amorphous Si films Grown by Thermal Evaporation
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(Received 4 December 1995)

We report a growth front morphology study of thermally evaporated amorphous Si films using atomic
force microscopy. Since there are no well-defined atomic steps on an amorphous film surface, there
is no Schwoebel barrier effect which would give rise to a moundlike morphology. The dynamic
scaling characteristics observed during growth are unambiguously explained by a noise-induced growth
mechanism. The roughness and growth exponents measured are consistent with the Mullins diffusion
model with noise. [S0031-9007(96)00135-4]

PACS numbers: 68.55.Jk, 64.60.Ht, 68.35.Bs
a
ls
io
ns
s
b

t
ow
or
io
r
ec
iv
ca
is
t a
a
fa
ity
h

io
u
d
i

h

an
o
ce
al
es
A
o
,
n
n

lo
ou
e
nd

of
s

ics.
wth
on

o-
nor-
sure
ite
is
ing
de-

ned

was
-
n.

on.
es
ch

fer
to
as

ru-

ale
ac-

-

for
-
for
s
. 1
Interface roughness is one of the central features in m
important thin film technologies, since it directly contro
many physical and chemical film properties. Reduct
of roughness is desirable in many thin film applicatio
particularly for many quantum well multilayer structure
But, for many other applications, rough interfaces can
very useful, e.g., catalysis and adhesion enhancemen
tween materials. Roughness can be created during gr
or etching of the film surface. Recently, intense eff
has been put into the study of the origin of the format
of rough surfaces during growth or etching [1–5]. The
have been two major mechanisms proposed. One m
anism is based on noise-induced roughening which g
rise to the very interesting phenomenon of dynamic s
ing [6]. The other mechanism has to do with the ex
tence of a diffusion barrier (Schwoebel barrier [7]) a
step edge which prevents an atom from jumping downw
to a terrace, and therefore would generate a rough sur
containing mounds [8]. In the last few years, the valid
of the theory based on the noise-induced roughening
faced serious challenges from experimental observat
on molecular beam epitaxy (MBE) [1(c),9]. Tremendo
debate, controversy, and confusion have been generate
garding which mechanism plays a more important role
thin film growth. The situation is worse when both mec
anisms may exist in a single experiment [10].

The Schwoebel barrier effect is unlikely to play
important role in amorphous film growth because
the lack of well-defined atomic steps at the surfa
The study of amorphous film growth may therefore
low one to test unambiguously the validity of theori
based on the noise-induced growth front roughening.
though some work on the measurement of amorph
growth front roughening has been reported [11–13]
complete understanding of the phenomenon based o
cent understanding of dynamic scaling theories has
been established. In this paper, we report a morpho
study on the growth of thermally evaporated amorph
Si films using atomic force microscopy (AFM). W
found that the amorphous Si films did not have mou
774 0031-9007y96y76(20)y3774(4)$10.00
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like morphology. With a low substrate temperature
,300 K, the growth front evolution of the amorphou
Si film demonstrated rich dynamic scaling characterist
Detailed analysis indicated that the Si amorphous gro
can be explained by the noise-driven, Mullins diffusi
mechanism.

The amorphous Si films were grown by thermal evap
ration of 99.999% pure Si source onto Si substrates at
mal incidence in a high vacuum chamber (base pres
,2 3 1026 torr). The evaporator consists of a graph
boat in which the Si source is placed. Evaporation
achieved by electron bombardment of the Si source us
a heated Ta filament. This design can provide a stable
position rate. The deposition rate was0.8 6 0.2 Åysec.
The Si wafers had a (111) orientation and were clea
using a dilute Hartree-Fock (HF) dip [1:10(49%HF:H2O)]
before being placed in the chamber. The Si substrate
maintained at 11±C through the contact with a Cu cold fin
ger which was cooled by chilled water during depositio
The films were amorphous under this deposition conditi
The samples were deposited for different deposition tim
ranging from a few minutes to more than 10 h. For ea
Si film, the deposition always started with a fresh Si wa
and then proceeded continuously without interruption
the targeted time. After deposition, each Si wafer w
taken out for immediateex situAFM measurements. The
AFM scans were carried out using a Park Scientific Inst
ments AutoProbe CP with a Si3N4 tip. The typical radius
and side angle of the tips are about 100 Å and 10±, respec-
tively. Such a tip allows us to measure reliably the sc
of the surface roughness profile presented in this work
cording to the criterion set by Griffith and Grigg [14].

AFM images of 512 3 512 data points were ob
tained with scanning areas ranging from0.1 3 0.1 up
to 5 3 5 mm2. Figure 1 shows some1 3 1 mm2 sur-
face images of the amorphous Si films deposited
t ­ 0.25, 0.75, 1.5, 3, 5, and 8 h. The 1D cross sec
tion scans of surface profiles are also plotted in Fig. 2
t ­ 3, 5, and 8 h. Two typical morphological feature
can be recognized readily by visual inspection of Figs
© 1996 The American Physical Society
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FIG. 1. AFM imagess1 3 1 mm2d of amorphous Si films
deposited at room temperature fort ­ 0.25, 0.75, 1.5, 3, 5,
and 8 h.

and 2. The first feature is that the random roughnes
various scales exists in all the films. For example,
mountains and valleys as well as island clusters, as sh
in films at 1.5, 3, 5, and 8 h, possess different sizes
separations, and irregular shapes. The second charac
tic of these films is the evolution of the surface roughn
as a function of deposition time, where mountains, v
leys, and island clusters are becoming bigger and big
as films grow thicker.

The morphology of the amorphous films shown
Figs. 1 and 2 is distinctly different from that of a cry

FIG. 2. 1D AFM surface profile scans of amorphous Si film
are plotted fort ­ 3, 5, and 8 h. h(r) is the height of the
surface at positionr.
of
e
n
d
ris-
s
-
er

talline film grown under the influence of a Schwoeb
barrier. In the presence of a diffusion barrier, the grow
morphology exhibits a moundlike structure having a fai
regular shape, stable local slope (slope selection),
well-defined size and separation (wavelength select
[8,15,16]. Such regularities have been observed in s
eral MBE grown films. Examples are GaAsyGaAs(001)
[17], GeyGe(001) [18], and FeyFe(001) [19,20]. These
regularities are not seen for our amorphous Si film
To quantitatively examine the characteristics of the m
phology, we plot in Fig. 3 the autocorrelation functio
kfhsr, tdhs0, tdgl as a function of positionr for different
films. r denotes the lateral surface position, andhsr, td
is the relative surface height at positionr and deposition
time t with respect to the average surface heightkhstdl or
the film thickness. In order to obtain a good statistic
average, we calculated the correlation function by aver
ing over at least ten images measured at different reg
in each film. A total of 512 line scans were obtained
each image. No clear oscillatory behavior is seen in
autocorrelation plot. This is an indication of the lack
wavelength selection which should exist if a Schwoe
barrier plays an important role. We shall also show la
that there is no surface slope selection in this system.

In Fig. 4, we plot the height-height correlation function
Hsr, td ­ kfhsr, td 2 hs0, tdg2l, as a function of positionr
for different values oft or film thickness. The dynamic
scaling hypothesis suggests that the height-height corr
tion has the scaling form

Hsr, td ,
Ω

Cr2a for r ø jstd ,
2w2std for r ¿ jstd ,

(1)

where a is called the roughness exponent and wh
describes how “wiggly” the local slope is.j(t) is the
lateral correlation length which is defined as the larg
distance in which the height is still correlated.w ­
hkfhsr, tdg2lj1y2 is the interface width which is a measu

FIG. 3. The autocorrelation function,kfhsr, tdhs0, tdgl, is plot-
ted as a function of positionr for different deposition time.
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FIG. 4. The height-height correlation functions,Hsr, td ­
kfhsr, td 2 hs0, tdg2l, is plotted as a function of the position
r for different deposition time. The slope of the curves f
small r gives 2a, where a is the roughness exponent. Th
intersection of the curves with the vertical axis is related to
local surface slope of the films.

of the surface height fluctuation, and is proportional totb

where b is the growth exponent. Note thatj provides
a length scale which distinguishes the short-range
long-range behaviors of the rough surface. Equation
suggests that the morphology of the growing interface
both a short-range spatial scaling and a long-range t
scaling.

Both the short-range spatial scaling and long-ran
roughening evolution are demonstrated clearly in the lo
log plots of Hsr, td vs r shown in Fig. 4 for the presen
amorphous Si experimental data.Hsr, td varies withr in
the form of a power law for smallr. The slope of the plots
is about the same for allt (or for all thickness of the films)
and givesa ­ 0.96 6 0.02. At sufficiently larger, each
curve turns into a plateau. The turning point determin
the lateral correlationjstd, and the plateau depends o
the interface widthw with Hsr, td ø 2w2. We measured
the interface widthw of each film for different deposition
time and then plottedw as a function oft in Fig. 5. We
fit the data using the formw ~ st 2 t0db , whereb and
t0 are adjustable parameters.t0 is a small number and
is a measure of the initial transient growth time whe
the dynamic scaling has not occurred. The result of
fit is shown as the solid curve in Fig. 5 and givesb ø
0.26 6 0.02 andt0 ­ 0.13 6 0.01 h. To demonstrate the
power-law relationship more clearly, we also replotw
againstt 2 t0 in the log-log plot as shown in the inse
of Fig. 5.

There are two different types of dynamic scalin
behavior in growth front roughening. The first type h
a self-affine and time-invariant growth morphology on t
short-range scale characterized by a roughness expo
0 # a , 1 and a time-independent coefficientC [1,6].
In this case, the fluctuations and the smoothing effec
the growth front reach a balance, and the local struct
remains unchanged. The local surface slope has b
3776
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FIG. 5. The interface widthw of each film for different
deposition time is plotted as a function oft. The solid curve
is a fit with the functional formw ~ st 2 t0db . The fit gives
b ø 0.26 6 0.02 andt0 ­ 0.13 6 0.01 h. Shown in the inset
is a log-log plot ofw as a function oft 2 t0.

shown to be proportional to
p

C [21]. The second type
of dynamic scaling is called anomalous dynamic scal
which givesa $ 1, and the value ofC increases with
time [22–25]. Obviously, this is a situation where th
fluctuations and the smoothing effect cannot quite rea
a balance, and the local surface slope keeps growing w
time. From Fig. 4, it is seen that our amorphous Si grow
belongs to the second type, where the local slope chan
with time and has ana value close to 1.

Our amorphous Si growth behavior is, in fact, qui
consistent with the noise-driven Mullins diffusion mod
[22–24]. In this model, the surface diffusion is drive
by the gradient of local surface curvature and can
represented approximately by a gradient term,2=4h.
Combining this smoothing mechanism with random flu
tuations that exist during deposition, one can descr
the growth process by a Langevin equation of the fo
≠hsr, tdy≠t ­ 2=4hsr, td 1 h, where h is white noise
simulating random fluctuations during growth. This equ
tion can be solved analytically giving a height-height co
relation function in the form of Eq. (1), witha ­ 1, b ­
0.25, and a time dependentC. It appears that both short
range and long-range behaviors observed in the pre
experiment can be described quite well by this model.

It is of interest to note that dynamic scaling may al
occur in epitaxial growth or etch fronts of SiySi [26–
28] at above room temperature. In particular, electr
diffraction study of the epitaxial growth of Si on Si(111
[27] and sputtered etching of Si(111) surface [28] indicat
that the Mullins diffusion mechanism played an importa
role in the roughening evolution of the growth or etc
fronts. However, it has also been shown that, depend
on the surface preparation, faceting (similar to the mou
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formation) can also occur in epitaxial growth of SiySi(111)
[29]. More study is needed to quantify the Schwoe
barrier height and to clarify the role of an asymmet
diffusion barrier in the epitaxial growth and etch fronts
crystalline Si surfaces. In any case, our present amorp
Si growth clearly indicates the existence of a random no
during deposition and the importance of noise-indu
roughening of a growth front in the absence of a Schwoe
barrier.

This work is supported by NSF DMR-9213023. W
thank G.-R. Yang for his help in the evaporation a
Steve Soss for his help in taking the AFM images. W
also thank Dr. J. Amar, Dr. K. S. Liang, and Dr. D. Y
Noh for valuable discussions.

[1] Dynamics of Fractal Surfaces,edited by F. Family and
T. Vicsek (World Scientific, Singapore, 1991); Tam
Vicsek, Fractal Growth Phenomena(World Scientific,
Singapore, 1992);Fractal Aspects of Materials,edited
by F. Family, P. Meakin, B. Sapoval, and R. Woo
MRS Symposia Proceedings No. 367 (Materials Resea
Society, Pittsburgh, 1995).

[2] J. Krug and H. Spohn, inSolids Far from Equilibrium,
edited by C. Godreche (Cambridge University Press, C
bridge, England, 1991);Surface Disordering: Growth
Roughening, and Phase Transition,edited by R. Jullien,
J. Kertesz, P. Meakin, and D. E. Wolf (Nova Scien
Publishers, Inc., Commack, 1992);Scale Invariance, In-
terfaces, and Nonequilibrium Dynamics,edited by Alan
McKane, Michel Droz, Jean Vannimenus, and Dietri
Wolf, NATO ASI Series B, Vol. 344 (Plenum Press, Ne
York, 1995).

[3] H.-N. Yang, G.-C. Wang, and T.-M. Lu,Diffraction
from Rough Surfaces and Dynamic Growth Fronts(World
Scientific, Singapore, 1993).

[4] A.-L. Barabasi and H. E. Stanley,Fractal Concepts in
Surface Growth(Cambridge University Press, Cambridg
England, 1995).

[5] J. Krim and G. Palasantzas, Int. J. Mod. Phys. B9, 599
(1995); J. Lapujoulade, Surf. Sci. Rep.20, 191 (1994);
P. Meakin, Phys. Rep.235, 189 (1993).

[6] F. Family and T. Vicsek, J. Phys. A18, L75 (1985);
F. Family, Physica (Amsterdam)168A, 561 (1990).

[7] R. L. Schwoebel and E. J. Shipsey, Appl. Phys.37, 3682
(1966); R. L. Schwoebel, J. Appl. Phys.40, 614 (1968).
l

f
us
e
d
el

d
e

ch

-

,

[8] J. Villain, J. Phys. (France) I1, 19 (1991).
[9] For a review, seeFractal Concepts in Surface Growt

(Ref. [4]), Chap. 16.
[10] For example, K. Fang, T.-M. Lu, and G.-C. Wang, Phy

Rev. B49, 8331 (1994).
[11] D. J. Eaglesham and G. H. Gilmer, inSurface Dis-

ordering: Growth, Roughening, and Phase Transiti
(Ref. [2]), p. 69.

[12] T. Yoshinobu, A. Iwamoto, K. Sudoh, and H. Iwasaki,
Fractal Aspects of Materials(Ref. [1]), p. 329.

[13] D. M. Tanenbaum, A. Laracuente, and A. C. Callagh
in Amorphous Silicon Technology-1994,edited by E. A.
Schiff, M. Hack, A. Madan, M. Powell, and A. Matsuda
MRS Symposia Proceedings No. 336 (Materials Resea
Society, Pittsburgh, 1994).

[14] J. E. Griffith and D. A. Grigg, J. Appl. Phys.74, R83
(1993).

[15] A. W. Hunt, C. Orme, D. R. M. Williams, B. G. Orr, and
L. M. Sander, Europhys. Lett.27, 611 (1994).

[16] M. Siegert and M. Plischke, Phys. Rev. Lett.73, 1517
(1994).

[17] M. D. Johnson, C. Orme, A. W. Hunt, D. Graf
J. Sudijono, L. M. Sander, and B. G. Orr, Phys. Rev. Le
72, 116 (1994).

[18] J. E. Van Nostrand, S. J. Chey, M.-A. Hasan, D. G. Cah
and J. E. Greene, Phys. Rev. Lett.74, 1127 (1995).

[19] J. A. Stroscio, D. T. Pierce, M. Stiles, A. Zangwill, an
L. M. Sander, Phys. Rev. Lett.75, 4246 (1995).

[20] K. Thurmer, R. Koch, M. Weber, and K. H. Rieder, Phy
Rev. Lett.75, 1767 (1995).

[21] H.-N. Yang, G.-C. Wang, and T.-M. Lu, Phys. Rev. Le
74, 2276 (1995).

[22] D. E. Wolf and J. Villain, Europhys. Lett.13, 389 (1990).
[23] S. Das Sarma and P. I. Tamborenea, Phys. Rev. Lett.66,

325 (1991).
[24] J. G. Amar, P.-M. Lam, and F. Family, Phys. Rev. E47,

3242 (1993).
[25] For a review, see T.-M. Lu, H.-N. Yang, and G.-C. Wan

in Fractal Aspects of Materials(Ref. [1]), p. 283.
[26] P. E. Hegeman, H. J. W. Zandvliet, G. A. M. Kip, an

A. Van Silfhout, Surf. Sci.311, L655 (1994).
[27] H.-N. Yang, G.-C. Wang, and T.-M. Lu, Phys. Rev. Le

73, 2348 (1994).
[28] H.-N. Yang, G.-C. Wang, and T.-M. Lu, Phys. Rev. B50,

7635 (1994).
[29] N.-N. Yang, G.-C. Wang, and T.-M. Lu, Phys. Rev. B51,

14 293 (1995).
3777


