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Noise-Induced Roughening Evolution of Amorphous Si films Grown by Thermal Evaporation
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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

Interface roughness is one of the central features in marljke morphology. With a low substrate temperature of
important thin film technologies, since it directly controls <300 K, the growth front evolution of the amorphous
many physical and chemical film properties. ReductionSi film demonstrated rich dynamic scaling characteristics.
of roughness is desirable in many thin film applications Detailed analysis indicated that the Si amorphous growth
particularly for many quantum well multilayer structures. can be explained by the noise-driven, Mullins diffusion
But, for many other applications, rough interfaces can benechanism.
very useful, e.g., catalysis and adhesion enhancement be-The amorphous Si films were grown by thermal evapo-
tween materials. Roughness can be created during growthtion of 99.999% pure Si source onto Si substrates at nor-
or etching of the film surface. Recently, intense effortmal incidence in a high vacuum chamber (base pressure
has been put into the study of the origin of the formation~2 X 107° torr). The evaporator consists of a graphite
of rough surfaces during growth or etching [1-5]. Thereboat in which the Si source is placed. Evaporation is
have been two major mechanisms proposed. One mechehieved by electron bombardment of the Si source using
anism is based on noise-induced roughening which givea heated Ta filament. This design can provide a stable de-
rise to the very interesting phenomenon of dynamic scalposition rate. The deposition rate wa$ + 0.2 A/sec.
ing [6]. The other mechanism has to do with the exis-The Si wafers had a (111) orientation and were cleaned
tence of a diffusion barrier (Schwoebel barrier [7]) at ausing a dilute Hartree-Fock (HF) dip [1:10(49%HR®)]
step edge which prevents an atom from jumping downwardbefore being placed in the chamber. The Si substrate was
to a terrace, and therefore would generate a rough surfaeeaintained at 11C through the contact with a Cu cold fin-
containing mounds [8]. In the last few years, the validityger which was cooled by chilled water during deposition.
of the theory based on the noise-induced roughening hakhe films were amorphous under this deposition condition.
faced serious challenges from experimental observatioriBhe samples were deposited for different deposition times
on molecular beam epitaxy (MBE) [1(c),9]. Tremendousranging from a few minutes to more than 10 h. For each
debate, controversy, and confusion have been generated &i-film, the deposition always started with a fresh Si wafer
garding which mechanism plays a more important role irand then proceeded continuously without interruption to
thin film growth. The situation is worse when both mech-the targeted time. After deposition, each Si wafer was
anisms may exist in a single experiment [10]. taken out for immediatex situAFM measurements. The

The Schwoebel barrier effect is unlikely to play an AFM scans were carried out using a Park Scientific Instru-
important role in amorphous film growth because ofments AutoProbe CP with a $bi, tip. The typical radius
the lack of well-defined atomic steps at the surfaceand side angle of the tips are about 100 A ant| t€spec-
The study of amorphous film growth may therefore al-tively. Such a tip allows us to measure reliably the scale
low one to test unambiguously the validity of theoriesof the surface roughness profile presented in this work ac-
based on the noise-induced growth front roughening. Al€ording to the criterion set by Griffith and Grigg [14].
though some work on the measurement of amorphous AFM images of 512 X 512 data points were ob-
growth front roughening has been reported [11-13], dained with scanning areas ranging fradnl X 0.1 up
complete understanding of the phenomenon based on rs 5 X 5 um?. Figure 1 shows somé X 1 um? sur-
cent understanding of dynamic scaling theories has ndace images of the amorphous Si films deposited for
been established. In this paper, we report a morphology = 0.25, 0.75, 1.5, 3, 5, and 8 h. The 1D cross sec-
study on the growth of thermally evaporated amorphousion scans of surface profiles are also plotted in Fig. 2 for
Si films using atomic force microscopy (AFM). We ¢ = 3, 5, and 8 h. Two typical morphological features
found that the amorphous Si films did not have mound-can be recognized readily by visual inspection of Figs. 1
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talline film grown under the influence of a Schwoebel
barrier. In the presence of a diffusion barrier, the growing
morphology exhibits a moundlike structure having a fairly
regular shape, stable local slope (slope selection), and
well-defined size and separation (wavelength selection)
[8,15,16]. Such regularities have been observed in sev-
t= 1.5 haur eral MBE grown films. Examples are GaAGaAs(001)
[17], Ge/Ge(001) [18], and F&-e(001) [19,20]. These
regularities are not seen for our amorphous Si films.
To quantitatively examine the characteristics of the mor-
phology, we plot in Fig. 3 the autocorrelation function,
(h(r,t)h(0,1)]) as a function of positionr for different
films. r denotes the lateral surface position, dr, ¢)
is the relative surface height at positierand deposition
time t with respect to the average surface height)) or
FIG. 1. AFM images(l X 1 um?) of amorphous Si fims the film thickness. In order to obtain a good statistical
deposited at room temperature for= 0.25, 0.75, 1.5, 3, 5, average, we calculated the correlation function by averag-
and 8 h. ing over at least ten images measured at different regions
in each film. A total of 512 line scans were obtained for
and 2. The first feature is that the random roughness o‘?aCh image: No clear o_sc_illatory b_eha_vior is seen in the
autocorrelation plot. This is an indication of the lack of

various scales exists in all the films. For example, the

mountains and valleys as well as island clusters, as shoV?\éiavelength selection which should exist if a Schwoebel

1 = 3 hours t= 3 hours 1 = B hours

in films at 1.5, 3, 5, and 8 h, possess different sizes an arrier plays an important role. We shall also show later

separations, and irregular shapes. The second characteri at there is no surface slope selection in this system.

tic of these films is the evolution of the surface roughnes% InFig. 4, we plot the height-height correlation functions,

a o 5 . .
as a function of deposition time, where mountains, val- (r,1) = {{A(r, 7) — h(0,1)]"), as afunction of position

. - . .~ for different values ot or film thickness. The dynamic
leys, and island clusters are becoming bigger and blggeP ! ; : .
as films grow thicker. Scaling hypothesis suggests that the height-height correla-

The morphology of the amorphous films shown intlon has the scaling form

Figs. 1 and 2 is distinctly different from that of a crys- " {Cﬂa for r < £(1), 1
(r.) 2w3(r) forr > &(1), (1
80- t=8 hours where « is called the roughness exponent and which
404 describes how “wiggly” the .Ioca_tl slope is&(t) is the
0] lateral correlation length which is defined as the largest
101 distance in which the height is still correlatedw =
'80. {[h(r, 1))}/ is the interface width which is a measure
_ . t=35 hours
ot 80 1000
~ 40 o, = 0.25 hour
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FIG. 2. 1D AFM surface profile scans of amorphous Si films
are plotted forr = 3, 5, and 8 h. h(r) is the height of the FIG. 3. The autocorrelation functiofi(r, t)A(0,t)]), is plot-
surface at positiom. ted as a function of positionfor different deposition time.
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FIG. 4. The height-height correlation function#f(r,t) = e — tl_to thUYIS) .
{h(r,t) — h(0,1)]?), is plotted as a function of the position 0 9 4 6 3 10

r for different deposition time. The slope of the curves for
small r gives v, where « is the roughness exponent. The
intersection of the curves with the vertical axis is related to ther|G. 5. The interface widthw of each film for different
local surface slope of the films. deposition time is plotted as a function of The solid curve
is a fit with the functional formw o (t — #,)#. The fit gives
B = 0.26 = 0.02 andzsy = 0.13 = 0.01 h. Shown in the inset

of the surface height fluctuation, and is proportionaido 1S @ 10g-1og plot ofw as a function of — 7.
where B is the growth exponent. Note thgt provides
a length scale which distinguishes the short-range and
long-range behaviors of the rough surface. Equation (13hown to be proportional te/C [21]. The second type
suggests that the morphology of the growing interface hasf dynamic scaling is called anomalous dynamic scaling
both a short-range spatial scaling and a long-range timehich givesa = 1, and the value ofC increases with
scaling. time [22-25]. Obviously, this is a situation where the

Both the short-range spatial scaling and long-rangdluctuations and the smoothing effect cannot quite reach
roughening evolution are demonstrated clearly in the loga balance, and the local surface slope keeps growing with
log plots of H(r,t) vsr shown in Fig. 4 for the present time. From Fig. 4, itis seen that our amorphous Si growth
amorphous Si experimental dat# (r, ) varies withr in  belongs to the second type, where the local slope changes
the form of a power law for smatl The slope of the plots with time and has aa value close to 1.
is about the same for all(or for all thickness of the films) Our amorphous Si growth behavior is, in fact, quite
and givese = 0.96 *= 0.02. At sufficiently larger, each  consistent with the noise-driven Mullins diffusion model
curve turns into a plateau. The turning point determine$22—24]. In this model, the surface diffusion is driven
the lateral correlatioré(r), and the plateau depends on by the gradient of local surface curvature and can be
the interface widtlw with H(r, 1) = 2w?. We measured represented approximately by a gradient termy*h.
the interface widthw of each film for different deposition Combining this smoothing mechanism with random fluc-
time and then plottesv as a function ot in Fig. 5. We tuations that exist during deposition, one can describe
fit the data using the formwv =« (¢ — 17)?, where 8 and the growth process by a Langevin equation of the form
to are adjustable parameters, is a small number and 9h(r,t)/dt = —V*h(r,t) + n, where 5 is white noise
is a measure of the initial transient growth time wheresimulating random fluctuations during growth. This equa-
the dynamic scaling has not occurred. The result of théion can be solved analytically giving a height-height cor-
fit is shown as the solid curve in Fig. 5 and giv8s=  relation function in the form of Eq. (1), with = 1, B8 =
0.26 = 0.02 andty = 0.13 = 0.01 h. To demonstrate the 0.25, and a time depende. It appears that both short-
power-law relationship more clearly, we also replet range and long-range behaviors observed in the present
againstt — fo in the log-log plot as shown in the inset experiment can be described quite well by this model.
of Fig. 5. It is of interest to note that dynamic scaling may also

There are two different types of dynamic scalingoccur in epitaxial growth or etch fronts of &Si [26—
behavior in growth front roughening. The first type has28] at above room temperature. In particular, electron
a self-affine and time-invariant growth morphology on thediffraction study of the epitaxial growth of Si on Si(111)
short-range scale characterized by a roughness expond@#] and sputtered etching of Si(111) surface [28] indicated
0 = o < 1 and a time-independent coefficie@t [1,6].  that the Mullins diffusion mechanism played an important
In this case, the fluctuations and the smoothing effect atole in the roughening evolution of the growth or etch
the growth front reach a balance, and the local structur&onts. However, it has also been shown that, depending
remains unchanged. The local surface slope has beem the surface preparation, faceting (similar to the mound

Deposition Time t (hours )
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formation) can also occur in epitaxial growth of/Si(111) [8] J. Villain, J. Phys. (France)1, 19 (1991).

[29]. More study is needed to quantify the Schwoebel [9] For a review, seeFractal Concepts in Surface Growth
barrier height and to clarify the role of an asymmetric  (Ref. [4]), Chap. 16.

diffusion barrier in the epitaxial growth and etch fronts of [10] For example, K. Fang, T.-M. Lu, and G.-C. Wang, Phys.
crystalline Si surfaces. Inany case, our present amorphous Rev. B49, 8331 (1994). ) ) ,

Si growth clearly indicates the existence of a random nois 1 D.J. _Ea.glesham and G.H. Gilmer, inSurface Dis-
during deposition and the importance of noise-induced ordering: Growth, Roughening, and Phase Transition

. . (Ref. [2]), p. 69.
roughening of a growth frontin the absence ofaSchwoebeﬁz] T. Yoshinobu, A. lwamoto, K. Sudoh, and H. Iwasaki, in

barru_er. . Fractal Aspects of Material§Ref. [1]), p. 329.
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