
VOLUME 70, NUMBER 19 PHYSICAL REVIEW LETTERS 10 MAY 1993

X-Ray Reflectivity and Scanning-Tunneling-Microscope Study of Kinetic Roughening
of Sputter-Deposited Gold Films during Growth
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An in situ x-ray re8ectivity study of the dynamic evolution of a growing interface was carried out
for gold sputter-deposited onto a polished silicon substrate. X-ray reflectivity data were recorded
during growth for thicknesses of the gold film ranging from 50 to 3500 A. A progressive kinetic
roughening of the gold-vacuum interface was observed and the time-dependent interfacial width
exhibits a power-law behavior. Aided by scanning-tunneling-microscopy measurements the scaling
exponents were determined and compared with theoretical studies.

PACS numbers: 61.10.—i, 68.45.Da, 82.65.Dp

Nonequilibrium growth of thin films by deposition from
the vapor phase is of considerable practical and scientific
interest. In particular, recent computational studies of
difFusion-limited aggregation and the Eden process made
the observation that growth occurs mainly at the active
zone [1] with possible scaling behavior [2]. This obser-
vation has stimulated numerous analytical and computa-
tional studies on difFerent models and dimensions. The
central idea is the scaling behavior of the interfacial width
W [2],

W(L, t) Lxf (t/L" I~) (1)
with a finite-size scaling exponent, y, and a dynamic scal-
ing exponent, y/P, for a system of size I at time t. Fol-
lowing the initial observations of this scaling behavior,
Kardar, Parisi, and Zhang [3] proposed a simple non-
linear I angevin equation (KPZ equation) to analytically
describe the nature of the growing interface. From this
equation they found exponents for 1+1 dimensions con-
sistent with those found in several computational studies
and they speculated about possible universal behavior.
For higher dimensions, the situation is less definite and
the exponents found in various studies [4—6] are not in
good agreement.

The purpose of this study was to experimentally check
the scaling behavior and to determine the exponents for
nonequilibrium growth during sputter deposition. Most
recent computational studies have used ballistic deposi-
tion models because of their close resemblance to real
experimental deposition conditions [2, 6]. The sputter-
ing technique was chosen in our investigation because
of its fIexibility in changing the deposition rate and the
deposited particle momenta. Also x-ray techniques are
unique for the sputtering environment because Ar pres-
sure in a sputtering chamber is generally too high for in
situ examination with electron-based techniques [7].

X-ray reflectivity (XR) and scanning tunneling mi-

croscopy (STM) were used to characterize the growing in-
terface. Specular XR scans were recorded during growth
to extract the time evolution of the interfacial width.
Prom the STM study, topographic images were recorded

and these images were used to characterize the interface
as a complement to the XR measurements.

The x-ray measurements were performed at beamline
X22B, at the National Synchrotron Light Source in a
horizontal scattering geometry with a longitudinal instru-
mental resolution [8] of 1x10 a A. . Six series of spec-
ular XR scans were made during sputter deposition of
gold particles at three substrate temperatures (220, 300,
and 350 K) and at two Ar pressures (1 and 10 mTorr).
The Ar pressures were chosen so that the gold particles
sputtered from the target either thermalized completely
via collisions before they hit the surface (at 10 mTorr)
or sufFered nearly no collision and arrived at the sur-
face with large momenta following straight trajectories
(at 1 mTorr). The specular and off-specular reflectivity
data and STM images [9,10] consistently suggest that the
high-pressure films were rough locally but smooth glob-
ally and incoherent averaging [11,12] was not needed in
data analysis while the opposite was true for the low-
pressure films. In this Letter only a brief description of
experiments and the high-pressure data taken at 220 and
300 K will be presented. The experimental details and
remaining data will be presented in a later publication
[9].

A sputtering chamber described previously [7]
equipped with a faced magnetron sputter system [7] was
modified by adding a liquid-nitrogen —cooled sample stage
for these experiments. The substrates were commercially
prepared polished silicon (111) single crystals with sur-
face areas of 1 x 1 cm and measured root-mean-square
roughnesses of 3 A.. They were cleaned by a wet process
and were then baked inside the chamber until no surface
contamination was detected in XR scans.

The deposition rate was 0.5 A/sec and we will refer
to the deposition time t in units of A. (2 sec) throughout
this paper. At the end of each series of measurements the
samples were brought out to the air at room temperature
for further examinations. The further x-ray examination
included ofF-specular XR measurements and determina-
tion of preferred orientations of the film [9]. In addition,
STM images of the gold surface were obtained using a
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FIG. 4. The specular x-ray reQectivity scan for a thick
film (3500 A. thick) grown at 10 mTorr Ar pressure and 300
K. The solid and dashed lines are the fits to the data with the
two difFerent forms of P(q, W) shown in the inset.
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FIG. 3. (a) QG(r, t) at t = 3500 A. (solid line) calculated
from the STM image in Fig. 2 using a power-law fit (dashed
line). The thickness of the film (h) vs the deposition time in
seconds is shown in the inset. (b) The surface widths of gold
films grown at 220 K (open circles) and 300 K (filled circles).
The widths were measured from the specular x-ray reAectivity
scans. The solid lines are the power-law fits to the data and
two dashed lines (P=0.25 and 0.5) are shown for reference.

improved Bts but had negligible effect on the value of W.
The Fourier transformation of the gold-vacuum interface
profile is described by P(Q, W) =

~D Jo e q G("')~2r dr
where Q is the perpendicular momentum transfer and D2

is the x-ray coherence area [16]. Since the analytic form
of G(r, t) is not known, we made an approximation for
the analysis of the specular XR data that G(r, t) changes
from Eq. (4a) to Eq. (4b) at r" = t~. Then,

line and the fit with Eq. (6) is shown by the solid line.
The measured instrumental resolution sets D = 5000 A

[9] and the analysis of the STM data sets y = 0.4. In
the inset to Fig. 4 the Gaussian function and the factor
in the square brackets of the first term are compared on
a logarithmic scale.

A fit to the data to find the deposition rate was made
with two parameters, the film thickness (h) and the inter-
face width W [9]. (h) is plotted against the deposition
time in the inset to Fig. 3(a). The deposition rate de-
termined by a linear fit to (ti) is 0.51(2) A/sec. The fit
was then repeated for only one parameter, W, by set-
ting the deposition rate to 0.51 A/sec. In Fig. 3(b) the
time evolution of the interface width W(t) for the 220
K (open circles) and 300 K (filled circles) XR data sets
are shown in a log-log plot. The surface width exhibits a
power-law time-dependent behavior consistent with the
predicted scaling behavior over nearly 2 orders of mag-
nitude in time. The exponent P was found by power-law
fits to be 0.40(2) for the 300 K data and 0.42(2) for the
220 K data.

Now let us compare our results with recent theoretical
and computational investigations on growing interfaces.
Many of the investigations are based on the KPZ equa-
tion [3],

P'(&) i""
j „(g)

where y = ~Q2W2(t). The prefactor of the first term

is the fraction of the x-ray coherence area where G(r, t)
is approximated to have a power-law dependence on r.
The prefactor of the second term is the fractional area
where G(r, t) is approximated to be constant. The first
term is required by the XR data. Figure 4 shows the
specular XR data for the 3500 A thick film. The fit with
a simple Gaussian distribution is shown as the dashed

h + —(~h) 2 + il(r, t),

where v is the surface tension, A is the coefficient of the
lowest order nonlinear term, and g is a Gaussian ran-
dom variable. For v = A = 0, the KPZ equation is a
trivial case of uncorrelated random deposition where P
is the only relevant exponent and is equal to 0.5 for any
spatial dimension [14]. Without the nonlinear term, i.e. ,

A = 0, the interfacial width should show a logarithmic
time dependence [17]. For v, A g 0 various computational
studies on (2+1)-dimensional systems have reported that
P is single valued in a strong coupling limit [4, 18], has
a crossover from algebraic to power-law behavior in the

2902



VOLUME 70, NUMBER 19 PHYSICAL REVIEW LETTERS 10 MAY 1993

presence of a nonlocal field [5], and shows a dynamic
phase transition depending on the relative strength of v
and A [19].

Our experimental results indicate that (i) there is no
apparent phase transition or crossover up to 3500 A. , (ii)
the exponent y and the functional form of G(r, t) appear
consistent, within our experimental uncertainty, with the
results by Kim and Kosterlitz [4] and of Amar and Fam-
ily [20], and (iii) our value for the exponent P is substan-
tially larger than that predicted by most studies for 2+1
dimensions based on the KPZ equation.

The comparision of our results to studies based on the
KPZ equation indicates that the description of exper-
imental growth systems such as sputter deposition may
require additional mechanisms beyond the KPZ equation.
A recent renormalization analysis [21] included surface
diffusion and explored the phase diagram which includes
the KPZ phase. This study found significantly differ-
ent values for the exponents from those based on the
KPZ equation in other parts of the phase diagram. In
our low pressure deposition measurements, where sur-
face diffusion is expected to be significantly larger than
in our high-pressure data, finite length-scale fluctuations
were found in both the off-specular XR and the STM
data [9]. These fluctuations appear consistent with the
phase in the renormalization analysis which has a finite-
wave-vector instability [21]. Therefore it is reasonable to
speculate that a complete exploration of the phase dia-
gram may lead to a region yielding exponents similar to
our observed values. In a recent experimental study of a
(I+1)-dimensional system [22] it was also found that the
value of y is consistent with the prediction based on the
KPZ equation while the value of P is substantially larger.

In conclusion, we observed the time-dependent power-
law behavior of the interfacial width of a growing inter-
face in 2+1 dimensions and estimated the exponents y
and P from XR and STM data.
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