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Abstract. In this work x-ray diffraction measurements on thin polystyrene films
deposited on laterally structured surfaces are reported. The experiments were
performed in the region of small incidence and exit angles. The x-ray data are
compared with the results of atomic force microscopy investigations, both being
performed to obtain the morphology of the polymer film on top of the surface
grating. Our results do not confirm existing theoretical predictions assuming pure

van der Waals interactions between the substrate and the film.

1. Introduction

The morphology of thin films deposited on rough surfaces
is of great interest, both in basic research and in materials
science. In particular, the question of how the roughness
propagates from a substrate through a thin film to the
surface is important for investigations concerning the
growth of films and multilayers.

In the present work we concentrate on the growth
of polymer films on laterally structured surfaces {namely
surface gratings, see fGgure 1). These substrates can be
regarded as a special kind of ‘roughness’ with only a few
enhanced Fourier components in the wavenumber spectrum,
which may be damped by an absorbed film. Andelmann et
al [1,2] have investigated theoretically a system with van
der Waals interactions between the rough substrate and a
thin film. Tidswell et @l [3] confirmed their results for thin
liguid cyclohexane films on rough silicon {Si) substrates:
Very thin (< 60 A) cyclohexane films are conformal (the
roughness spectrum follows the substrate), thicker films
(> 60 .EL) are not conformal,

We have investigated polystyrene (PS) films on top of
surface gratings with a lateral spacing d = 9800 A and
a height o = 130 A, In this system, van der Waals
interactions between the substrate and the polymer chains
dominate and render the system ideal for investigation of
the aforementioned problem.

Our experiments were performed using (i) x-ray

scattering in the region of small incidence angles to
investigate the layer thicknesses and structures of the
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Figure 1. A schematic drawing of a laterally structured
surface with a polymer film on top. Owing to the lateral
periodicity an incoming x-ray wave k; is reflected {m = 0)
as well as scattered into non-specular diffraction orders
(m# Q).

interfaces grating/Ps and P$/air and (i) atomic force
microscopy (AFM) to examine directly the topmost surface,
The paper is structured as follows.  After the
introduction, a brief description of the theory of Andelmann
et al [1,2} and of the x-ray scattering theory is given.
Then the samples and the measurements are presented. The
results are discussed and a conclusion finishes this paper.
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2. Theory

2.1. The propagation of roughness in thin fitms

In this section the basic result of the theory of Andelmann
et al [1,2] is discussed. We consider a thin (liguid) film of
thickness { on top of a rough surface. The two surfaces are
described by the functions fi (x) (solid} and f3(x) (liquid),
respectively. Then the question is that of how the particular
shape of fi(x) influences the morphology of fh(x). A free-
energy minimization within a linear response approxnmauon
leads to the following resuit {1, 2]):

f2@) = x(g. H i@ (1

Assuming non-retarded van der Waals interactions between
the substrate and the molecules of the liquid (or the
polymer) yields the following expression for the function
x(g, 1), which connects the Fourier transform fg(q) of the
liquid surface with the Fourier transform f;(g) of the solid

substrate: 5

a
x(g, )= g

with @ = [Aee/(2y)]? and K(g) ~ 1 (the Deryagin
approximation [4]}. The length a contains the physics
of the system. If the liquid-vapour surface tension y
dominates over the van der Waals interaction described by
the effective Hamaker constant A.g, then ga < 1 resuits
and equations (1) and (2) lead to a flat surface of the
absorbed film ( f2(g) =~ 0). The other extreme case (small
surface tension y and strong substrate interactions) yields
ga > 1 and x(g,[) ~ 1, which means that the film follows
the substrate perfectly ( fg(q) ~ fl(q))

For a laterally periodic structured surface the
continuous variable g in equation (1) has to be replaced
by discrete values g, = _2mm/d (m is an integer) and
the Fourier transforms f)2(g) have to be replaced by
the respective Fourier-coefficients fj2{g,) of the periodic
surfaces f12(x) = fi,2(x -+ d).

K(g) 2

2.2, X-ray scattering

We consider a system of layers on top of a laterally
structured surface described by fj (x) with periodicity d. In
the particular case of our work two layers (a native oxide
layer and the polymer film) are assumed, which are on top
of a Si surface grating with a spacing of d = 9800 A.

The locations zx (7)) of the interfaces are described by
the expressions z; (7)) = fulx) +&fc(ry) + 1k, where fi{x)
is assumed to be a periodic function fi(x) = fi(x + d),
&fi(ry) is a random part (roughness) with vanishing mean
value {3f,(r))», = 0 and I; denotes the baseline of fi(x),
which equals the film thickness (note that }y = 0,

Calculating the x-ray scattering intensity within the
Born approximation for this system yields

1 u .
1@ a) = 3.3 Acedgjexpligth - )]

: m ja=l
xc:,m (‘?z)cj.m (g,) expl _(0}2 + oy, )qz /2]

X (47728(Q'r.m) + ff exp{—igrm - )
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x[exp(g; Aj(n)} - 1]d7'n)- (3)

The asterisk denotes a complex conjugate. A system
consisting of N components (k = 1 is the substrate) with
electron densities g; and density differences Agy = grp1—
o is assumed. In the particular case of a ps film of density
gps on top of a Si grating with a native oxide layer, these
quantities are Ap) := gsio, — si» 4@z 7= gps — osig, and
Ags = —gps. Furthermore, Ay () is the height-height
correlation function Ap(ry) == (85 (k) 8fe(r ), of
the roughnesses between interfaces j and k and o} =
{[8fi(re,)]*)r,, is the square of the RMS roughness of
interface k. Note that the quantities Cy (g,) do not directly
yield the Fourier coefficients of f; (x) but rather the Fourier
coefficients of exp(—ig, fi(x)):

I o
Cuunlg) = 7 fo exp(-igs filx)) exp(~ignr) dx
m = 2nmjd.

The momentum transfer ¢ = kr — k; (k; and Kk are
the wavevectors of the incident and scattered x-rays,
respectively) is decomposed by q = (q,, g,)7. Owing to the
latera} periodicity, the delta function (g, in equation (3)
leads to resolution-limited diffraction arders at the positions
Grm = (Gx — gm. gy} = 0 in reciprocal space.

The diffuse scattering caused by the random fluctua-
tions &f;(vy) and described by the integral in equation (3)
is not considered in this paper. This will be done else-
where, In the present paper we only concentrate on the
diffraction orders and their g,-dependence. Of course, the
RMS roughnesses o; of the interfaces have an influence on
the intensities of the diffraction orders and cannot be ne-
glected (see equation (3)).

The substrates are trapezoidally shaped surface gratings
(spacing d, widths of the bars, grooves and intermediate
regions 5, g and b 4 = 5+ g + 2b, grating height k).
For these gratings, a calculation of the coefficients Ci ,,(g;)
yields [5, 6]:

& _ 2exp(~ig,h/2)

exp{—i(gmxo + g:1/2))
< ( expligm (e + b/2))

y sin[3g,h(1 = en)]
’%de(l —~ &n)

—expl—ignb/2)

N sinfg.h (1 + sm)])

! 3Gmd (1 + £4)

Cimlg;) =

m0

C))
with &, = gnb/g.h and a phase xq, which controls the
position of the adsorbed layer in relation to the wnderlying
substrate,

The oxide layer of thickness /; on top of the Si surface
grating is treated in the same way. We assume a very thin
(I, = 10 A), perfectly conformal (Com(q;) = Cr.m{gz))




native oxide layer with the same parameters d, s, g, b
and xg. Furthermore, the roughnesses of the Si/Si0, and
SiOy/ps interfaces are denoted by o) and o3, respectively,
Note that this implies identical roughnesses of the bars and
the grooves. This is definitely not true for GaAs surface
gratings, which show a rather large roughness within the
grooves and a considerably smaller roughness of the bars
[5,6]. For the Si surface gratings used as substrates in this
work, roughnesses of the order of o ~ 5 A are expected so
that this approximation is not crucial.

The AFM measurements show that the structure of the
surface of the polymer film f5(x) is nearly sinusoidal.
Therefore a Fourier expansion

£xy =3 fi(gs) sin(gax)

=0

with only gne dominating Fourier component, namely | ﬂ
(gn)| € 1f5(q1)]| for n > 1, is straightforward and leads to
the expression

1 X .
Com(ge) = J-m() = 582 ) (@) Jpom () = Jopom ()]

nxl

. o)
with the argument u := g, f3{g1) in the Bessel functions of
integer order J,{(u). Furthermore I3 denotes the thickness
of the polymer film (strictly speaking, the mean value of
the interface za(v'y)} and o3 is the RMS roughness of the
PS/air interface.

Equations {3)—(5) were used to fit the x-ray data.
Additionally the ¢, resolution of the diffractometer as well
as geormetrical correction factors due to the small incident
and exit angles were taken into account.

3. Experiments

3.1. Samples

As already mentioned, we have used a Si surface grating
with a lateral spacing of d = 9800 A and a height of
k=130 A as substrate 7, 8]. This substrate was prepared
using plasma-etching methods. X-ray investigations of
similar bare gratings show that they are covered by a
native oxide layer of thickness I & 10 A of roughness
about oy & 5 A of the Si/8i0, interface [9]. Before the
Ps films were deposited on the surface, the bare grating
was measured with an AFM and the wvalues s =~ 3300 f\.,
g ~ 5100 Aand b =~ 700 A were obtained,

The Ps films were first spun onto a glass substrate to
determine the thickness with an ellipsometer. Then they
were floated on a water surface. Finally, they were put on
the surface of the grating and théy were annealed for 2 h
at 185°C in a vacuum oven.

Before the x-ray experiments were started, the
surface of the sample was checked for each film by
AFM measurements using a comunercial Nanoscope HI
instrument in the contact mode. Various points on the
surface were investigated to guarantee a homogeneous and
periodic PS layer, At the end of the experiments it was
checked that layer-by-layer growth, as done in this work,
leads to the same surface structure as growth of one thick
layer.
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Figure 2. The x-ray measurements were performed in
reciprocal space (g, §.). Owing to geometrical restrictions,
the region below the full paraboiae is not accessible with
the set-up of this work. A measurement along the full fine at
g = 0 yields the reflectivity and g, scans along the broken
lines are scans along the respective diffraction orders

(g = 2z m/d). The dotted lines represent diffuse g, scans
between the diffraction orders (for g, = 2nm/(d + 7 /d)).

3.2. X-ray measurements

The x-ray measurements were performed at the National
Synchrotron Light Source (Brookhaven National Laborato-
ries) on the Exxon beamline X10B using a wavelength of
A = 1.131 A. The measured g resolution for our set-up
was 8, = 3.5% 1073 A1 without using an analyser crystal.
The out-of-plane resolution is rather coarse and therefore
need not to be considered (integration over gy ).

Figure 2 shows the region in reciprocal space (g;, q;)
that is of interest for this paper. g, scans for fixed g, = g
along the diffraction orders (broken lines for m % 0, full
line for m = 0 in figure 2) or between two orders for
g: = gp +m/d (broken lines) are performed. For each film
the reflectivities and four diffraction orders were measured.
The diffuse scattering was monitored with g, scans in the
middle between two orders and afterwards it was subtracted
from the data to obtain the true specular reflectivity and true
intensity of the diffraction orders, respectively.

The reflectivities (full lines) and first diffraction orders
(open circles) for five different film thicknesses Iz = 230,
390, 490, 590 and 690 A are shown in figure 3 (curves
1-V). Here the thicknesses obtained by ellipsometry before
the film was put on the structured surface are given; as we
shall see, the more accurate values obtained from the x-ray
data differ from these numbers,

From figure 3 it can be seen that the period of the
oscillations in the first part of the curves is reduced with
increasing film thickness, For large ¢, values caly the
modulation of the underlying grating is present which
indicates that the microscopic roughness o7 of the SiO/PS
interface is a little smaller than the roughness o3 of the
interface pS/air.

The same qualitative discussion holds for the first
diffraction orders. Owing to geometrical restrictions, they
start at g, = 0.084 A~' (see figure 2). The g, intensity
of the first diffraction order for film I almost follows
the reflectivity with a phase shift of x/2. This is an
indication of a nearly conformal PS layer on top of the
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Figure 3. Reflectivities (full lines) and first diffraction orders
(open circles) for the films 1=V with the thicknesses
h = 230, 390, 490, 590 and 690 A.

surface, which means that the amplitude of the modulation
of the topmost layer is approximately the grating height
k. This was also confirmed by the AFM pictures. They
yield a sinusoida] shape of the surface with an amplitude
of 2 fg,(q]) ~ 140 A. Thicker layers -V do not show
the above-mentioned behaviour. The intensity of the first
diffraction order does not follow the reflectivity. This
means that the amplitude of the modulation of the s layer
decreases more and more. Again the AFM measurements
confirm these qualitative discussions of the data.

To obtain more accurate values of the parameters and
additional information about the interfaces, the x-ray data
of the film I were fitted with the mode! presented in section
2.2. Owing to the fact that a kinematical model was used,
for small incidence or exit angles the theory failed and the
data were not fitted withjn these regions.

Figure 4 shows the measurement and the best fit of
the reflectivity and the first four diffraction orders for
layer I Note that all curves were fitted simultaneously
and therefore only one normalization factor was introduced
(for clarity, in figure 4 all curves were shifted by three
orders of magnitude), The fit yields a layer thickness of
s = 270 A and 2f5(q1) = 120 A for the modulation
amplitude of the topmost layer. These values differ from
the numbers determined with the ellipsometer and the AFM.
However, it should first be stated that the ellipsometry
was performed for a film on a flat surface and before the
annealing, and second, it is well-known that AFM pictures
can suffer from possible contaminations of the tip. In
contrast to these measurements, it turns out that the fit ﬁgf the
x-ray data is very sensitive to the parameters /3 and f3{(q,).
Nevertheless, both the AFM and the ellipsometer yield rather
good estimates for these parameters. For the roughnesses,
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Figure 4. Measurements (open circles) and fits (full lines)
of the reflectivity (m = 0) and the first four diffraction orders
{m=1,...,4) for film | with the thickness 4 = 270 A.
Owing to the Born approximation, which is used to explaln
the data (see text}, the first parts of the curves of the
diffraction orders cannot be explained by the theory (very
small incidence angles, here the dynamical fransmission
functions dominate the scattering). For clarity, all curves
are shifted by three orders of magnitude relative to each
other.

the fit vields o3 = 4.5 A and o3 = 6.2 A. Furthermore,
non-vanishing higher order Fourier components are also
obtained from the fit ( f3 (g3) =5 A, fg(qs) 2 A and
| f3(qn)| < 05 A for n > 5).

As yet only the data for the first film have been fitted.
The analysis of the whole data set is in progress.

4. Results and discussion

For the quantity a in equation (2) a value of a & 5 A is
typical (Aeg = 5 x 10712 erg for the system Si-Si0Oy-Ps,
y = 25-35 erg cm™?). Inserting this number into
equation (2) and calcuiating the function x(g1,/3) leads
to the curve in figure 5 which is given by the full line. The
open circles are obtained from the five different films by
analysing the data.

It can be clearly seen that the full line (the theory of
Andelmann ez af [1,2] with @ = 5 A) is not able to explain
the x-ray measurements of film I (/3 = 270 A) and the
AFM and ellipsometer data of the films 1=V (x{(g1,}3) =
7 fi{qn)/@h)).

The difference between the measurement and the
theory is rather large, which leads us to suspect that a
fundamental assumption of the theory is not valid. Maybe
the assumption of simple van der Waals interactions does
not hold for the polymer used or the linear response
approximation breaks down. The broken line in figure 5 is a



LNCRE R B B R B R R A R M B e R

L B

Q experiment
——1iheory: o=5R
— —theory: u=u."=753|

\ -
AN E
\\ A
4
N
& -
N 4
N 4
=
\\0_._ ]
0.0- 1 r |~‘|J|.;|]-|-|14Lx.73
o} 100 200 300 400 3500 600 700
5 (R)

Figure 5. The function x (¢, b) obtained from the theory
(full line) with a value of a =5 A. The broken line is a fit to
the data (open circles) with a = 4.4 = 75 A. Nate that only
the point for f; = 270 A is obtained from the x-ray data. All
other points are measured with the atomic force
microscope and the film thicknesses are determined with
an ellipsometer. Therefore, for these points, errors of about
30% might have fo be taken into account.

fit of the data with g = au¢ = 75 A, which is 15 times larger
than expected (this means an effective Hamaker constant
225 times larger than the nominal value!). Therefore
equation (2) seems to describe the behaviour of the ps film
on top of the grating correctly, but the constant o has to be
considered in another way.

In summary, we have shown x-ray and AFM
measurements of thin ps films that had been deposited

Thin films on ‘tough’ surfaces

on a laterally siructured Si surface. The basic result is that
the theory of Andelmann er al does not explain the data
quantitatively if simple van der Waals interactions between
the PS layer and the substrate are assumed.
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