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Abstract. We recently proposed a new grazing exit geo-
metry for measuring the small-angle scattering from thin
film materials, which we call GESAXS, to contrast with
the successful grazing incidence version, GISAXS. The
technique is particularly useful for probing nanostructured
thin film materials, especially when the coherence proper-
ties of the beam are employed. Here we demonstrate the
application of GESAXS to evaporated metal films, pre-
pared using an in-situ diffraction chamber, to investigate
how their structure evolves upon annealing. Contrasting
behavior is seen for Au, which preserves a roughly expo-
nential distribution of domain sizes, and Fe for which the
size distribution narrows by an Ostwald ripening process.

1. Introduction

The structure of thin film materials determines a wide
range of properties that are used in a wide range of appli-
cations, for example coatings used in biological sensors or
electrodes in display technology [1]. The structure of
thicker deposits is frequently determined by the outcome
of the first layers, which can often be very different from
the bulk. For metals, annealing at a strategic stage of de-
position can lead to an interesting range of subsequent
structures through templating. The critical length scale for
these structures is a few nanometers, for which the beha-
vior upon annealing is significantly different from the
bulk. Pattern formation is determined by the competing
processes of surface and bulk diffusion, surface tension
and dewetting from the substrate.

X-ray diffraction is the traditional method of examining
these structures because it penetrates the entire sample and
can be used in-situ during growth. New third-generation
synchrotron sources have sufficient flux that very thin
samples can be routinely examined, even when the crystal-
line order is relatively poor. The very high brightness
leads to improved coherence, which can be exploited for
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direct imaging of individual grains [2] or probing dy-
namics through ‘speckle’ interference methods [3].

There are a number of important ways of improving
the sensitivity for thin film samples using grazing inci-
dence and exit conditions on the X-ray beams. This also
takes advantage of the high brightness of the latest
sources, where both the divergence and the footprint of
the beam on the sample must be minimized. We recently
proposed a new grazing exit small-angle X-ray scattering
(GESAXS) geometry for measuring thin films [4]. In con-
trast with the grazing incidence version, GISAXS, this
uses a steeper incidence angle (above the critical angle) to
ensure the whole sample depth is illuminated. This con-
fines the footprint of the beam on the sample to a smaller
region that allows the use of area detectors on the scat-
tered beam. By analyzing the exit beam directions in the
vicinity of the critical angle, GESAXS resolves contribu-
tions from different depths within the sample, hence is
sensitive to layering. GESAXS is the preferred geometry
for seeing the coherence effects also [4].

GISAXS and GESAXS methods inherently involve dy-
namical diffraction, so the intensity distributions and beam
positions observed are modified by wave interference ef-
fects. It is not sufficient to apply the simple kinematic
approximation that all parts of the sample scatter indepen-
dently. Much work has been done to predict and exploit
these dynamical effects [5]. Here we show that our
GESAXS results can be explained by a combination of
three physical processes: refraction and transmission
(Fresnel coefficient) at the interfaces combined with single
scattering from the sample.

2. GESAXS experiment

The experiments were performed at the undulator beam-
line 34-ID-C of the Advanced Photon Source using mono-
chromatic radiation of 8.92keV. Polycrystalline metal
films of Au and Fe were investigated. The Au sample was
a 1000 A thin film deposited ex-situ by thermal evapora-
tion at room temperature onto a piece of 15 x 15 mm?
polished quartz substrate. During annealing, the sample
was heated by a ceramic-enclosed graphite heater under
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Fig. 1. (a) Sketch of the geometry used in the experiment. The out of
plane direction is referred to as angle ¢. (b) Schematic wave picture
of the DWBA scattering processes involved with scattering from
within the depth of the film. Both incident and exit waves undergo
refraction, while kinematical scattering is assumed to take place with-
in the film. In the GESAXS case shown in Fig. 1a, the incident angle
a; is large enough that its refraction is quite small; the depth sensitiv-
ity then arises from the variation of exit angle ay.

the sample. Thermocouple wires welded onto the tantalum
sample holder were used to measure the temperature of
the sample.

The grazing exit geometry of the experiments is illu-
strated in Fig. 1. The samples were tilted forward to have
an incident angle of typically 0.8 to 1.2 deg, two to three
times of the critical angle a, of the materials investigated.
A CCD X-ray camera with a pixel size of 22.5 um was
placed on the detector arm of the diffractometer at about
2 m far from the sample to collect the scattered intensities
in the grazing exit angular range 0 < ar < a,.

2.1 Results for gold

Three general components are expected under these condi-
tions: a specular beam, an off-specular ridge of intensity
within the scattering plane due to the surface roughness
and a diffuse scattering from the distribution of bulk
grains taking a “triangle shape” [4]. However, in the case
of a very flat sample, the off-specular ridge will be miss-
ing. Figure 2a is an example of the scattering intensity im-
age from a 1000 A thick gold film, before annealing, in
which there is no off-specular ridge.

Since we expect the scattering from a polycrystalline
sample to be weak, it can be calculated quasi-kinemati-
cally within the “distorted-wave Born approximation”
(DWBA) shown in Fig. 1b. The scattered intensity is given
by

(o, ) = Isaxs(ay, @) x |Tif* x |T;|* (1)

where the details of the structure being probed are buried
in the Isaxs factor. The electric-field amplitude transmis-
sion functions for the incident and exit beam are given by
the Fresnel coefficients [6, 7].
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The real (propagating) and imaginary (evanescent) parts of
the complex angle of the exit beam inside the sample are
given by

o = % X <\/(a% —20)° + 4% + (af — 25)) ;
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where the complex refractive index of the material is gi-
ven by n =1 — 0 4 if. Since the incident angle is fixed,
the transmission function|Ti|2, real and imaginary angle in-
side the sample for the incident beam a!, @] are all con-
stant during a given measurement. The unique feature of
GESAXS is that a; > a,, so the incident beam is mostly
real and illuminates the full depth of the sample.

Isaxs(ay, ¢) is the lineshape function of the small an-
gle scattering, which needs to account for the refraction
effect in the out-of-plane direction. In the in-plane direc-
tion (gy, or ¢), there is a constant refraction effect on the
scattering, so the lineshape function is only a function of
¢. Figure 2c is the scattered signal along a horizontal slice
across the middle of the “triangle” in Fig. 2a and the red
line is a fit to the data with a “Lorentzian squared func-
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tion” given by linpiane(¢) = 5. For different exit

(¢® +W2)
angles ay, the width of the function, W, was found to be
the same, while the scale factor C was different.
Assuming the material of the film is isotropic and not
strongly textured, the small angle scattering inside the
sample will be symmetric in g, and g, the directions par-
allel and perpendicular to the sample surface. Since g, and
g, in the small-angle approximation are proportional to ¢
and a; + a;, the overall lineshape function within the sam-
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Fig. 2. (a) Measured GESAXS intensity as a function of ¢ and ay
from a gold film of 1000 A as deposited, with an incident angle
a; = 0.0192rad (1.1 deg). (b) Two dimensional fitting of the inten-
sity distribution in Fig.2a by Eq.5. (c¢) Intensity plot (circles) of
white horizontal dashed line across Fig. 2a, as a function of ¢ with
ay = 0.0087 rad, and the Lorentzian squared function fit (red line) to
the data. (d) Intensity plot (circles) of the white vertical dashed line
across Fig. 2a, as a function of a; with ¢ =0, and the Lorentzian
squared function fit (red line) where the exit-beam refraction effects
are included.
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ple will be given by

(o o
Isaxs(ay, @) = =
@+ A2 (2 +q2+Ag)
C
- / 7\2 2 212 (4)
(@i + )" + 9~ + W?)
so that outside the sample it will be
I(ay, ) = Isaxs(ay, @) - [Tif - |T;?
C-|Tif 4a;
(of + a)* + > + W2)* () + )’ + )
(5)

Figure 2d is the scattered intensity along a vertical slice
across the middle of the “triangle” in Fig. 2a and the red
line is the fitting with Eq. (5) with ¢ =0 and the same
value of W as used to fit the horizontal slice. The fact that
the data are consistent with a common value of W in both
directions supports the assumption of an isotropic grain
size distribution.

Having explained the shape in the two perpendicular
diections we can construct the full intensity distribution on
the detector in Fig. 2b with Eq. (5), using the same two
dimensional scale for the intensity plot as in Fig. 2a.

From the analysis above, we know that the small angle
scattering in the sample alone would give rise to a two-
dimensional symmetric pattern centered at the incident di-
rection, as in the transmission small-angle X-ray scattering
(SAXS) geometry, which we illustrate schematically in
Fig. 3a. For the grazing exit “reflection” GESAXS geome-
try, the scattered intensity forms a “triangle” shape pattern
close to a,., due to the combined effect of transmission
and refraction. The electric field transmission function of
the exit beam |T,c|2 enhances the intensity near the critical
angle ay = a, to produce a “Yoneda” peak. The effect of
the refraction on the lineshape function is illustrated in
Fig. 3c: the lineshape function, Isaxs, without the trans-
mission function, would take the shape of “Lorentzian
squared function” with respect to a}, the exit angle inside
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Fig. 3. (a) Simulated intensity distribution of just the small angle X-
ray scattering (SAXS) in the transmission geometry at an incident
angle a; = 0.0192 rad (a = 0.0171 rad). (b) Simulated intensity dis-
tribution of GESAXS with a; =0.0192rad. (c) Intensity of the
SAXS lineshape function, Ispxs with respect to the exit angle inside
(red curve) and outside (blue curve) of the sample.
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Fig. 4. Effect of annealing of the GESAXS patterns from a gold film
(a) at 200 °C, (b) at 240 °C with a; = 0.0192 rad.

the sample, as the red curve shows. Due to the refraction
effect, the range of angles (the flat plateau of the blue
curve) outside the sample below the critical angle merge
into a small range of the angles (close to the crossing
point of y axis and the red curve) inside the sample, thus
forming a “triangle” shape pattern close to a.. The part of
the signal below the sample “horizon” (ay < 0) is not
measurable for the reflection geometry in our case.

The “Lorentzian squared” lineshape function we have
found to fit the data in the intensity plot, is the Fourier
transform of the exponential decay function in 3 dimen-

sions: FTsp(e ) = 1 Z—az
T (a +q7)
trast mechanism is the lower density associated with the
grain boundaries of the polycrystalline film [4], the corre-
lation function of the grain boundaries in the sample thus
follows an exponential decay trend. We can therefore con-
clude that the grain size distribution is also exponential.

When the sample of a gold film of 1000 A was an-
nealed to 200 °C, the “triangle” diffuse scattering pattern
was found to shrink in the out-of-plane direction to one
with a smaller width, W. This is expected since the aver-
age grain size gets bigger during annealing and the aver-
age grain size follows an inverse relation with the width of
the diffraction pattern. From the width of the horizontal
intensity distribution, the average grain size is estimated to
change from about 200 nm to a few microns. We note that
the off-specular ridge feature (center of pattern above the
“horizon”) also tends to increase with annealing. This can
be undestood from the consideration that the grain size
exceeds the starting film thickness; when individual grains
start to protrude from the surface of the film, the rough-
ness will be greater.

. Since the primary con-

2.2 Results for iron

The Fe film samples were deposited in-situ in the UHV
chamber of beamline 34-ID-C at APS by an e-beam eva-
porator (with typically 18 W of power and 50 nA of beam
current). A clean silicon wafer substrate was used without
removing its thick grown oxide film. The starting pressure
was 3 x 10~ Torr and the deposition rate was 0.5 A/sec.
Grazing exit small angle scattering was performed during
the deposition and annealing. The triangle shape “Yoneda”
pattern began to show up at a film thickness of about
15 nm and the intensity continued to increase as more ma-
terial was deposited. At the same time, fringes coming
from the interference between the signals from top and
bottom of the film were observed above the critical angle
oy = a.. From the fringes spacing, the film thickness can
be calculated.
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Fig. 5. GESAXS patterns from a Fe film e-beam evaporated onto a silicon sample, measured during in-sifu deposition with a; = 0.014 rad
(0.8 deg). From the vertical fringe spacing, the Fe film thicknesses for (b) & (c) were estimated to be 460 A (Ag. ~ 0.0137 A~1) and 590 A

(Ag. = 0.0107 A1),
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Fig. 6. GESAXS patterns of a Fe thin film on silicon with a; = 0.014 rad, the images were acquired at t = 0, r = 15 min, # = 45 min from the

time the sample temperature was raised to 250 °C.

Measurements of another Fe film is shown in Fig. 6,
after evaporation for 13 mins (with 18 W of power and
50 nA of beam current). The film thickness was calculated
from the vertical fringe spacing to be 940 A
(Ag, ~ 0.0067 A). When the sample was annealed at
250 °C for about 15 mins, two side peaks were seen,
which suggest a preferred correlation length (grain size)
had appeared in the film. As the time-dependence in
Fig. 6 shows, the intensity of the side peaks increased as
the annealing went on. The intensity distribution of the
side peaks is seen to become narrower in time suggesting
the grain size distribution is also narrowing as would take
place in an Ostwald ripening process [1].

The vertical fringe distribution remains approximately
unchanged, suggesting the film integrity is not changing
while the out-of-plane grain size distribution is narrowing.
This suggests a columnar grain morphology with a well-
defined thickness [1]. There is an increase in the intensity
of the off-specular ridge, suggesting a small increase of
surface roughness during the anneal, just as was found for
the gold films.

3. Conclusion

Morphological changes have been observed in thin metal
films of gold and iron during deposition and subsequent
annealing in UHV. In the case of gold, no preferred size
appears and the distribution of grain sizes remains ap-
proximately exponential after annealing, within the range
of thicknesses, temperature and time investigated. Some
roughening of the film was evident from the appearance
of a non-specular ridge of intensity.

In the case of iron films, qualitatively different behav-
iour was observed. Thinner films of less dense material

allowed the thickness oscillations to be recorded in the in-
plane direction. Upon annealing, the out-of-plane grain-
size distribution became narrower around a preferred size.
This evolution took place without the film thickness chan-

ging.

The quantitative fitting to the in-plane and out-of plane
lineshapes means we have gained a better understanding
of the sequence of refraction and scattering processes as-
sociated with the GESAXS geometry.
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