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The competitive growth process of ballistic deposition is studied experimentally using x-ray reflectivity
characterization of silicon thin films deposited with various vapor incidence angles. Linear profiles of film
density with thickness are shown to reproduce the observed reflectivity spectra. A porosity of about 10% was
observed in the first few atomic layers atop the substrate, with porosity decreasing with film thickness to near
zero for vapor incidence between normal and 60°, and porosity increasing to 50% and above for vapor
incidence angles above 70°—the regime of glancing-angle deposition. Our results support the model of glanc-
ing deposition as sequential atomic ballistic deposition, where the observed sign change in the slope of the
density profile is understood to correspond to the geometric condition where the roughening caused by self-
shadowing overtakes the smoothing effects of atomic surface diffusion. From the electron-density profiles
derived from x-ray reflectivity measurements, we calculate the average porosity and using data on optical
indices of refraction we estimate the amount of silicon oxide.
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I. INTRODUCTION

Silicon that has been processed in some manner to include
nanometer-scale pores is an interesting material for scientific
study and potential technological application. While several
methods exist for creating porous silicon,1–3 the topic of our
study is silicon thin films deposited from atomic vapor in
vacuum.4 Controlling growth conditions such as temperature
and deposition rate are known to affect the bonding process
that each incoming atom experiences upon arrival at the sub-
strate, and controlling the geometry of the arriving vapor
affects the probability that an incoming atom will arrive at a
particular location on the growing film surface. A unique
growth regime was discovered to exist when vapor arrives at
a glancing incidence onto a substrate �vapor arriving at an
angle greater than approximately 70° from the substrate nor-
mal� characterized by extremely porous film structures com-
posed of columns oriented toward the vapor source. This
growth regime, called glancing-angle deposition �GLAD�,
exploits the sensitive dependence of atomic-scale structure
on growth geometry—allowing macroscopic changes to the
deposition equipment to affect atomic surface growth and
creating another class of nanoengineered materials. Demon-
strated novel materials include circular polarizers,5 graded
antireflection �AR� coatings, and several forms of photonic
crystals.6

The columnar structure of thin solid films has been widely
studied, with the structure understood to be a consequence of
atomic self-shadowing �where previously deposited film ma-
terial geometrically blocks the path of subsequently arriving
atoms, preventing vapor impingement into shadowed re-
gions�. When surface diffusion is limited �such as for depo-
sition onto a cold substrate� atoms bond to the growing film
surface very near to where they ballistically arrive, and the

resulting film morphology is similar to the branching fractal
structures seen in diffusion-limited aggregation �DLA�.7–10 A
schematic model of the growth process is shown in Fig. 1�a�
where the vapor is shown to arrive from the right side at 80°
from the substrate normal, creating strong shadowing and
inducing a highly porous film structure composed of col-
umns growing at an angle between the vapor arrival vector
and the substrate normal. As the vapor incidence angle is
brought from normal to glancing, the effects of shadowing
become more significant and the film porosity continually
increases. The shadowing effect combined with the stochas-
tic arrival of the atomic vapor leads to continuous competi-
tion between columns, and columns losing out continuously
in time. These “extinguished” columns become unable to
capture incoming vapor due to shadows cast by neighboring
columns, and they therefore stop growing.11 At the other ex-
treme of growth conditions �such as for deposition onto a hot
substrate�, where atoms are able to diffuse significant dis-
tances across the growing surface, the diffusing atoms tend
to fill the regions which were shadowed by previous growth,
resulting in a dense bulklike morphology. This competition
between self-shadowing and surface diffusion defines the
evolution of the growing film surface and ultimately the re-
sulting film morphology.12,13

Despite extensive study of thin films fabricated with off-
normal vapor incidence, more work is needed to understand
the relationship between growth conditions and film mor-
phology. While scanning electron microscopy �SEM� has re-
vealed useful insights into film structure,14,15 accurate mea-
surements of porosity are not possible due to the limited
resolution of the SEM �approximately 10 nm� and its inabil-
ity to probe the internal structure of three-dimensional film
morphologies. Film porosities were measured gravimetri-
cally for several materials by weighing a piece of the film
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and substrate then etching away the film and reweighing the
bare substrate.15 This method for measuring porosity is not
highly accurate and yields only an average porosity for the
film, not a porosity profile as a function of film thickness.

Kaminska et al.16 measured film thicknesses and optical
indices of refraction with a combination of variable-angle
spectroscopic ellipsometry �VASE� and SEM. The SEM
analysis was performed solely on plan-view images and
therefore neglected porosity not visible from this top view. In
this work Kaminska concludes that for silicon films, pre-
pared with vapor arriving at 87° from normal, the porosity
increases with the sample thickness.

X-ray reflectivity �XRR� is a nondestructive tool well
suited to investigate thin layers. Unlike most other tech-
niques, it reveals the electron density versus depth of the
sample under study, as well as thickness and surface rough-

ness to a subangstrom resolution. Regression analysis is used
to fit a theoretical electron-density profile �EDP� �the density
of electrons in a film as a function of distance from the
substrate� to measured XRR spectra for each film; the result-
ing EDP is used to calculate porosity and refractive index,
revealing physical properties of the films as well as provid-
ing insight into the atomistic dynamics of the film growth
process.

The aim of this paper is to use XRR to extract EDPs of
thin films made by GLAD technique. The electron density
was well modeled by a linear density profile, with electron
density found to increase with thickness �porosity decreas-
ing� for nonglancing films, and decrease with thickness �po-
rosity increasing� for films deposited with vapor arriving at
an angle of 70° or larger from the substrate normal. We ob-
serve directly the transition from surface-diffusion-
dominated to shadowing-dominated growth. Effective optical
index of refraction is calculated from measured porosity pro-
files.

II. THEORY

The complex index of refraction for x rays is given by

n = 1 − � − i� . �1�

The real and imaginary parts denote the dispersion and ab-
sorption of x rays in a dielectric medium, respectively.17 In a
homogeneous medium and far away from absorption edges,
� and � are

� =
�2

2�
re� �2�

and

� =
�

4�
� , �3�

where re �2.814�10−5 Å� and � are the electron radius and
electron density �e /Å3�, respectively. The linear absorption
coefficient is � and � is the incident wavelength. The critical
angle for total reflection of x rays from a layer is propor-
tional to the mean density value of the layer and is given by18

	c � �2� = ���re�/�� . �4�

For incident angles 	
	c total external reflection occurs and
x rays do not penetrate very far into the medium. Thus all
incoming radiation is reflected �with small losses due to ab-
sorption�. For 	�	c, the intensity of specular reflectivity for
an ideal surface with no roughness falls off as 1

�2	�4 ,19

whereas for a rough surface it falls off faster as a result of
multiplication of the reflectivity by a Debye-Waller-type
factor.20 The periodicity of peaks in the reflectivity curve is
determined by the thickness of the layer with the spacing
between maxima in reciprocal space given by �qz=2�n /d
for a layer with index of refraction n and thickness d.

III. EXPERIMENT

A series of silicon thin films was prepared using the
glancing-angle deposition technique.4,5 Silicon was vapor-
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FIG. 1. �a� Due to shadowing some columns disappear in the
regions close to the substrate and some thinner columns extend
more. � and  are flux angle and average column orientation, re-
spectively. A SEM picture of the fracture cross sections of two
100-nm-thick films deposited with vapor incident at �b� 80° and �c�
85°.
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ized with an electron-beam evaporator and allowed to con-
dense onto glass or silicon substrates held by a motor-
controlled manipulator. The manipulator oriented each
substrate at a fixed deposition angle relative to the incoming
vapor then rapidly rotated during film growth �so chosen to
maintain rotational symmetry in the resulting film structure�.
This results in a vapor distribution slightly different from
that shown in the schematic of Fig. 1�a� as the vapor does not
arrive from only one side, but in fact arrives equally from all
azimuthal angles, creating a vertical, instead of slanted, co-
lumnar film �Figs. 1�b� and 1�c��. The deposition rate was set
to 0.5 nm/s, and the substrate was chosen to rotate once for
each 1 nm of deposited film—so the rotation period was 2 s
and the rate was 0.5 Hz or 30 rpm. The substrate temperature
was not controlled during film growth but is believed to have
been approximately 50 °C. Given these growth conditions
the silicon films are expected to be columnar and amorphous,
although their crystallinity was not characterized in this
study. Once each film was deposited, it was brought out of
the vacuum chamber to atmosphere and stored in air. Oxida-
tion of these silicon films by atmospheric oxygen is the sub-
ject of another ongoing study, but we do know that the
samples used in this study underwent partial oxidation over
several months to yield a stable structure of silicon in the
column cores encased in a layer of silica.16

A high-resolution diffractometer, with a copper x-ray
tube, is used to collect the data. Two germanium crystals act
as analyzer and monochromator with a 3�10−5 rad width
for their �111� reflection. To obtain specular reflectivity,
	-rocking curves around 	= 2	

2 ��=0� are done. This allows
for the true specular reflectivity to be obtained by subtracting
the diffuse scattering at each 2	 point.21

Considering the length of the sample parallel to the beam
�20–25 mm� and the width of the beam in the horizontal
direction �0.8 mm� a foot print correction is imposed.17,18,21

Equivalently, one can divide the experimental data by sin�	�
in order to take into account the variation in the area of the
x-ray beam intersected by the sample.

IV. RESULTS AND DISCUSSION

A. X-ray reflectivity measurements

We measured the specular x-ray reflectivity for a set of
porous silicon films with various thicknesses deposited with
vapor incidence angles between 0° �vapor arrives along sur-
face normal� and 80° �vapor arrives at a glancing angle�,
0° 
�
80°. The measured reflectivity spectra were com-
pared with calculated theoretical spectra assuming linear
electron-density profiles, yielding the film thickness and the
electron-density profile.

From the critical angle, a coarse estimate of the average
density of the top layers of a film �Eq. �4�� can be calculated.
Porous structures allow x rays to scatter from deeper in the
film. Figure 2 depicts three reflectivity curves of a thick
dense silicon substrate as well as two porous GLAD samples
with 60° and 80° deposition angles versus the momentum
transferred to the film along the direction perpendicular to
the surface �qz= 4�

� sin 	�. The vertical dashed line marks the

critical angle for dense Si. These three reflectivity curves
reveal the following:

�i� For an uncoated silicon substrate there is total reflec-
tion of the x rays for qz
0.031 Å−1 and only evanescent
waves propagate in the top layers of the sample. Equation �4�
gives 0.7 e /Å3 mean electron density �	c=0.22°�. Thickness
fringes are not observed due to the large thickness of the
substrate. The reflectivity curve, as a result of surface rough-
ness and Fresnel reflectivity, falls off with qz.

�ii� For the 60° sample of nominal thickness 1000 Å, the
critical angle is shifted to a lower value �qz=0.029 Å−1�.
This is evidence of formation of porous layers in the sample.
Thickness fringes, as a result of interference of the reflected
wave from substrate and porous layer, are observed and
show that the densities of the substrate and film are different.
The amplitude of these fringes is a more sensitive measure of
the change in electron density.

�iii� For the 80° sample also of nominal thickness
1000 Å, two critical angles �q1c=0.02 Å−1 and q2c
=0.03 Å−1� associated with the porous film and the substrate
can be seen. Equation �4� gives 0.36 and 0.7 e /Å3 corre-
sponding electron densities. Between these two critical
angles, the reflected intensity is close to the incident inten-
sity. In this region, x rays penetrate into the porous layer then
are totally reflected by the substrate, resulting in waveguide
fringes. According to the geometrical optics, the maxima of
oscillations in a film with thickness d are described by a
formula as

	m
2 = 	c

2 + m2� �

2d
�2

, �5�

where m=0,1 ,2 , . . . and 	c is the first critical angle in the
reflectivity curve. Two maxima, at qz=0.024 Å−1 and qz
=0.027 Å−1, respectively, can be seen. This indicates a re-
markable amount of porosity for this sample. These two criti-
cal angles associated with top layers of the film and silicon
substrate can be used in Eq. �5� to estimate the thickness of
the film to be �1000 Å. In the reflectivity curve, above
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FIG. 2. Reflectivity curves for �a� dense nonpolished Si layer,
�b� 60° sample, and �c� 80° sample on silicon substrates. The
dashed line specifies the critical angle of dense Si. The curves have
been scaled by �a� 100, �b� 10−2, and �c� 10−4 for clarity.
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critical angle of silicon, relatively large amplitude oscilla-
tions can be seen showing a larger difference in densities
between the substrate and film.

Our experiments for samples fabricated with smaller
deposition angles show less porosity. Nevertheless, XRR of
all GLAD samples in the range of deposition angle 0° 
�

80° reveals that all samples have some degree of porosity,
which increases with increased deposition angle.

B. Modeling

We fit our experimental data using a model from Vidal
and Vincent22 which calculates the reflectivity from a stack
of thin films using a matrix for each layer in the stack. Figure
3�a� illustrates a fit to the 0° sample �nominal thickness
2000 Å� on a silicon substrate modeled as a single constant-
density layer with a roughness at the two interfaces, top and
bottom. The low amplitude oscillations show that the density
of the thin film is slightly different from that of the Si sub-
strate; however, the model clearly does not fit the data well.
In particular, it fails to reproduce the observed feature of
increasing oscillation amplitude with qz. When a linear
depth-dependent density ��z� is used, the fit is much better
�curve b in Fig. 3�.

There does not seem to be a simple model to calculate the
reflectivity for an arbitrary density profile ��z�. We use a
simple discretized model consisting of layers of constant
density for which the Vidal and Vincent matrix model can be
used. We divide the layer into N layers each with a density
matching the appropriate value of ��z� as demonstrated in the
inset of Fig. 4. Each of the N sublayers is described by a
thickness, roughness, electron density, and linear absorption
parameters. In Fig. 4 we compare the reflectivity from this
N-layer model to the exact calculation for a single layer with
erfc�z� interfaces. The figure shows the reflectivity of 100 Å
thick layer of �=3.2 e /Å3 on a silicon substrate. The 100-
layer approximation and the exact calculation are in excel-
lent agreement below 2	=11°. The calculation is extended to

2	=18° to show that the approximation breaks down for
large wave vectors where the discreteness of the layers be-
comes a significant effect.

For porous films, we model the electron density by a lin-
ear density

��zN� = �bottom + ��top − �bottom

d
�zN, �6�

where ��zN�, �bottom, and �top are densities at depth zN, the
bottom, and the top of the film and d is the thickness of the
layer. The linear absorption of each sublayer at depth zN is
determined by the fraction

��zN�
�Si

times the linear absorption
coefficient of silicon. Furthermore, we use a complementary
error function to describe the density profile at the substrate-
film and film-vacuum interfaces.23 So the EDP used to fit the
data is

��z� =
1

2	
i=1

N

���zi,i+1� erfc� z − zi

�2�i
� , �7�

where ���zi,i+1� is the density difference between two adja-
cent sublayers and �i is the root-mean-square roughness of
interface i. We set the roughness of each artificial sublayer,
except for the top one, to 0.0. Using this model, we obtain
top roughness of 7–10 Å for 0° 
�
60° and 20–30 Å
for 80° samples. With increasing thickness of the thin film,
the fitted top roughness increases. The thickness of the top
layer is always chosen larger than its roughness. A roughness
of 2–4 Å is obtained between the substrate and the porous
film.

Assuming that the whole film consists only of Si �SiO2 on
columns is neglected�, the porosity profile of a layer is ap-
proximated by
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FIG. 3. Calculated and experimental reflectivity from 0° GLAD
sample on silicon substrate �a� with a one-layer density calculated
by critical angle and �b� with a linear density profile. Inset shows
the difference between the two model reflectivities. The one-layer
model fails to fit the data for higher qz’s. Plot �b� is shifted on
intensity axis by a factor of 10 for clarity. The same data points are
used in both curves.
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FIG. 4. Calculated reflectivity using a model of 100 sublayers
showing agreement with the exact reflectivity curve up to 2	=11°.
Shown in inset is a continuous density profile of a layer with
3.2 e /Å3 density divided up into nine sublayers to emphasize dis-
creteness. Reflectivity was calculated for 100 sublayers which is
also plotted in the inset and is indistinguishable from the continuous
profile.
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P�z� = 1 −
��z�
�Si

. �8�

Since electron densities of Si and SiO2 are close ��Si
=0.7 e /Å3 and �SiO2

=0.67 e /Å3�, this assumption will not
cause any significant modification of our conclusions. The
average density of the topmost layers determines the critical
angle �Eq. �4��. Due to the columnar porous structure of the
films with increasing deposition angle, the critical angle �and
average density of top layers� for each sample decreases.

C. Analysis of samples deposited with vapor incidence angle:
0° 
�
60°

Figure 5 depicts the reflectivity curves and theoretical fits
of 0° samples on silicon substrate. For all samples, the criti-
cal angle of qz=0.03 Å−1 corresponds to 0.7 e /Å3 electron
density on top. A linearly increasing density profile fits the
data �insets of Fig. 5� and the porosity decreases from 8% in
the bottom to 3% in the top layers. This positive slope gives
the increasing oscillation amplitudes seen in the data.

The three density profiles for 0° samples �inset of Fig. 5�
imply that as the films grow, the deeper parts of the films fill
in. For the thinnest film, the precise density from the fit has
a spatial variation which is beyond the resolution of the mea-
sured reflectivity. Using the increased intensity at a synchro-
tron would allow measurements to higher q and allow for a
better determination of this density profile; however, one can
believe that the initial formation of the thin film has a low
average density and so is fairly porous or very rough. As the
film grows, the density near the substrate increases with
time. Fitting XRR data of 60° samples �Fig. 6�A��, the den-
sity profiles �Fig. 6�B�� reveal the similar behavior but with
increased porosity, presumably due to shadowing.

D. Analysis of samples deposited with vapor incidence angle:
�=70°

Glancing-angle-deposited thin films with ��70° have
been extensively studied in recent years.12,14–16 Figure 7�A�

depicts the reflectivity curves and their fits of 40°, 60°, and
70° samples in the 900–1050 Å thickness range. In these
three samples, a linear density profile fits the data appropri-
ately, but the slope of the 70° film changes, dramatically, to
become negative �Fig. 7�B��. Also, density profiles reveal
that all the three samples have almost same densities up to
50 Å from the substrate, after which the density of 40° and
60° samples increase linearly and that of 70° sample falls to
lower values. More physical conclusions can be inferred as
follows:

�i� In the very early stages of the growth, up to 50 Å from
substrate, all samples show the same amount of porosity
�about 10%�. For the initial growth of the films, one would
not expect shadowing to play a big role but to depend on
how the particles accumulate on the substrate. The stochastic
arrival of atoms during the first few atomic layers creates this
nucleation layer, which can be considered to be very rough,
or equivalently, quite porous.

�ii� After z=50 Å the shadowing effect intensifies for the
70° sample compared to the other two. In this thickness
range, the influence of the shadowing over the film growth
arranges columns diameter and their mutual separation to
have a less dense film. Consequently, a more porous struc-
ture is created.
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FIG. 5. Reflectivity curve �dots� and theoretical fits �solid line�
of 0° GLAD sample of �a� 48, �b� 700, and �c� 1845 Å thicknesses.
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other for clarity.
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FIG. 6. �A� Reflectivity curve �dots� and theoretical fits �solid
line� of 60° samples on silicon with �a� 180, �b� 1000, and �c�
1100 Å thicknesses. The curves are shifted on intensity axis with
respect to each other for clarity. �B� Corresponding electron
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In Fig. 8 the average porosity of the porous silicon
samples with thickness of about 100 nm is graphed versus
their deposition angle. It reveals that average film porosity
increases slightly as the deposition angle is increased from
0° to 60° then increases dramatically for films deposited at
70° or higher �Tables I and II�.

E. Analysis of samples deposited with vapor incidence angle:
�=80°

Increasing the deposition angle increases the effect of
shadowing. Figure 1�a� schematically depicts the thickness
evolution of highly porous films made with glancing-angle

deposition. This growth mode is essentially a competition for
vapor flux, and columns are continually losing to their neigh-
bors and becoming extinguished—they stop receiving flux
due to shadowing and therefore stop growing. Figure 9
shows the reflectivity data and theoretical fit for 80° samples
with various thicknesses on silicon substrate. For very thin
layers, x rays are mostly reflected from substrate and the
critical angle of the silicon substrate appears in the reflectiv-
ity curves. Thickness fringes with a large periodicity evi-
dence the formation of a very thin layer of an average elec-
tron density different from the substrate �Figs. 9�a� and 9�b��.

In thicker samples �d�687 Å�, the appearance of a sec-
ond critical angle smaller than the critical angle of silicon is
a signature of lower density layer on top of the dense Si
substrate. The falling density profile reproduces this feature.
The position of the maxima between the two critical angles
is described by Eq. �5�.

A comparison of the three density profiles for thick
samples �d�687 Å� �inset of Fig. 9� reveals 25%–28% po-
rosity for samples in the bottom layers up to 200 Å from the
substrate, after which the porosity decreases faster for thicker
samples. Table II summarizes the results for average porosity
of the 70° and 80° samples and shows �50% average poros-
ity �also, see Fig. 8�.

F. Optical index of refraction

Using ellipsometry, measurements of the refractive index
of GLAD samples have been reported.16,24 The optical index
of refraction decreases as the deposition angle grows to more

TABLE I. Results obtained for samples on silicon with 0° 
�

60°.

Angle of
deposition
���

Nominal
thickness d

�Å�

Calculated
thickness d

�Å�

Average

porosity P̄
�%�

0° 500 700�1 13�1

0° 2000 1845 8

40° 1000 975 11

60° 100 180 40

60° 800 1000 15

60° 1000 1100 12

TABLE II. Results obtained from fitting for samples on silicon
with 70° 
�
80°.

Angle of
deposition
���

Nominal
thickness d

�Å�

Calculated
thickness d

�Å�

Average

porosity P̄
�%�

70° 1000 941�1 32�1

80° 149 170 58

80° 746 880 49

80° 800 687 51

80° 1000 1030 50

FIG. 8. The average porosity of GLAD samples with thickness
of about 100 nm versus the deposition angle. The dashed line is a
guide for the eyes.
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FIG. 7. �A� Reflectivity curve �dots� and theoretical fits �solid
line� of �a� 40°, �b� 60°, and �c� 70° samples on silicon substrate.
�B� Corresponding electron-density profiles.
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than 70°. This was attributed to a porosity increase in the
samples with higher deposition angles. Because of the large
difference between the index of refraction of Si and SiO2, the
data could not be used to estimate the porosity. Having mea-
sured the porosity of our samples, we can estimate the
amount of silicon oxide from the index of refraction data
using the effective medium approximation �EMA�.25 EMA is
used to evaluate the index of refraction of mixed component
thin films. It assumes that subunits of the mixture are ran-
domly mixed and that the subunit dimensions are much
smaller than the incident wavelength. It makes sense to apply
this approximation to our thin films.

In the EMA theory, the effective index of refraction of a
medium is given by solving

	i
f i

ni
2 − neff

2

ni
2 + 2neff

2 = 0, �9�

where f i and ni are the volume fraction and refractive index
of component i, respectively. Figure 10 shows the optical
refractive indices of 80° sample of 1000 Å nominal thick-

ness calculated by Eq. �9� for several assumed SiO2 volume
fractions. Comparing this data to the measurements in Ref.
24, we estimate slightly more than 50% volume fraction of
SiO2.

V. CONCLUSION

We used XRR technique to investigate porous GLAD
samples and estimate their electron-density profiles versus
depth. A simple linear model describes the density and po-
rosity of the samples versus the depth of the films. Three
main simple conclusions are demonstrated. First the density
�or porosity� varies with depth. Second, at deposition angles
between 60° and 70°, the films switch from having increas-
ing density with thickness to decreasing density even though
a constant deposition rate is used. Third, the density at a
fixed height above the substrate increases with further depo-
sition. These results place stringent constraints on any mod-
eling of the growth processes. As well, calibration or model-
ing of these effects will be required to properly make GLAD
films for graded index of refraction systems.
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