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In this paper, we analyze typical morphologies of epitaxial III–V semiconductor layers by using a
polarized laser light scattering technique. Crosshatched topographies, which are developed during
heteroepitaxial growth, are studied. A sample with an intentionally high density of oval defects is
also explored to establish how the laser light scattering pattern is affected by the presence of these
defects, which are unavoidable in the epitaxial layers grown by molecular beam epitaxy. The former
topographies produce a scattered light pattern that is highly anisotropic, with the intensity
concentrated along two preferential directions; the latter defects give rise to a fairly isotropic
pattern. Employing a perturbation-theoretical model, whose applicability and consistency are
explicitly demonstrated by our results, the surface power spectral density is retrieved from the
angle-resolved light scattering experimental data. For the samples exhibiting crosshatched
topography, the scattering measurements provide information that allows us to model the roughness
of the surface in terms of two quasi-one-dimensional, anisotropic components, and one
two-dimensional, isotropic, long-range background. The root mean square heights and the typical
lateral distances between ridges are obtained in quantitative agreement with the values extracted
from the atomic force microscopy measurements. For the sample presenting oval defects, we
consider their contribution to the surface power spectral density by means of a simple model of
randomly distributed particles on a surface, and we compare the resulting power spectral density
with typical behavior found in the literature for good-morphology GaAs layers. With the help of the
ex situ information thus obtained, we also discuss the implementation of the light scattering
technique forin situ monitoring during epitaxial growth. ©2000 American Vacuum Society.
�S0734-211X�00�04904-0�

I. INTRODUCTION

Epitaxial growth techniques are essential for the fabrica-
tion of new and sophisticated electronic devices, such as mil-
limeter and microwave integrated circuits and vertical cavity
surface emitting lasers.

The quality of the epitaxially grown structures greatly de-
pends on the deposition parameters, such as substrate tem-
perature, growth rate, and flux ratios. Thus, it is necessary to
use real-time control techniques of the epitaxial process. In
this situation, the development ofin situ characterization
techniques during growth is crucial. Optical techniques such
as dynamic optical reflectance, ellipsometry, differential re-
flectance spectroscopy, reflectance anisotropy, and light scat-
tering are very powerful tools because they are simple, fast,
inexpensive, contact-free, nondestructive and noninvasive,

and they do not require vacuum conditions. These techniques
can be used in most commonly encountered pressure envi-
ronments employed in the different epitaxial growth pro-
cesses.

Laser light scattering�LLS� is an especially interesting
technique, due to its sensitivity to surface morphology,
which is a critical parameter to obtaining good performance
in electronic and optoelectronic devices. Moreover, the
monitoring of the surface morphology features that develop
during epitaxial growth of different heterostructures provides
information about important processes that take place during
growth, such as plastic and elastic relaxation, and three-
dimensional nucleation, or the formation of quantum dots.

Although the inverse problem in electromagnetic theory is
in general a formidable task, it has already been shown that
in certain limits the LLS intensity can be related to the mean
surface roughness.1 Under the assumption of smooth rough-a�Electronic mail: ujue@imm.cnm.csic.es
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ness and small slopes, the angular distribution of the scat-
tered intensity can be calculated by means of perturbation
theories.1,2 By retaining the lowest-order term in the expan-
sion of the scattering amplitude in powers of the surface
profile function, the resulting scattered intensity can be
shown to be proportional to the surface power spectral den-
sity �PSD�, namely, the Fourier transform of the correlation
function of the surface topography. This applies not only to
the simplest scattering configuration, consisting of a rough
interface separating vacuum�or any other propagating me-
dium� from a semi-infinite, dielectric medium�see Refs.
1–3, and references therein�; similar proportionality has been
found in the case of a rough film on a planar substrate with
different dielectric permittivities,4–8 and even for multilayer
structures.9,10 The criteria for the applicability of such
perturbation-theoretical expressions1,2,11 for the typical sur-
face roughness developed during epitaxial growth are, in
most cases, fulfilled as a result of the high smoothness of the
surfaces thus generated. This allows us to use the LLS tech-
nique for viewing and studying surface features as small as
tenths of nanometer in height and with lateral dimensions
larger than�/2 �Rayleigh limit�. It should be mentioned that
the latter limit for the optically discernible lateral dimensions
can be overcome by using near-field optical microscopy,12 a
technique that unfortunately poses severe difficulties for
implementation as a real-time characterization tool.

As demonstrated,13–17LLS is a powerful technique forin
situ monitoring of surface evolution during growth. How-
ever, its implementation is complicated by geometrical re-
strictions imposed by the growth reactor, which does not
usually allow obtainment of the full spatial distribution of the
scattered intensity. Nevertheless, the time evolution of scat-
tered light at fixed angular positions still yields useful infor-
mation. Therefore, in order to choose the most appropriate
configuration forin situ measurements and to achieve a cor-
rect interpretation of the results, we have carried outex situ
characterization of common surface morphologies that de-
velop during epitaxial growth of III–V systems. Our aims in
this paper are to assess the capabilities of the LLS technique
to characterize the topography of this kind of systems and to
evaluate the validity and utility of the scattering perturbation
theory applied to interpret it.

To that end, in Sec. III we present the results from polar-
ized light scattering experiments�the experimental setup be-
ing described in Sec. II� of two typical surface topographies
developed during epitaxial growth by molecular beam epi-
taxy �MBE� on �001� III–V semiconductor substrates: the
crosshatched surface morphology, and the presence of oval
defects. The oval defects are randomly distributed isolated
defects, which appear related to two main causes:�i� impu-
rities and particulates on the surface substrate prior to
growth, and�ii � liquid-gallium ‘‘spitting’’ and gallium ox-
ides coming from the gallium cell during growth.18 The for-
mation of oval defects in MBE epitaxial layers is inherent to
the growth process, although their density can be signifi-
cantly reduced with state-of-the-art MBE technology. One of
the challenges is analyzing the scattered signal due to the

presence of this kind of defects, which is convoluted with
surface roughness contributing to the LLS signal. The cross-
hatched morphology�see Ref. 14, and references therein�
develops during growth of low-strained heteroepitaxial sys-
tems�mismatch�0�2%) and consists of ripples and troughs
aligned along�110� and�11̄0� directions. It is associated with
local surface diffusion variations caused by the presence of
strain fields related to misfit dislocations formed during plas-
tic relaxation.

The LLS experimental data are then evaluated by means
of the scattering perturbation theory to obtain the PSDs of
the samples under study, providing qualitative and quantita-
tive information of the surface topography; this is discussed
in Sec. IV. Finally, our main results�summarized in Sec. V�
support the high potential of LLS as anin situ characteriza-
tion technique for monitoring growth.

II. EXPERIMENT

The samples studied in this work consist of 400-nm-thick
In0.2Ga0.8As layers grown on GaAs�001� substrates�lattice
mismatch �0�1.4%�. One of the layers�sample A� was
grown by MBE at a substrate temperatureTs�500 °C and
the other�sample B� was grown by atomic layer molecular
beam epitaxy�ALMBE � at Ts�200 °C. We have also stud-
ied homoepitaxial samples of GaAs on GaAs�001� with dif-
ferent densities of oval defects. Here, we show the results for
a 780-nm-thick layer of GaAs grown by MBE atTs�580 °C
�sample C�, which presents an extremely high density of
large oval defects with a broad distribution of lateral size
�100 nm�l�8 �m� and height�50 nm�h�1 �m�. The sur-
face morphology of all these layers was studied by polarized
laser light scattering and the results were cross-checked with
atomic force microscopy�AFM� measurements of the sur-
face topography.

A schematic of the light scattering geometry for plane-
wave incidence is shown in Fig. 1. The incident wave vector
ki and the surface normalN fix the so-called plane of inci-
dence� inc , whose intersection with the surface plane is
taken as the origin for the azimuthal angles. The scattered
wave vector direction is determined by the polar,	s , and
azimuthal, 
s , scattering angles (��/2�	s��/2,��/2
�
s��/2). Only the polar angle of incidence,	 i , is neces-
sary to determine the incident wave vector direction because
of the definition of the origin of azimuthal angles (
 i�0).
We have also included the ‘‘surface azimuthal’’ angle (0

FIG. 1. Schematic of the light scattering geometry for plane-wave incidence.
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��2�), which accounts for the surface position with re-
spect to the plane of incidence. We define as the angle
between a reference direction of the surface and the intersec-
tion of � inc with the surface plane. We have chosen the�110�
direction as the surface reference direction.

Our LLS experimental setup is shown in Fig. 2. We use as
incident light a 10 mW linearly polarized He–Ne laser��
�633 nm�, whose spot on the sample has a diameter of 1
mm. The laser can be rotated to select the beam polarization.
The sample is placed on a goniometer, which permits us to
change the polar angle of incidence	 i between 0° and 60°,
and the surface azimuthal angle between 0° and 360°. The
scattered light is collected with a silicon photodiode situated
in the plane of incidence; thus
s�0 in all our measure-
ments. The photodiode is mounted on a rotatable arm that
can move in the plane of incidence, scanning polar scattering
angles	s from �72° to 72°. In front of the photodiode we
have introduced a polarization analyzer to select the polar-
ization of the detected light. It should be pointed out that
when 	s is very close to (�	 i), the photodiode blocks the
He–Ne laser light; consequently, the backscattering informa-
tion is not available in our experiments. We employ lock-in
detection to reject spurious signals and to improve the signal-
to-noise ratio. This setup allows us to carry out two types of
measurements: angle-resolved light scattering�ARLS� and
azimuthal-dependent light scattering�AzLS�.

For the AzLS measurements, we choose the angle	 i and
the polarization of the incident beam, place the photodiode at
a fixed polar scattering angle	s in the plane of incidence,
and rotate the sample to obtain the scattered intensity at dif-
ferent surface azimuthal angles. With this kind of measure-
ments, we can distinguish between isotropic scattering, inde-
pendent of, and anisotropic scattering. In the latter case,

these measurements also allow us to identify preferential
scattering directions.

The other type of measurements we can carry out, ARLS,
provides the distribution of scattered light in the plane of
incidence. The detector is moved in this plane while keeping
constant the polar angle of incidence	 i , the polarization,
and the sample surface azimuthal angle. Through a com-
bination of the two main modes of operation of our experi-
mental setup, we can obtain the angular distribution of scat-
tered light for different orientations of the surface. The
possibility of changing the surface azimuthal angle is of
fundamental importance when the surface presents aniso-
tropic roughness. In this work, we performed ARLS mea-
surements at different angles of incidence:	 i�0°, 10°, 20°,
30°, 40°. We employ boths- and p-polarized incident light
and select the desired polarization of the scattered light
through the polarization analyzer placed in front of the de-
tector.

III. EXPERIMENTAL RESULTS

Figure 3 shows the topography, as observed by AFM, of
the heteroepitaxial In0.2Ga0.8As on GaAs�001� layers studied
in this work. Sample A�grown by MBE atTs�500 °C� is
shown in Fig. 3�a� and sample B�grown by ALMBE at
Ts�200 °C� is shown in Fig. 3�b�. The AFM images are
printed using the same grayscale to distinguish changes in
the roughness height by a simple visual inspection. Both sur-
faces present lines along�110� directions, which is charac-
teristic of crosshatched patterns. However, the distinct
growth conditions give rise to noticeable differences in their
morphologies. The surface in Fig. 3�a� is clearly anisotropic,
with ridges along the�11̄0� direction more closely spaced
than those oriented along�110�. The height variations are
more pronounced along the�110� direction than along the
�11̄0� one. In contrast, Fig. 3�b� shows a smoother surface,
still anisotropic, but with similar features along these two
preferential perpendicular directions. In Table I, we present
data corresponding to the ridge height and the distance be-
tween consecutive ridges obtained from the AFM measure-
ments. These parameters were obtained by averaging over

FIG. 2. Experimental setup for the polarized laser light scattering�LLS�
measurements. A 10 mW linearly polarized He–Ne laser���633 nm� is
used as incident light. The sample is placed in a goniometer that permits us
to change the angle of incidence	 i between 0° and 60°, and the surface
azimuthal angle between 0° and 360°. Scattered light is collected with a
silicon photodiode situated in the plane of incidence� inc and mounted on a
rotatable arm that scans between polar scattering angles	s of �72° and 72°.
We have introduced a polarization analyzer in front of the photodiode to
select the polarization of the detected light. We employ lock-in detection to
improve the signal-to-noise ratio.

FIG. 3. AFM images of two crosshatched surfaces.�a� Surface of a sample
consisting of a 400-nm-thick layer of In0.2Ga0.8As grown by molecular beam
epitaxy �MBE� at substrate temperatureTs�500 °C on GaAs�001�. �b�
Surface of a sample consisting of a 400-nm-thick layer of In0.2Ga0.8As
grown by atomic layer molecular beam epitaxy�ALMBE � at Ts�200 °C on
GaAs �001�. Both images are printed using the same grayscale.
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the AFM profiles taken along the�110� directions, in a rect-
angular area of the AFM scans of these samples. We have
considered as the characteristic lateral feature on the surface,
d, the average of the distance between two consecutive
peaks. As for the representative feature in the vertical direc-
tion, h, we have taken the average of the peak-to-valley val-
ues.

The typical crosshatched roughness shown in Fig. 3 pro-
duces a characteristic pattern of scattered light. Figure 4
shows such an image, taken with a charge-coupled device
�CCD� camera. The sample was illuminated with a He–Ne
laser under normal incidence, and the scattered light was
projected onto a flat screen placed in front of the sample. A
circular hole in the screen allowed the illumination of the
sample. We observe that the scattered light is strongly con-
centrated along two orthogonal lines, parallel to the�110�
directions, which indicates that crosshatched topography can
be envisioned as a superposition of two perpendicular quasi-
one-dimensional�quasi-1D� components. The light scattered
along each�110� direction comes from the ridges perpen-
dicular to it. By studying the angular distribution of scattered
light along those preferential directions we can obtain further
information on the surface roughness characteristics.

In the following paragraphs, we present representative
LLS results leading to a useful description of the surface
morphology. Figure 5 shows the AzLS measurements, nor-
malized to the incident intensity, of samples A��� and B
��� taken at normal incidence withs-polarized light and the
detector placed at	s�30°. In both cases, we see that the
�110� directions are preferential scattering directions. There
are narrow peaks in the scattered intensity in those direc-
tions, confirming that the crosshatched morphology has two
quasi-1D components along them, as mentioned previously.
The full width at half-maximum�FWHM� of the AzLS
peaks, calculated from data in Fig. 5, is 10°. From the detec-
tor angular aperture, we estimate its value to be about 5°. For
sample A, we see that the signal at�0°, 180° is one order
of magnitude larger than that at�90°, 270°, revealing that
is the �110� direction is rougher than the orthogonal one.
From this, we conclude that ridges parallel to the�11̄0� di-
rection are higher than the perpendicular ones. The intensity
of the light scattered from sample B, although highly aniso-
tropic, is considerably lower than that from sample A, show-
ing that sample B is smoother. Moreover, in the case of
sample B, the fact that the intensity in the two preferential
scattering directions is similar indicates that the roughness in
these two directions has similar statistical properties.

Figure 6 presents ARLS data of samples A�Figs. 6�a�–
6�c�� and B�Figs. 6�d�–6�f��, taken at	 i�0° �Figs. 6�a� and
6�d��, 	 i�20° �Figs. 6�b� and 6�e��, and	 i�40° �Figs. 6�c�
and 6�f��. In all cases, the intensity data shown have been
normalized to the incident intensity. The signal coming from
sample B was very low, and we increased the detector angu-
lar aperture in that case; thus, a direct comparison of inten-
sities between the top and bottom graphs is not possible.
However, the signal from sample B is still lower than that
from sample A and the qualitative discussion provided in the
following still holds. Closed symbols correspond to the
s-polarized scattered signal fors-polarized incident light�s-
to-s�, and open symbols correspond top-to-p scattering. No
depolarization in the scattered light was observed for these
samples. The experiments were made by detecting the scat-
tered intensity in the plane of incidence when the�110� ��,

TABLE I. Distances and height values for crosshatched roughness in samples
A and B obtained from the AFM and LLS measurements. Distances be-
tween ridges running along the�11̄0� direction and their height are repre-
sented byd�110� andh�110� , respectively. Distances and height for features
along the�110� direction are represented byd�11̄0� andh�11̄0� , respectively.

d�110� ��m� d�11̄0� ��m� h�110� �nm� h�11̄0� �nm�

Sample A 0.71 1.3 17.2�0.5 2.3�0.3
AFM Sample B Not defined Not defined 2.5�0.2 2.1�0.2

Sample A 0.74 1.15 12 3.2
LLS Sample B 0.33 0.2 1.8 1.7

FIG. 4. Light scattered by a crosshatched surface illuminated at normal
incidence with a He–Ne laser���633 nm�. Image was taken with a CCD
camera, projecting the scattered light onto a flat screen situated in front of
the sample. A circular hole has been made in the center of the screen to
allow the incident beam to reach the sample. The horizontal bright line is
parallel to the surface�110� direction and corresponds to light scattered by
roughness features perpendicular to it. The vertical bright line comes from
features parallel to the�110� direction.

FIG. 5. s-polarized scattered intensity during surface azimuthal-dependent
light scattering�AzLS� measurements of samples A��� and B ���. Data
were taken unders-polarized normal incidence���633 nm� at 	s�30°.
Surface azimuthal angles�0° and�180° correspond to the�110� direc-
tion in the plane of incidence. Surface azimuthal angles�90° and�270°
correspond to the�11̄0� direction in the plane of incidence.
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��, �11̄0� ��, ��, and�100� ��� surface directions are con-
tained in it; we thus obtained the distribution of scattered
light both in the preferential scattering directions��110� and
�11̄0�� and in an intermediate one��100��. As mentioned pre-
viously, the light scattered in the plane of incidence when
each of the�110� directions are contained in it comes from
the surface ridges running along the perpendicular direction.
Similar to the AzLS data, from the ARLS data we observe
that the scattered light signal for both samples is mainly
concentrated on the�110� directions because of the cross-
hatched nature of the surface. All ARLS data show that
sample A scatters more than sample B, indicating that the
former is rougher. For sample A, the intensity coming from
features along the�11̄0� direction��110� direction on� inc� is
higher, and this means that the height variations are larger
than in the orthogonal direction. In the case of sample B, we
can conclude that the features are similar in both directions.
On the other hand, we observe that although the scattered
intensities obtained under different incidence conditions in-
deed differ, they allow us to extract the same qualitative
results.

Figure 7 corresponds to light scattering data, normalized
to the incident intensity, from sample C�GaAs on GaAs
�001� grown by MBE atTs�580 °C�, whose main morpho-
logical characteristic consists of the presence of a huge den-
sity of oval defects on a flat GaAs homoepitaxial layer. Fig-

ures 7�a� and 7�b� show ARLS and AzLS intensity,
respectively. Thes-polarized scattered intensity data in Fig.
7�a� were taken in the plane of incidence unders-polarized
illumination, with 	 i�0° �left graph� and 	 i�20° �right
graph�, for the two �110� directions. The curves for other
surface azimuthal angles are similar to these, indicating that
sample C shows nearly isotropic roughness.

AzLS measurements presented in Fig. 7�b� were done un-
der s-polarized incidence, detecting thes-polarized scattered
signal at 	s�12° for 	 i�0° ��� and at 	s�30° for 	 i

�10° ���. We see that the signal has a small dependence on
the azimuthal angle, and it shows broad peaks�FWHM
�50°�. These broad peaks, centered at�0° and 180°, could
indicate that the defects have a tendency to be elongated
along the�11̄0� direction. It is clear that these peaks are not
as sharp as those found in the case of the crosshatched sur-
faces �where FWHM�10°� and cannot be related to
quasi-1D morphological components. We have not observed
depolarization in the light scattered from this sample either.

Using the AzLS technique, we have characterized ho-
moepitaxial GaAs layers with different density and size dis-
tribution of oval defects. Although the AzLS plots of these
samples are not shown in this work, it is important to note
that we always observe broad peaks�FWHM�50°� centered
at �0° and 180°�while the level of the LLS signal is char-
acteristic of each sample�.

It is obvious that oval defects and crosshatched morphol-
ogy coexist in low-strained heteroepitaxial MBE samples.

FIG. 6. Angle-resolved light scattered�ARLS� intensity of light���633 nm�
scattered by samples A��a�–�c�� and B ��d�–�f��. Data correspond to scat-
tered intensity in the plane of incidence when the�110� ���, �11̄0� ���, and
�100� ��� surface directions are contained in it. Measurements were taken at
	 i�0° ��a�, �d��, at 	 i�20° ��b�, �e��, and at	 i�40° ��c�, �f��. Closed sym-
bols: s-polarized incident and scattered light. Open symbols:p-polarized
incident and scattered light. In both cases, intensity data have been normal-
ized to the incident power. Direct comparison between top and bottom fig-
ures is not possible because the detector angular aperture in measurements
from sample B was increased due to the low level of signal.

FIG. 7. s-polarized light intensity scattered from sample C, which presents a
high density of oval defects, illuminated withs-polarized light���633 nm�.
�a� Angle-resolved light scattering�ARLS� data: 	 i�0° �left graph� and
	 i�20° �right graph�, for the �110� ��� and �11̄0� ��� directions on� inc ,
respectively.�b� Azimuthal-dependent light scattering�AzLS� measure-
ments detected at	s�12° for 	 i�0° ��� and at	s�30° for 	 i�10° ���.
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However, we can assume that these two kinds of topogra-
phies are not correlated because they originate by different
and independent processes: the presence of stress fields in
the surface for the crosshatch, and contamination of the sub-
strate or liquid gallium splitting for the oval defects.

The existence of two different and uncorrelated types of
roughness on a surface results in a scattered signal that is the
sum of light scattered by each type of roughness. Because
the presence of a high density of oval defects on a surface
considerably increases the amount of scattered intensity, it
may mask the scattered signal coming from other types of
roughness on our surface. When we try to detect the evolu-
tion of a highly anisotropic roughness during growth�as, for
example, a crosshatched surface� and we detect an increasing
of the scattering signal along the�110� or �11̄0� directions,
we must confirm that the signal really corresponds to that
kind of anisotropic morphology by means of AzLS measure-
ments: we can test whether we obtain a sharp distribution of
the signal with the azimuth or not. If signal distribution is
broad, it could mean that we are merely detecting the signal
coming from oval defects on the surface.

The high anisotropy of the AzLS measurements of
samples A and B�see Fig. 5� allows us to ensure that the
LLS signal detected from these samples is coming from
crosshatched features. The LLS signal level due to oval de-
fects in these samples is low enough to be masked by the
crosshatched LLS signal.

Our ex situLLS experimental results allow us to identify
the type of surface morphology, as well as the relative height
of surface features. In Sec. IV we will show that, by using a
perturbative scattering theory, we can recover the surface
PSDs, thus acquiring quantitative information on the surface
that helps us to determine the size of the typical surface
features.

In situ implementation of the LLS technique has, as men-
tioned before, several geometrical constraints that must be
considered to obtain the whole spectrum of the ARLS char-
acterization. However,in situ recording of the AzLS data for
fixed 	 i and 	s only requires the ability to change the azi-
muthal surface angle; this is a common feature of sample
holders in epitaxial growth systems. From our experimental
ex situAzLS results, we know that these kind of measure-
ments provide key information about the degree of isotropy
of the sample morphology, which is essential to assess the
characteristics of the evolution of the growth front in real
time.

IV. SURFACE TOPOGRAPHY FROM ANGLE-
RESOLVED LIGHT SCATTERING

The question now arises as to how the ARLS distributions
relate to the surface topography. Although the inverse prob-
lem cannot be solved in a general manner, there exist certain
ranges of the scattering parameters for which relevant infor-
mation can be extracted from the ARLS data.1,2 Under the
assumption of smooth roughness and small slopes, the elec-
tric field amplitude�actually, the scattering amplitude, which
is related to the electric field through a Rayleigh expansion�

can be expanded in powers of the surface profile function.2

Basically, we consider a heteroepitaxial system as an inter-
face separating vacuum from a homogeneous, isotropic,
semi-infinite dielectric medium�characterized by the dielec-
tric permittivity ��. The surface profile function, assumed to
constitute a realization of a stationary random process, is
denoted by�(r). This function is chosen in such a way that
it is a zero-mean function, that is,�̄(r)�0. The surface
height correlationW(�r�) is defined by

���r���r�����2W� �r�r���, �1�

where the angular brackets here denote an average over the
ensemble of realizations of the surface profile function, and
����2(r)�1/2 is the rms height of the surface. At this stage,
it is convenient to introduce the Fourier integral representa-
tion of �(r),

��r���
��

� dK

�2��2 �̂�K�exp� i K"r�, �2�

which also represents a zero-mean random process with the
property

��̂�K��̂�K�����2��2��K�K���2g� �K��, �3�

where g(�K�), the power spectral density of the surface
roughness, is defined in terms of the surface height autocor-
relation functionW(�r�) by

g� �K����
��

�

dr W� �r��exp� i K"r�. �4�

The angular distribution of diffusely scattered intensity
normalized to the incident power�also known as the diffuse
component of the mean differential reflection coefficient� can
be written to lowest order in the rms surface height� as

I ���Ksc�� f ���Ksc,Ki �g�Ksc�Ki ��O� � �

� � 4� . �5�

The scattered wave vector is�see Fig. 1�

ksc��Ksc,q�

��2�/���sin	s cos
s ,sin	s sin
s ,cos	s�, �6�

where 	s and 
s are the polar and azimuthal scattering
angles; thus,Ksc is the component parallel to thexy plane,
and q is the component perpendicular to thexy plane. The
incident wave vectorki is defined analogously, choosing

 i�0 without loss of generality. In this way,Ki is the com-
ponent parallel to thexy plane for the incident wave vector.
Notice the difference between
s and the surface azimuthal
angle, which is defined in order to describe the position of
the different �001� surface directions with respect to the
plane of incidence�see Fig. 1�. In Eq. �5�, the factorf �� is
defined as3

f ���Ksc,Ki �

�� 2�

� � 4 ���1�2

4�2��2 cos�1 	 i �����Ksc,Ki ��2, �7�

where � and � denote the polarization state (s,p) of the
scattered and incident light, respectively, in such a way that
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�ss�Ksc ,Ki ��Ts�Ksc�Ts�Ki �cos
s , �8a�

�sp�Ksc,Ki ��Ts�Ksc�Tp�Ki �sin
s

���sin2 	 i �
1/2

�1/2 , �8b�

�ps�Ksc,Ki ��Tp�Ksc�Ts�Ki �sin
s

���sin2 	s�
1/2

�1/2 , �8c�

�pp�Ksc,Ki ��Tp�Ksc�Tp�Ki ��sin	s sin	 i

���1 cos
s���sin2 	s�
1/2���sin2 	 i �

1/2�

�8d�

and the Fresnel transmission coefficientsT� are given by

Ts�Ksc��
2q

q����ksc�2��Ksc�2�1/2, �9a�

Tp�Ksc��
2�1/2q

�q����ksc�2��Ksc�2�1/2. �9b�

Becausef �� depends only on the geometry of the experi-
ment and on the bulk properties of the sample���, Eq. �5�
shows that ARLS data are proportional to the PSD of the
illuminated region. In fact, it can be shown that similar per-
turbative expressions are obtained for multilayer
structures,4–7,9,10 the differences being accounted for by the
function f �� . As we will see in the following, for our pur-
poses the semi-infinite medium assumption suffices. This can
be justified on the basis of the optical behavior of the het-
eroepitaxial systems being studied. Namely, the light re-
flected back into vacuum from the layer/substrate interface is
negligible, as a result of the strong light absorption within
the upper layer and the small reflection coefficient at these
interfaces due to low index mismatch. However, for smaller
epilayer thicknesses�for our heteroepitaxial systemd�50
nm�, slight interference effects in the scattered light can be
observed, indicating that further refinements of the model
should be included to account for the presence of thin layers.
Incidentally, we would like to point out that no volume scat-
tering effects stemming from the presence of bulk defects are
considered, since no such defects are expected in the type of
samples being studied here. If bulk defects were abundant,
their contribution to the LLS, and in turn its correlation with
the surface scattering contribution, would have to be taken
into account. For weak scatterers, this could be done through
the first Born approximation, for example, whereas strong
scatterers would notably complicate the formalism, possibly
making LLS useless as a surface morphology characteriza-
tion tool.

We will now analyze the experimental ARLS results of
Sec. III, exploiting the analytical expression�5�. Nonethe-
less, recall that, inasmuch as the available�detectable� inci-
dent and scattered wave vector components are limited in the
far field, this technique fails to provide information on
roughness lateral dimensions smaller than�/2 �Rayleigh
limit �. This is explicitly demonstrated in Eq.�5� through the
maximum spatial frequency appearing in the argument of the
PSD. In addition, there is another constraint in our ARLS
measurements, namely, the absence of data points near the

backscattering direction�as seen in Figs. 6 and 7�; this is
because the light detector in our sample experimental setup
blocks the incident light at such angles. On the other hand,
the lack of cross-polarized scattering in the plane of inci-
dence mentioned in Sec. III, predicted by Eqs.�5�–�9b�,
comes in support of our retaining only the lowest-order term
in the perturbation theory.

A. Crosshatched surface morphology

Considering the typical shape of the scattering pattern
produced by the crosshatched�CH� surfaces�see Fig. 4� and
the relation between the PSD and the scattering pattern
�given by Eq.�5��, it is natural to assume that the surface
roughness basically contains three random and independent
components: two quasi-1D components along the�110� and
�11̄0� directions�denoted as thex and y directions, respec-
tively� and a small two-dimensional�2D� isotropic compo-
nent. The latter is revealed by our ARLS results in directions
other than the�110� ones. There is no correlation between
the 2D component and either of the quasi-1D ones. The re-
sulting surface roughness profile can be written as follows:

�CH�r����110��x����11̄0��y����r�, �10�

where, as we mentioned, the three components are assumed
to be statistically independent. The PSD thus yields

gCH�K�

�2��g�110�
1D �Kx���Ky��g

�11̄0�

1D
�Ky���Kx���g2D� �K��.

�11�

With the aim of calculating all components, we have car-
ried out ARLS experiments, as described in Sec. III, along
the �110� and �11̄0� directions for different angles of inci-
dence	 i . From the ARLS distributions thus obtained, and
using Eq.�5� with 
s�0 �scattering signal always in the
plane of incidence�, the PSDs along the two relevant perpen-
dicular directions are calculated. However, care must be
taken when extracting the 1D and 2D components of the
PSD, because they involve different normalization of the
ARLS data. The procedure is as follows.

First, the complete PSD is retrieved from the ARLS data
along the�110� directions. A careful analysis of this function
allows the identification of two different behaviors: one cor-
responding to the low-spatial-frequency part, and the other to
the rest of the frequency range. The low-spatial-frequency
region coincides in both�110� directions and can thus be
identified as the 2D isotropic component.�Alternatively, the
ARLS data along the�100� direction could be used for the
calculation of this PSD component, which in our case led to
similar results, as expected.� This region of spatial frequen-
cies in the ARLS data is normalized to the solid angle��s

covered by the detector, and it is then fitted�if possible� to an
appropriate PSD. We have obtained reasonable agreement
with the following function:9

g2D� �K���
2��L

2aL
2

�1�aL
2�K�2�3/2, �12�
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with aL and�L denoting, respectively, the long-range corre-
lation length and rms height, resulting from a negative expo-
nential surface correlation function.

Next, we subtract this component from the ARLS data
and renormalize them by the scattering angle�	s subtended
by the detector in the plane of incidence. In this manner,
because the detector width in the direction perpendicular to
the plane of incidence has been chosen so that it entirely
covers the narrow lines of the crosshatched scattered pattern
�see Fig. 4�, we can formally integrate the PSD along that
perpendicular direction. Therefore, even though strictly
speaking the expected 1D contribution to the scattered signal
is not a delta function as assumed for the PSD model in Eq.
�11�, the resulting integral can be considered completely
equivalent.

The PSD components thus retrieved from the ARLS data
are presented in Fig. 8 for sample A and Fig. 9 for sample B.
Before analyzing the results in detail, we note that, as ex-
pected, there is good agreement between the PSDs obtained
from the ARLS data corresponding to the two polarizations
and various angles of incidence; this supports the analysis
based on the perturbation-theoretical expression�5�. The
PSD points originating in the region of weak ARLS signals
�at large scattering angles� are subjected to larger relative
errors, and thus manifest some inconsistencies.

Having a reliable method for obtaining the PSDs, we can
extract quantitative information of the surface roughness. Let
us first focus on sample A�Fig. 8�. The most relevant feature

is the broad maximum of the PSD along the�110� direction
�see Fig. 8�a�� at �K��8.5 �m�1. Roughly speaking, this
can be associated with a pseudoperiodicity along the�110�
direction with average periodd�110��2�/�K��740 nm. The
height of these pseudoperiodic ridges can be estimated by
exploring the following property of the PSD:

� dKn

�2��n gnD�K���2, n�1,2. �13�

Thus, by integrating the PSD in Fig. 8�a� �including the
negative frequencies�, the square of the rms height is ob-
tained. Our data yield��110��4.3 nm. If one assumes that the
profile is sinusoidal, this rms height is related to the peak-to-
valley valueh�110��23/2��110��12 nm. On the other hand,
the PSD along the�11̄0� �see Fig. 8�b�� is basically structure-
less, with only a monotonic decay with increasing spatial
frequency. The fact that no structure can be found along the
�11̄0� does not imply that there is no information on the
surface. It merely indicates that the 1D roughness component
along the�11̄0� is more strongly randomized and weaker in
magnitude than the perpendicular component�as revealed by
the overall magnitude of the PSDs�. Furthermore, we have
found that the PSD fits reasonably well the Gaussian corre-
lation function�solid curve in Fig. 8�b��:

g�11̄0��Ky���1/2a�
�11̄0�

2
exp� �

a2Ky
2

4 � , �14�

with a�450 nm and��11̄0��0.8 nm.��11̄0� is the rms height
associated with this roughness component, and in the case of
a Gaussian model it is related to the average peak-to-valley
heights through the relationh�4�. The parametera is called
the transverse correlation length and represents the 1/e value

FIG. 8. Power spectral density�PSD� for sample A calculated from angle-
resolved light scattering�ARLS� data at different angles of incidence, as
those shown in Figs. 6�a�–6�c�. Closed symbols:s-polarized incident and
scattered light. Open symbols:p-polarized incident and scattered light. Solid
curves are fits to particular functions.�a� 1D PSD along the�110� direction.
�b� 1D PSD along the�11̄0� direction.�c� 2D PSD, assumed isotropic, along
both directions.

FIG. 9. Power spectral density�PSD� as in Fig. 8, but for sample B�calcu-
lated from angle-resolved light scattering data, as those shown in Figs.
6�d�–6�f��.
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of the correlation function. For a Gaussian random process,
the correlation length can be related to the mean distance
between consecutive valleys or ridges of the profile
through19 �d��2.56a, which leads to�d�11̄0��1.15�m. We
point out, however, that the latter parameter is analogous to,
but different from, the pseudoperiod found along the�110�
direction, because the roughness along the�11̄0� decorrelates
more rapidly and has no remnants of periodicity.

Finally, the 2D isotropic component of the PSD is shown
in Fig. 8�c� for our two main perpendicular directions, along
with the fit �solid curve� to the long-range function�12�, with
aL�1.8 �m and �L�2.9 nm. Note, in Fig. 8�c�, that for
spatial frequencies beyond�K��1 �m�1, as the strong
pseudoperiodic 1D component builds in, there is a slight de-
parture of the PSD data from the fit to the long-range func-
tion �12� along the�110� direction. With respect to this 2D
component, it should be pointed out that its contribution to
the total PSD again exceeds that of the 1D short-range
Gaussian function for�K��10 �m�1, which could be the
origin of the spurious PSD data shown in Fig. 8�b� for such
spatial frequencies.

The scattering pattern produced by sample B is not quite
as well developed along the two orthogonal directions as the
one produced by sample A, although one can still find two
preferred directions along which the roughness appears. The
PSDs shown in Fig. 9, extracted from the ARLS as men-
tioned previously, look quite similar for both the�110� and
the �11̄0� directions; they follow a monotonic decrease with
increasing spatial frequency. Thus, a strongly randomized
component along both perpendicular directions is present,
and both PSDs can be fitted to the above-mentioned Gauss-
ian model in Eq.�14�. Because the decay of the PSDs is
slower than that of sample A along�11̄0�, smaller correlation
lengths are inferred:a�110��130 nm anda�11̄0��78 nm, with
similar rms heights,��110��0.46 nm and��11̄0��0.42 nm,
respectively. Nevertheless we note that, particularly along
the �11̄0� direction, the fit is not very accurate, even if the
data corresponding to large scattering angles, where the
ARLS signals are weak, are eliminated. This is related to the
Rayleigh limit, because the region over which the scattering
data are available does not permit the retrieval of spatial
frequencies corresponding to details smaller than about half
a wavelength. Thus, the retrieval of correlation functions
with correlation lengths significantly smaller than the wave-
length becomes very difficult; the Gaussian exponential de-
cay predicted by the PSD in Eq.�14� is not observable in
such a case. Actually, the results in Fig. 9�b� could be fitted
to a different PSD, but poor accuracy with respect to the
spatial frequency decay would be obtained whatever its par-
ticular shape. On the other hand, concerning the 2D isotropic
component, good agreement is found�see Fig. 9�c�� with the
PSD in Eq.�12� for aL�3.2 �m and�L�1.4 nm.

All of these features are summarized in Table I, and they
agree quite well with the AFM topographical images shown
in Fig. 3 and the resulting parameters included in Table I.
With regard to sample A, the pseudoperiodicity along the
�110� direction accounts for the large ridges running parallel

to the�11̄0� direction, whereas the Gaussian correlation func-
tion along the latter direction describes the weaker random
fluctuations along the ridges that decorrelate more rapidly.
The weaker crosshatched pattern of sample B predicted from
ARLS is also in agreement with AFM data. Furthermore,
although less relevant for our purposes, our optically re-
trieved PSDs can yield long-range information that is absent
from the AFM image.

B. Presence of oval defects

A similar analysis of crosshatched topography can be
made on other kinds of samples. We have performed such a
study on sample C, consisting of 780 nm of homoepitaxial
GaAs with an extremely high density of randomly distrib-
uted oval defects, with a broad dispersion of lateral size�100
nm�l�8 �m� and height�50 nm�h�1 �m�, as observed
through AFM and Normarsky measurements.

First of all, as described in Sec. III, from AzLS and ARLS
data�Fig. 7� we conclude that there are no quasi-1D rough-
ness components, in spite of the weak anisotropy in scattered
intensity with surface azimuthal angle. So, the surface PSD
consists of a 2D component, which can be directly calculated
through expression�5� with the ARLS data properly normal-
ized by the incident power and the solid angle��s . The
PSD thus obtained is shown in Fig. 10�a�. It can be seen that
the measured light anisotropy does not imply significant dif-

FIG. 10. �a� 2D power spectral density�PSD� for sample C calculated from
the angle-resolved light scattering�ARLS� data at two angles of incidence
shown in Fig. 7�a� �s-polarized incident and scattered light�. ���: PSD cal-
culated from ARLS measurements taken with the�110� direction in � inc ;
���: PSD from the�11̄0� direction.�b� Log–log plot of sample C PSD, fitted
to two straight lines�—�: one of slope���1.5 in the high-spatial-
frequency range and the other of slope���2.1 for low frequencies. Data
from Ref. 20 and their corresponding linear fit�---� have also been plotted
for comparison.
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ferences in the PSD when calculated from the�110� ��,��
and �11̄0� ��,�� directions, confirming again that surface
roughness is nearly isotropic.

As mentioned in Sec. IV A, the integral of the PSD yields
the square of the rms height. In the case of the PSD data in
Fig. 10�a�, this 2D integral gives:�2D�3.9 nm. This value
can be compared to those found in the literature for light
scattering measurements of good-quality GaAs epilayers
grown on GaAs�001�.20,21 This means that, although sample
C presents a huge density of oval defects, most of its surface
area is flat�free of oval defects�, not causing any significant
increase of the LLS signal.

In Fig. 10�b�, we show a log–log plot of the PSD obtained
for this sample with a high density of oval defects. Data
corresponding to the low-frequency part can be fitted to a
linear behavior with a slope���2.1, which is the charac-
teristic behavior of the PSD from GaAs grown under good
growth conditions, as reported in the literature.20,22 Data
from Ref. 20 are plotted in Fig. 10�b� for comparison. How-
ever, for high frequencies the PSD of sample C departs from
this behavior, and the experimental data fit to a straight line
with slope���1.5 on a logarithmic scale.

The latter behavior could be explained by taking into ac-
count the simple model proposed by Maheswari, Kadono,
and Ohtsu12 for a random distribution of structures�oval de-
fects in our case� on a surface. The PSD resulting from this
model is

g�K����ŝ�K��2, �15�

where� is the surface density of defects andŝ is the Fourier
transform of the surface-defect profiles(r). For identical de-
fects, the PSD is thus given by the square modulus of the
Fourier transform of a single defect�proportional to the de-
fect height square�. This function typically decays smoothly
up to a certain spatial frequency, directly related with the
defect lateral dimensions, where the PSD decays abruptly. If
several distributions of defects are present, each with a char-
acteristic defect size and density, the final PSD is obtained
through the sum of the PSD associated with each particular
distribution. In our sample, the oval defects show a broad
dispersion of size and density, which indeed leads through
averaging in Eq.�15� to a decorrelation of the PSD with
respect to that of uniform distribution of defects; the result-
ing PSD consists of a monotonically decaying function with
an abrupt roll-off at the frequency related to the minimum
defect lateral size present on the surface. The decay rate of
the PSD�the slope of the PSD in a linear fit of a log–log
plot�, which in sample C corresponds to a value���1.5,
will depend on each particular distribution of defect sizes
and densities. The spatial frequency where we would expect
a drop of the signal, as related to the defects of 100 nm
�minimum defect size observed in sample C by AFM mea-
surements�, cannot be reached with our experimental setup.

Our results show that the GaAs layer roughness contribu-
tion to the PSD exceeds that of the defects at the low-spatial-
frequency range, dominating PSD behavior. For larger spa-
tial frequencies, a change in the PSD slope is detected, most

likely indicating that the contribution from oval defects then
becomes larger than that from the GaAs layer roughness.
This reveals that, depending on their size and density, the
contribution of oval defects to the PSD extends over a wide
spatial-frequency range available for LLS measurements
with visible light and may even be predominant. Therefore,
care must be taken duringin situ MBE LLS measurements
because the light scattered from oval defects could mask the
signal coming from other types of roughness, which could be
our main interest. A test of AzLS behavior could be helpful
to know the true origin of the scattered light. However, for
good growth conditions and system cleanliness, the density
of oval defects is highly reduced and its contribution to the
PSD could be neglected.

V. SUMMARY AND CONCLUSIONS

In the preceding sections, we have analyzed typical mor-
phologies of epitaxial III–V compound semiconductor lay-
ers, using the polarized laser light scattering�LLS� tech-
nique. In particular, we have studied In0.2Ga0.8As surfaces
with crosshatched morphology, which typically develops
during heteroepitaxial growth of III–V systems with small
lattice mismatch (�0�2%). To study the influence of oval
defects in the scattering pattern produced by different types
of roughness, we have also analyzed a surface with a random
distribution of these features.

From angle-resolved light scattering�ARLS� data, we
have retrieved the power spectral density�PSD� by using a
perturbation-theoretical model that appears to be adequate
for the III–V heteroepitaxial systems under study. The PSDs
thus obtained from data corresponding to boths andp polar-
izations and various angles of incidence exhibit excellent
consistency, thus validating the approximations involved in
the model.

One main conclusion is that the analysis of the PSD pro-
vides quantitative data on surface morphology, which agree
with the AFM results.

We have considered the contribution of the presence of
oval defects to the surface power spectral density. We have
shown that the presence of a high density of oval defects
must be considered, because it could mask the signal coming
from another kind of roughness.

All of these results point out the high potential of LLS for
use as anin situ, real-time technique for monitoring epitaxial
growth processes. These results establish the limitations of
the technique. Although thein situ extraction of the surface
PSD has several geometrical constraints, the time evolution
of scattered light at a fixed angular position together with
AzLS measurements can still yield useful information. On
the one hand, the increase of the scattered light indicates that
the surface is roughening. On the other hand,in situ AzLS
measurements give us key information about the degree of
isotropy of the sample morphology, which is essential to
assess the characteristics of the evolution of the growth front
in real time.

We note the advantages of carrying out LLS experiments
while varying the incident light wavelength,23 as this over-
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comes the geometrical restrictions imposed byin situ mea-
surements and allows us to retrieve the surface PSD, which
is indispensable to obtain quantitative information on surface
roughness. It is also worth mentioning that the use of ultra-
violet light can increase the sensitivity toward high-spatial-
frequency components�constrained by the Rayleigh limit�.
This can be a relevant factor in some cases in which one tries
to detect small features, such as the formation of quantum
dots22 on semiconductor surfaces.
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