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The resonant response of the complex x-ray scattering factor has been used in conjunction with the
coherent Bragg rod analysis phase-retrieval algorithm to determine the composition and strain
profiles of ultrathin layers of GaAs grown on InGaAs buffers. The buffer layers are nominally
latticed matched with the InP substrate and the subsequent GaAs growth is compared at two
different temperatures: 480 and 520 °C. We show that electron density maps extracted from Bragg
rod scans measured close to the Ga and As K-edges can be used to deconvolute roughness and
intermixing. It is found that indium incorporation and roughening lead to a significant reduction of
the strain in this system. © 2008 American Institute of Physics. [DOI: 10.1063/1.2975835]

Lattice mismatch strain is ubiquitous in heteroepitaxial
semiconductor systems with many benefits but also technical
challenges for device applications.l Processes such as island
formation and interdiffusion leading to the relaxation of
strain may result in considerable compositional and morpho-
logical modifications. A typical example is the formation of
self-assembled quantum dot structures.

X-ray probes are an excellent tool for characterizing
these systems: they are nondestructive and have a high pen-
etration power for studying buried structures and interfaces.
Morever, the ability to tune x-ray energies at synchrotron
sources also enables element specificity for quantitative stud-
ies of intermixing in self-assembled coherently strained
systems.zf5

In this letter, we present results from an x-ray technique
that combines the energy dependence of the atomic scatter-
ing factor and the subangstrom resolution of atomic species
obtained from the recently developed model-independent co-
herent Bragg rod analysis (COBRA) (Ref. 6) phase-retrieval
algorithm. We have used this approach to study in fine detail
the vertical composition and strain profiles of ultrathin GaAs
layers on an InGaAs buffer lattice matched with InP. This is
a moderately strained system in which strain relaxation is
accompanied by roughening of the surface.”™ For a complete
determination of the structural relaxation mechanisms a de-
tailed study of the strain and chemical composition of these
roughened films is essential.

COBRA has been applied successfully to provide
subangstrom-resolution information on several epitaxial
systemslo’11 with in-plane periodicity and out-of-plane aperi-
odicity. The structure of such a system can be determined
from complex scattering factors (CSFs) measured along
substrate-defined Bragg rods. The measured x-ray intensity
provides the amplitude of the CSF but not the phase. The
COBRA method is used to retrieve the phase information.
The Fourier transform of the COBRA-determined CSFs pro-
vides a three-dimensional electron density (ED) distribution
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function for the system with Gaussian-like peaks represent-
ing atomic sites. The structure of the system can be deter-
mined from the positions of the ED peaks with subangstrom
resolution. The volume integral of these peaks is propor-
tional to the x-ray energy-dependent effective EDs of the
atomic species occupying those positions. A normalization
factor is usually obtained relative to the ED peaks deep in-
side the substrate where there are no deviations from the
nominal bulk structure to determine the chemical distribution
in the system.

In the vicinity of the interfaces and close to the top sur-
face where the composition and coverage may not be known
a priori, it is a nontrivial matter to determine which elements
contribute to the ED peak and what their relative fractions
are. To resolve this ambiguity, we compare COBRA-
determined ED maps measured at different x-ray energies
corresponding to absorption edges of one or more of the
specific atomic species comprising the ED peaks. For the
case of the GaAs/InGaAs/InP system described here, we
performed Bragg rod measurements close to and well above
the Ga K-edge. The effective scattering power for Ga varies
by about 20% across the Ga K-edge. The difference in the
energy-dependent ED maps permits an accurate determina-
tion of the relative concentrations of Ga and In as a function
of the distance from the interface, independent of the effects
of incomplete monolayer (ML) coverage. This makes the
resonant-COBRA technique particularly suitable for alloy
systems exhibiting significant compositional intermixing and
interfacial/surface roughness. Here, we report on the obser-
vation from the vertical concentration profiles that, on depo-
sition of two MLs of GaAs on the InGaAs buffer, an inter-
play between In alloying and surface coarsening leads to a
significant reduction of strain.

The samples were grown using solid-source molecular
beam epitaxy using As,. The composition, deposition rate
(Rg,) and As flux (F,,) were calibrated using reflection high
energy electron diffraction oscillations, and the growth tem-
perature was measured using an optical pyrometer.9
Injy 53Gag 47As  buffers were grown lattice matched to
InP(001) substrates at 480 °C, followed by the growth of
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FIG. 1. STM images for 2 ML thick GaAs films on lattice-matched
Ing 53Gag 47As/InP grown at (a) 480 and (b) 520° C (Ref. 9).

two MLs of GaAs at either 480 °C (Rg,=0.05 ML/s, Fa
=1.5 ML/s) or 520 °C (Rg,=0.20 ML/s, Fy,=1.5 ML/s).
For the latter film, the buffer was heated to the desired tem-
perature over 5 min under an As, flux prior to the deposition
of the film.

A detailed analysis of the sample growth and morpho-
logical evolution of tensile-strained GaAs films on
InGaAs/InP has been recently described.” The rms rough-
ness of these strained films increases with increasing growth
temperature from 0.17 nm at 480 °C to 0.35 nm at 520 °C.
At 480 °C [Fig. 1(a)] the surface exhibits two-dimensional
islands in addition to a terrace structure similar to that of the
buffer. At 520 °C [Fig. 1(b)], the terrace structure is ob-
scured and the morphology consists of narrow mesas and
troughs. The roughening of these films has been attributed to
an increase in the group-III adatom population due to the
desorption of As from the surface.’

Surface diffraction experiments were carried out at the
Materials Science beamline at the Swiss Light Source, Paul
Scherrer Institut, Switzerland. For each sample, 12
symmetry-inequivalent rods and four equivalent rods were
obtained at 10.365 and 11.865 keV, with an energy reso-
lution dE/E=10"%. The energies were selected to be 2 eV
below the Ga and As absorption edges, respectively, to take
advantage of the anomalous dispersion of the respective
atomic structure factors with x-ray energy. Diffraction inten-
sities were recorded using a Pilatus 100K pixel detector with
appropriate energy threshold settings to supPress the detec-
tion of fluorescent photons from the sample. 2 Samples were
placed in an evacuated chamber with a beryllium window
during data collection to prevent oxidation. The angle of in-
cidence of the incoming beam was fixed close to the InGaAs
critical angle to eliminate the contribution of the InP sub-
strate to the diffraction intensity.

For both samples measured, an ED map was obtained at
each of the selected energies using COBRA. The differences
in the ED maps were used to determine, quantitatively, the
composition of the two systems.

Each layer in the system can be expressed as In,Ga,As;
where x and y are the respective fractional contributions of
In and Ga, and f;, is the fractional occupancy of that layer. At
each energy, the vertical profile of f, can be obtained by
directly normalizing the COBRA-derived As ED peaks to the
expected effective number of electrons for As at the respec-
tive energy. For each sample, we find that f, calculated both
at the Ga and As edges are equivalent, indicating that there is
no intermixing between the group-III and group-V sublat-
tices, i.e., there is an insignificant density of antisite defects.
We compare f, extracted from the scanning transmission mi-
croscopy (STM) images in Fig. 1 with f. obtained indepen-
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FIG. 2. (Color online) COBRA-determined vertical fractional occupancy, Sos
profiles for a 2 ML GaAs/InGaAs system grown at (a) 480 and (b) 520 °C.
Occupancy profiles extracted from STM images in Fig. 1 are shown for
comparison. Note that z=0 is the nominal position of the interface.

dently by COBRA for the samples grown at 480 °C [Fig.
2(a)] and 520 °C [Fig. 2(b)]. The regions with f,<<1 corre-
spond to roughness at the film surface. The profiles deter-
mined by STM and COBRA are in good agreement, with any
differences attributed to the different effective probe areas,
and to the fact that the topmost layers with low occupancy
observed by STM contribute little to the x-ray intensities.

The results obtained by COBRA are averaged layer-by-
layer over the coherence length of the x-ray beam, which is
on the order of 500 nm. Thus, the analysis is not sensitive to
lateral variations in composition and lattice spacing. How-
ever, we may assume in-plane uniformity in composition and
lattice spacing in interpreting the observed structure of the
system since excellent film/buffer registry is expected for
ultrathin films.

The amount of In and Ga in each layer is determined as
follows. For each group-III layer comprising both In and Ga,
let 7)o and T, be the total ED for that layer obtained from
COBRA at 10.365 and 11.865 keV, respectively. We can
now separate x and y at the two energies as follows:

Tyo=xIn;y + yGa, (1)

Ty, =xIn;; + yGayy, (2)

where the subscripts 10(11) refer to the corresponding
atomic scattering factors for In and Ga at 10.365 keV
(11.865 keV). It is straightforward to solve algebraically for
x and y.

The film composition profiles shown in Fig. 3 for 480
and 520 °C are obtained by normalizing x and y to the
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FIG. 3. (Color online) In and Ga composition profiles for the nominal 2 ML
GaAs/InGaAs system grown at 480 and 520 °C determined using resonant
COBRA.
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FIG. 4. (Color online) COBRA-determined (a) In content profiles and (b)
in-plane strain profiles for the nominal 2 ML GaAs/InGaAs system grown
at 480° and 520 °C. In-incorporation into the nominal GaAs film effectively
reduces the film/buffer mismatch strain.

COBRA-determined values for f, for the two growth tem-
peratures. The composition deep in the buffer for both
samples is Ing 53Gag 47AS as expected; however, both samples
show significant In-incorporation into the nominal GaAs
film. The In composition of the films at both growth tem-
peratures in Fig. 3 is about 40% near the film/buffer interface
and close to 20% at the surface.

The In content, x, as a function of depth is compared for
the two growth temperatures in Fig. 4(a). By integrating the
In content for the two samples, we observe that the 520 °C
sample contains a net 0.19 ML less In than does the 480 °C
sample, indicative of enhanced In desorption at 520 °C. Us-
ing the previously reported13 Arrhenius-type dependence of
the desorption rate, we can estimate the amount of In des-
orbed at 480 and 520 °C. For a prefactor v=2.6X 103 57!
and desorption activation energy Ep=2.57 eV," the calcu-
lated amount of In desorbed at 480 °C is 0.03 ML, and 0.2
ML at 520 °C, consistent with our experimental values.

Accounting for the Poisson ratio of InGaAs, we can es-
timate the strain in each ML, based on the measured compo-
sition and out-of-plane lattice spacing, assuming heteroepi-
taxial growth. Figure 4(b) shows profiles of the in-plane
strain at the two growth temperatures. The strain is zero deep
in the buffer, as expected. Both films are in tension with the
strain gradient being more gradual for the 520 °C sample
with a maximum strain of 0.68% compared with 1.01% for
the 480 °C sample. Note that, in the absence of In-
incorporation, a much larger strain (3.7%) is expected based
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on the nominal lattice mismatch between the buffer and
GaAs.

An In-rich surface has been shown previously to arise
during the growth of InGaAs due to In surface segregation.14
During the subsequent growth of the GaAs film, the results
in Fig. 4 show that In-incorporation from the InGaAs surface
into the film drastically reduces the mismatch strain from
3.7% to less than 1.0% by expanding the unit cell size. In-
incorporation into the film is highest closest to the interface,
leading to the depletion of the buffer surface. This causes the
observed strain in the buffer and a greater relaxation of misfit
strain at the interface than at the film surface. Further relax-
ation occurs at the surface for higher film growth tempera-
tures due to roughening.

The technique presented here provides valuable informa-
tion about the chemical composition and distribution
of strain in ultrathin films of tensile-strained GaAs/
Ing 53Gag 47As for two growth temperatures. In-incorporation
into the film serves as an effective mechanism for strain re-
laxation in this system.
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