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Abstract. A combined method for structural characterization of strained
epitaxial heterostructures involving different techniques such as Rutherford
backscattering spectrometry (RBS), multiple crystal X-ray diffractometry
(MCD) and transmission electron microscopy (TEM) is presented. In order to
obtain a complete characterization of the analysed structure, three different
quantities are measured independently: the epilayer thickness, the density of
misfit dislocations which may appear at the interface, and the significant compo-
nents of the strain tensor, mainly the tetragonal distortion, affecting the epilayer
lattice. In this way the thermodynamic state and the mechanisms of plastic
deformation of the structures can be fully investigated. In this contribution we
present and discuss the experimental results concerning a set of InP/GaAs
samples having different layer thicknesses ranging from 5 to 500 nm. The thick-
ness of the samples has been determined by RBS. Measurements of in-plane
strain and tetragonal distortion have been performed by MCD and RBS-
channelling respectively, finally TEM has been used for determining the defects
densities and distribution.
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Due to the additional degree of freedom for band engineering, semiconductor based
strained-layer structures are very interesting and widely studied [1]. If commensu-
rate structures are grown, the lattice mismatch is accommodated by biaxial strain
in the epilayer plane. This influences both the optical properties and the generation
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of defects which may affect the device performance. For these reasons, a quantitative
understanding and structural characterization of strained-layer based hetero-
structures is important. In particular, InP/GaAs heterojunctions have potential
advantages for the integration of InP-based LASER and detectors operating at
infrared wavelengths with fast GaAs field effect devices [2]. From the structural
point of view, it is particularly interesting to grow binary InP films on GaAs
substrates since a quite complicated mechanism of mismatch accommodation, due
to the high misfit, is involved. The critical thickness for pseudomorphic growth is
reached at few monolayers when the coherency between film and substrate is
broken by the generation of extended defects or by the onset of 3D growth.

In this paper, the use of RBS, MCD and TEM techniques for studying InP/GaAs
single layer heterostructures is presented. As a result we show that the synergy
granted by the use of several complementary techniques is extremely important in
this kind of analysis where the relationship between thermodynamics and kinetics
is still far from being well understood.

Experimental

Growth procedures. The growth system is a home-made conventional low pressure-metal organic
chemical vapour deposition (LP-MOCVD) apparatus with a fast switch gas manifold the details of
which have been described previously [3]. The present atomic layer epitaxy (ALE) growth was
performed by alternately introducing phosphine (PH;) and trimethylindium (TMIn) spaced by an
argon purge step. The use of Ar as carrier gas allows the monolayer saturation (i.e. ALE growth mode)
to occur over a wide range of temperatures (320-360 °C). The growth temperature and the working
pressure were 340 °C and 76 torr respectively. The total flow rate was 7 slpm giving a gas velocity of
about 100 cm/s. Under these conditions InP layers with thickness ranging between 5 and 150 nm have
been grown entirely by ALE on good quality (001) oriented GaAs substrates without depositing any
buffer layer. Mixed ALE and conventional MOCVD and entirely MOCVD samples have been grown
with thickness up to 500 nm.

Structural characterization. Rutherford backscattering spectra have been obtained by using a
2.00 MeV “He* beam at the Laboratori Nazionali di Legnaro (Padova). The scattering angle was
chosen at 120° in order to improve the thickness resolution for thin films. The RBS measurements were
calibrated in solid angle against Ta/Si standard samples whose absolute Ta content is known with an
accuracy better than 2% [4]. The beam charge collection was performed by using the whole scattering
chamber as a Faraday cup, reaching an accuracy better than 1%. A high precision goniometric
sample holder was used to perform the channelling analysis [5]. Three rotation axes allow complete
freedom for orientation of the sample with respect to the beam. Two linear translations allow the beam
spot position to be changed on the sample surface in order to avoid radiation damage accumulation
during the measurements while keeping the analysed point at the intersection of the rotation axes. All
the movements are operated by independent and fully computer controlled stepping motors. One step
corresponds to 0.01° for each rotation axis and the repeatability and overall precision are both 0.01°.

The X-ray diffraction investigations have been performed in a high resolution diffractometer
equipped with a four 220 reflections Ge monochromator. Cu Ka, radiation and the 004 symmetric
reflection have been used to measure the component of the lattice mismatch between the epilayer and
the substrate perpendicular to the interface. In order to reduce the diffuse intensity background, narrow
slits were placed in front of the sample and just before the detector. In this way, very weak Bragg peaks
from very thin layers can be revealed.

The transmission electron microscopy has been performed in an analytical 2000FX JEOL transmis-
sion electron microscope (TEM) with a Scherzer resolution of 3.1 A. Conventional (CTEM) and high
resolution (HREM) investigations have been carried out on (001) plan view and (110) cross section
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Table 1. Structural characterization results for the samples
analysed by the RBS-channelling technique

Sample Thickness
no. Growth (nm) er (107%) ¢, (107%)

82 ALE 20£3 — —

58 ALE 38+3 93+9 (4414
183 MOCVD 301 +6 23+3  —(11%2)
180 ALE + 21743 20+3 -9 +2

MOCVD
176 MOCVD 520+5 2143 —(10%+2)

From left to right: sample identification, growth technique, film
thickness, tetragonal distortion and in-plane strain. The limited
RBS depth resolution does not allow to measure the tetragonal
distortion of sample no. 82 without including the contribution
of the heavily damaged interface layer.

oriented samples respectively. The specimens have been prepared by standard mechanochemical
procedures followed by Ar* and I ion milling [6] in a 600 DUOMILL Gatan system.

Results and Discussion

The thickness of the InP layers was mainly determined by RBS; in some cases the
results have been checked by means of cross section TEM observations. In our data
reduction the experimental spectrum is simulated by a computer code through the
use of trial concentration profiles until agreement with the experimental spectrum,
within the statistics, is obtained [7]. The results are summarised in Table 1.

A guess of the layer thickness to be used in the trial concentration profiles can
be obtained from the experimental spectra either from the energy width, AE, of the
In signal or, in the case of thin epitaxial layers, by measuring the integral under the
In signal and assuming a stoichiometric composition. For a 2 MeV “He* beam and
for a scattering angle of 120° the depth resolution for InP is about 17 nm. For layers
below the depth resolution, the only way for measuring the sample thickness by
RBS is to calculate the integral of the In signal. Figure 1 reports the experimental
spectra together with the corresponding simulations for two different samples: ALE
grown Sample # 82 whose thickness is about 20 nm is compared to MOCVD grown
Sample # 183 whose thickness is about 300 nm. In both cases the best simulation
has been obtained by assuming a quite sharp interface. This means that the layer
structure must be quite continuous and 3D islands are not present.

In the case of ALE grown samples, this result has been confirmed by TEM
investigations of the early stages of growth revealing that even the thinnest sample
is a continuous 5 nm thick layer as can be seen in Fig. 2.

This is not the case for thin MOCVD samples as shown in Fig. 3. Three features
indicate that the layer is not continuous and it must consist of InP islands over the
GaAs substrate. First, the InP signal is considerably lower than expected; secondly,
despite the GaAs substrate should be covered by the InP layer, a tail of the As signal
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Fig. 1. Random RBS spectra
together with the correspond-
ing simulations. Dotted line:
simulation of sample no. 183-
MOCVD (E, = 2.00 MeV, 0 =
170°). Circles: simulation of
sample no. 82-ALE (E, =
2.00 MeV, 0=120°). In both
samples the interface between
the InP film and the GaAs
substrate is sharp
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Fig. 2. (110) Bright field(BF)-zone axis HREM micrograph of an InP/GaAs 5 nm thick epilayer. The
layer is continuous and no island formation is revealed
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Fig. 3. Random RBS spectra
(Eq = 2.00 MeV, 6 = 120°): full
line: MOCVD grown InP/GaAs
layer with nominal 70 nm thick-
ness; broken line: 20 nm thick
ALE grown sample; dots: the
computer simulation of the
ALE grown sample spectrum



Structural Characterization Techniques 435

Fig. 4. Secondary electron microscopy image showing the island formation of the MOCVD growth

reaches the energy edge corresponding to the As surface scattering edge. This is a
clear indication that part of the sample surface is not covered by InP. Finally, it can
be argued that the islands are not uniform in thickness because of the low energy
tail of the In signal. These results are supported by scanning electron microscopy
(SEM) investigations. Figure 4 shows a secondary electron micrograph of the sample
surface, where island formation is evident: the islands are randomly distributed in
size, thickness and shape. In order to be sure that the features of Fig. 4 were actual
InP islands, X-ray fluorescence investigations have been performed inside and
outside the islands. As an example, Fig. 5 reports two of the corresponding energy
dispersive spectrometry spectra. Even though in this case the lateral resolution is
poor, different In and P content between the islands and the uncovered regions can
be detected.

The residual strain has been studied by comparing the results of MCD and
RBS-channelling investigations. Figure 6 reports a typical X-ray diffraction profile
concerning a structure with a layer thickness of 295 nm. The origin of the horizontal
axis is conventionally set at the Bragg angle 6 of the GaAs substrate. The lattice
parameter perpendicular to the interface a ; has been measured by using a symmetric
reflection. Then, the in-plane lattice parameter a; have been calculated in the
framework of the continuum elasticity theory. The results are shown in Fig. 7, where
a; and a; are reported as a function of the layer thickness t; . Caution must be taken
for the data of the lowest thickness layer because of the low intensity and the large
width of the experimental peaks. It can be seen that a lattice relaxation of about
709 occur for t; = 23 nm and for t;, > 300 nm the unit cell of the InP layer is almost
completely relaxed.

Concerning the RBS-channelling analysis, the method used to determine the
lattice distortion is based on a high precision measurement of the absolute angular
position of a set of axial and planar channelling minima [5]. The tetragonal
distortion is obtained by a least squares fitting of all the measured channelling
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Fig. 5. The islands at the surface
of the samples are composed by
InP as it is demonstrated by the
ED spectra taken inside and out-
side the islands

Fig. 6. Typical X-ray experimental
diffraction profile of a 295 nm InP/
GaAs thick layer.

2 Fig.7. Lattice parameter of the epilayer perpen-

dicular and parallel as a function of the layer

minima. If 6 is the angle of a given lattice direction with respect to the surface normal
and A# is the measured angular deviation due to the deformation, the tetragonal
distortion is given by:
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Fig. 8. Measured residual strain as a function of the layer thickness of the whole set of investigated
samples. Different growth are indicated by: O ALE, (] MOCVD, { ALE + MOCVD. A further
distinction is between open symbols and full symbols that correspond to X-ray diffraction multiple
crystal and RBS channelling measurements respectively; solid line: Matthews and Blakeslee equilib-
rium theory prediction

a” N sin 20 ' (1)

For a (001) grown structure, the in-plane strain g, is related to the tetragonal
distortion through the equation:

&t

)
& = -

— (2)
142512

C11
where c,, and c,, are the elastic (stiffness) constants.

The results of this study are summarised in Table 1 and they are reported
in Fig. 8 together with the MCD results and the theoretical predictions of the
equilibrium theory of Matthews and Blakeslee [8]. In order to be compared to
the theoretical curve, the experimental points should be corrected for the residual
thermal strain which is of the order of some 10™% [9] and depends on the growth
temperature. However, apart from this minor correction, we can conclude that the
residual strain as a function of the layer thickness follows quite well the predicted
trend. Moreover, no significant differences among samples grown by different
techniques (ALE, MOCVD or ALE + MOCVD) is observed .

A check of the crystalline quality of the samples has been performed by analysing
the [001] axial channelling spectra both of the epilayers and of a bulk InP substrate.
The normalised yield ratio between the aligned and random spectra () provides
information on the crystal defect profiles.

Figure 9 reports the y values as a function of the layer thickness for a 300 nm and
a 520 nm thick MOCVD grown InP epitaxial layers, together with the y values
for a InP substrate as a reference. It is evident from the figure that the surface quality
of the two films is comparable to the bulk InP, the normalised yields of the layers
being only slightly higher than that of the bulk crystal. On the contrary, in a region
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near to the interface, approximately 50 nm thick, the yield increases abruptly,
indicating the presence of a noticeable concentration of defects, in particular misfit
dislocations (MD), whose nucleation is expected when the layer thickness exceeds
a few monolayers due to the large lattice mismatch between InP and GaAs.

In this respect, the cross sectional TEM observations confirm these results,
indicating that the distribution of the crystal defects across the epilayer is not
uniform [10]. A very large density of MD is observed at the interface. Moreover,
planar defects (PD) such as stacking faults and microtwins, originating at the
interface and propagating along the {111} planes, affect all the investigated layers.
Finally, threading dislocations (TD) have been revealed in specimens thicker than
70 nm. The PD and TD density decreases from the interface region to the top of the
layers due to annihilation reactions. HRTEM investigations showed an average
linear MD density varying from about 8-9 x 10° cm™ in the thinnest sample to
2 x 10% cm™ in the almost completely relaxed thickest layers. These results agree
fairly well with the estimation obtained from the in-plane strain measurements by
assuming that strain is released only by 60° type MD. The nature of the MD was
determined by constructing Burgers circuits on HREM micrographs. In all the
investigated specimens the great majority of MD are of the 60° type even if some
90° type MD were also observed in the thickest layers [11].

On the basis of the above results we can conclude that, as far as strain relaxation
is concerned, the behaviour of the investigated samples is independent of the growth
conditions (i.e. ALE, ALE + MOCVD, MOCVD). On the other hand, TEM investi-
gations have revealed a reduction of the PD density in the mixed ALE + MOCVD
samples (Fig. 10a) with respect to the totally ALE grown layers (Fig. 10b), most
likely as a consequence of the higher growth temperature. This fact confirms the
previous result [11] that planar defects seem to play no significant role in the strain
release process.

Conclusions

A set of InP/GaAs samples grown by ALE and MOCVD have been analysed by
different structural techniques. While ALE gives rise to layer by layer 2D epitaxy,
MOCYVD growth begins with island formation and layer by layer growth is restored
above a 2D-3D “transition” thickness. For larger thicknesses, strain relaxation
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Fig, 10. Typical PD distribution in an ALE + MOCVD grown InP layer (a) compared with a totally
ALE grown sample (b). The PD density reduction is apparent

seems to be independent of the growth technique and agrees quite well with the
predictions of the thermodynamic equilibrium theories. It is worth noting that this
behaviour is quite different with respect to other systems, grown on the same
substrate, such as for instance InGaAs/GaAs [12] where strain relaxation occurs
at a lower rate with increasing film thickness. Different growth kinetics together
with the existence of additional degrees of freedom for mismatch accommodation in
ternary layers may explain this different behaviour. Work is in progress in order to
extend the analysis to other materials and mismatch regimes.
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