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Lateral patterning of a tensily strained InGaP stressor layer is used to induce a lateral carrier confinement
in an InGaAs-single quantum well (SQW) by lateral strain modulation. It is shown that the value of the
induced strain can be influenced by the geometry of the patterned structure. Finite element calculations
(FEM) of the strain distribution predict a maximum value of strain for a nearly triangular structure, whereas
the strain variation decreases with the valley width of a trapezoidal structure. Samples with different
stressor geometry were prepared by holographic photolithography and subsequent wet chemical etching.
The optical properties were studied by 10 K photoluminescence (PL). The largest wavelength shift was
observed for the sample with the triangular structure confirming the predictions of FEM calculations.

Introduction The problem of lateral confinement attracted much interest in recent years, since device
parameters can be altered by an additional degree of freedom. To achieve a lateral carrier confinement,
different concepts have been used like self-organized growth of three-dimensional islands [1] or lateral
etching through a quantum well (QW) structure followed by subsequent regrowth [2]. Another way to
obtain it is to influence the lateral band structure of a QW by a lateral modulation of strain, which is
realized by lateral patterning of a stressor layer [3].

In our previous studies [4, 5] we have shown that a lateral carrier confinement inside an InGaAs-
single quantum well (SQW) is achieved by lateral patterning of an InGaP stressor layer grown on top of
it. The lateral strain modulation which penetrates into the InGaAs-SQW is caused by the lattice relaxa-
tion at the free InGaP surfaces and gives rise to a periodic change of the lateral band structure. The sign
of the strain in the stressor layer, i.e. positive (tensile strain) or negative (compressive strain) defines the
photoluminescence (PL) peak shift of the QW emission after patterning compared to the unpatterned
sample. For this experiment we used the same absolute amount of strain in the InGaP stressor layer, i.e.
0.3% and the same geometry of patterning. We obtained a blue shift of the PL. wavelength of the
InGaAs-QW for compressive strain in the stressor layer and a red shift for the tensily strained stressor.
However, the wavelength shift was only about 10 meV compared to the unpatterned sample. In order to
increase the PL. wavelength shift, in this paper we report on the influence of the patterning geometry of
the stressor layer, i.e. the ridge to valley ratio, on the strain distribution and the optical properties of the
SQW.
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Information about the two-dimensional strain distribution is obtained theoretically by finite element
calculations (FEM) and experimentally by grazing incidence X-ray diffraction (GID). The optical prop-
erties of the InGaAs-SQWs are studied by 10 K photoluminescence (PL).

Experimental The samples were grown by low pressure metalorganic vapour phase epitaxy (MOVPE)
at 600 °C on exactly oriented (001) GaAs substrates. The common precursors trimethylindium (TMIn),
trimethylgallium (TMGa), arsine and phosphine were used. After deposition of a 100 nm thick GaAs
buffer layer the 10 nm thick In,Ga, ,As-SQW with x=0.16 (¢ = —1.14%) was grown followed by a
10 nm thick GaAs layer which serves as barrier and etch stop layer. After this the 120 nm thick tensily
strained (& = 0.3%) InGaP stressor layer and the 10 nm thick GaAs cap layer were grown. The vertical
layer sequence was checked by high resolution X-ray diffraction (HRXRD) using a Philips MRD. The
experimental rocking curves were fitted with the SmoothFit program confirming the target values.

The preparation of the lateral pattern was done by holographic photolithography using a positive
photoresist followed by subsequent wet chemical etching. Details are described elsewhere [6]. By wet
chemical etching a trapezoidal surface grating with nearly {111} sidewalls and a period of either 1000 or
500 nm is produced. Ridges and valleys run parallel to the [1—10] direction. In the valleys the InGaP was
completely removed down to the GaAs etch stop layer. By varying the exposure contrast, the etching
time and the grating period different valley widths ranging from 240 nm down to O (triangular shape)
could be achieved.

PL spectra were recorded at 10 K by using a HeNe laser with an incident power of 4 mW as excitation
source. The laser spot was focused down to a diameter of 0.2 mm. For the detection of the spectra a 1 m
monochromator and a photomultiplier tube were used. To study the temperature dependence of the spec-
tra the sample temperature was increased in steps of 10 K up to 150 K.

To characterize the depth distribution of the strain in the structure we used the grazing incidence
X-ray diffraction (GID) method [7]. The measurements were carried out at beamline ID 10B at the Euro-
pean Synchrotron Radiation Facility (ESRF) in Grenoble using a monochromized X-ray beam with a
wavelength of 0.1548 nm. Scans were performed in reciprocal space using a coordinate system rotated
by 45 degrees around the [001] surface normal compared to the usual cubic coordinate system. By using
a Si-analyzer in front of the detector a resolution in reciprocal space of better than 2 x 10~* nm™' could
be achieved. Scans measured at the (200) reflection (equivalent to (220) reflection in cubic coordinates)
are sensitive to in-plane strains in our structure. The depth information about the strain is obtained by
varying the incidence angle ¢; of the incoming X-ray-beam. By this method the change in the in-plane
lattice parameter qy, i.e., the so-called total strain & is measured.

Results and discussion In Fig. 1 scanning electron microscopy (SEM) pictures of the cleaved edges of
two typical samples are shown. It is seen, that nearly {111} sidewalls could be achieved. Inside the
valleys the etch process stopped at the GaAs etch stop layer. That was confirmed by transmission elec-
tron microscopy investigations and means, that also inside the valleys still a barrier exists for the carriers
that are introduced into the InGaAs-QW.
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Fig. 1 SEM pictures of surface gratings with a period of 1000 nm for sample 1 (left-hand side, valley
width = 240 nm) and sample 2 (right-hand side, valley width = 95 nm).
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For the theoretical prediction of the strain distribution from the geometrical sample parameters (verti-
cal layer structure as well as lateral geometry of the surface grating) of the samples we used FEM calcu-
lations. In Fig. 2a typical map of the total strain distribution &, is shown. Orange colour is attributed to
tensile strain, whereas blue colour represents compressive strain. Violet colour corresponds to zero strain
(mainly seen in the substrate). The positions of the InGaAs-QW and the GaAs etch stop layer are indi-
cated. The calculation is done for 500 nm grating period. Beneath the valley a tensily strained region is
seen that penetrates also into the substrate. The blue colour in the InGaP region indicates some small
compressive strain caused by the relaxation at the free surfaces. For a 1000 nm grating period this com-
pressive strain vanishes in the middle of the ridge, but for a 500 nm period an overlap of the strain fields
for adjacent ridges takes place. By reducing the grating period further this overlap becomes stronger and
therefore the absolute value of the tensile strain beneath the valleys becomes smaller.

Results of the GID measurements for samples 1 and 2 are presented in Fig. 3. In all scans shown in
Fig. 3 intensity oscillations with a high frequency are observed caused by the one-dimensional lattice of
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Fig. 3 (online colour at: www.interscience.wiley.com) GID-scans for different ¢4 values at (200) reflec-
tion for sample 1 (left-hand side) and sample 2 (right-hand side).
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Table 1 Strain values obtained from GID-scans.

sample  valley width (nm) ¢! g’ w (nm)
1 240 0.15% -0.12% 195
2 95 0.31% -0.10% 76

the surface grating. From the difference of the H-values of two neighbouring oscillations the grating
period can be calculated (in this case 1000 nm). For sample 1 the shape of the intensity pattern changes
significantly with the incidence angle ¢;. For ¢; = 0.07° the X-ray beam penetrates only about 10 nm into
the sample. Thus from this scan information is obtained mainly about the GaAs cap layer. If there was no
in-plane lattice parameter change compared to the GaAs substrate, the intensity maximum should be
located at H = 2.0. But the intensity maximum is shifted to a higher H value indicating a smaller in-plane
lattice constant compared to GaAs. This can be caused by the fact, that the material near the free InGaP
sidewalls of the ridges can relax to its own lattice parameter. Since the InGaP was pseudomorphically
tensily strained, its free lattice constant is smaller than GaAs. That means, here we measure the in-plane
lattice constant of the relaxed part of the former tensily strained InGaP, which is also induced into the
thin GaAs cap layer. For larger ¢, i.e. increasing penetration depth, the relaxed region near the surface
always contributes to the signal. Thus, in all scans a local intensity maximum appears at the same value
H > 2. For a;, > 0.35° a second local intensity maximum appears on the left hand side (H < 2). The in-
formation depth approaches the region of the InGaAs-QW. Since the in-plane lattice parameter ay; in this
case is larger than for GaAs, the additional maximum is caused by tensile strain near the QW. We relate
this feature to the tensily strained region beneath the valley predicted from the FEM calculations (see
Fig. 2).

The H-scans for sample 2 show similar behaviour. At ¢; > 0.35° the same two local intensity maxima
can be seen, but the intensity of the one located at H < 2 is much larger and the H-value difference to
H = 2 is smaller compared to sample 1. Additionally this local intensity maximum is accompanied by
side maxima similar to thickness fringes in rocking curves. This seems to be a measure for the width of
the strained region. Since the only difference between the two samples is the ridge/valley ratio, it can be
concluded, that the tensily strained region near the InGaAs-QW is larger for sample 2, but the strain is
smaller. In Table 1 for both samples the strain values and the width of the strained region w, calculated
from the H-values, are listed.
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Fig. 4 (online colour at: Fig. 5 Nearly triangular structure with 500 nm
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due to lateral strain.
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Fig. 6 (online colour at: www.interscience.wiley.com)
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913.25 nm It is seen, that g,‘, which is attributed to the
region beneath the valley, differs significantly
indicating a strong strain dependence on the valley
width (or ridge/valley-ratio), whereas &2 is almost
identical. Since material and pseudomorphic strain
in the InGaP are identical for both samples, the
relaxation on the free InGaP sidewalls leads to a
similar lattice constant ay,.

From the FEM strain distribution the lateral band structure can be calculated [4, 5]. The results for
different valley widths are shown in Fig. 4. For the given vertical layer sequence the highest band edge
shift of 25 nm is obtained for a valley width of 10 nm.

Using this prediction we tried to prepare a nearly triangular structure. This could be realized only for a
grating period of 500 nm (sample 3, Fig. 5). For sample 3 from GID measurements &,' = 0.5% was de-
termined being considerably higher than for samples 1 and 2. All three samples were measured by 10 K
PL. The wavelength shift compared to the unpatterned sample amounts to 8, 12 and 22 meV for samples
1, 2 and 3, respectively (Fig. 6). This results are in excellent agreement with the predictions from band
structure calculations. For sample 3 the temperature dependence of the wavelength shift was studied. The
wavelength shift becomes smaller at higher temperatures, but the effect can be observed up to 150 K.
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Conclusions It could be shown that the lateral geometry of the surface grating which is etched into an
InGaP stressor layer on top of an InGaAs-QW has a large influence on the three dimensional strain dis-
tribution. From FEM calculations of the strain distribution an optimal lateral geometry, namely a nearly
triangular structure, was found. The calculated strain values for the different geometries were verified by
GID measurements. The predictions from band structure calculations on the basis of the strain distribu-
tion agree very well with the experimentally obtained PL results. This approach can be used for further
optimisation of the vertical and lateral sample geometry in order to obtain a wavelength shift even larger
than the 22 meV observed for this series of samples.
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