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Comprehensive investigation of
emission homogeneity of InGaAs
multiple quantum wells using
spatially resolved spectroscopy

Andrea Zelioli™, Aivaras Spokas?, Bronislovas Cechavicius', Martynas Talaikis?,
Sandra Stanionyté?, Virginijus Bukauskas!, Augustas Vaitkevi¢ius'-2, Aurimas Cerskus?,
Piotr Wojnar?, Vitaly Deibuk*, Evelina Dudutiené! & Renata Butkuté2**

In this study the emission homogeneity of InGaAs multiple quantum wells (MQW) was investigated.
Two sets of samples grown by molecular beam epitaxy, with varying In content and QW thickness

as well as barrier thickness, were mapped using room temperature photoluminescence and micro-
photoluminescence. The result showed that increasing In content leads to a higher stress accumulation
which can lead to the formation of a denser net of lattice mismatch dislocations in the QW layer.
Samples with optimized barrier design exhibit uniform emission intensity.

Semiconductorlasersareaclassof devicesin which thelightis generated via stimulated emission in asemiconductor
gain media. They are employed in various applications due to the small device size, monochromaticity, high light
density, and coherence.

The vertical-cavity surface-emitting laser (VCSEL) is a type of semiconductor laser, in which a gain medium
is encapsulated between two distributed Bragg reflectors (DBRs), and light is emitted from the device surface.
VCSELSs are electrically pumped; because of it the DBRs need to be doped to act as contact layers. The need for
contacts on the same surface, from which light is emitted, limits the emission area of the final device, and leads
to technological difficulties in the growth.

To overcome this limitation, the vertical-external-cavity surface-emitting-laser (VECSEL) gain chip, in which
the upper DBR is substituted by an external coupler, was developed. The external cavity geometry is suitable for
optical pumping, and grants access to the laser cavity for the insertion of intracavity elements such as saturable
absorber for mode locking!, nonlinear crystals for frequency doubling® or multiple VECSEL chips increasing
output power while keeping high beam quality’~>. Another more key feature of VECSEL is the output power
scalability. VECSELSs have been demonstrated with output power from 0.5 W® up to 106 W’ without sacrificing
beam quality. This power scalability comes from the possibility of increasing the pump power on the VECSEL
chip by increasing the surface that is pumped.

Lasers generating 976 nm light find applications both as a pumping source for erbium doped fiber, and for the
generation of 488 nm light via second harmonic generation (SHG)®. In the case of 976 nm wavelength VECSEL
the maximum output power recorded was 20 mW?°. The limiting factor was the pumping area; lasing was not
observed for areas with diameter greater than 50pum. The demonstrated pumping area is consistent with other
published results'®!!,

Different combinations of materials can be used to fabricate the DBR and the multiple quantum wells
(MQW). For VECSEL with 976 nm emission, AlAs and GaAs for the DBR growth and InGaAs/GaAs for the
MQWs are most often used.

To maximize the output power density of the device it is necessary to suppress In segregation, and avoid the
formation of dislocations in the QW structure. In the active area, it is necessary to grow quantum wells with
very defined In content and quantum well width to be able to select the correct emission wavelength. It was
demonstrated that high substrate temperature during molecular beam epitaxy (MBE) growth has a strong effect
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on In segregation to the surface of the QW layer, this in turn has been shown to affect shape and energy of the
photoluminescence (PL) spectrum!?-14,

The main focus of the investigation of InGaAs MQWs in the last five years is on the improvement of quantum
confinement using AlGaAs barrier!>!6, micro-characterization of optical properties of nanoscale structures such
as nanospades'” and studies on the improvement of quality structures in low temperature growth conditions and
high strain structures!'$-2.

Indium segregation can be suppressed via kinetic limitation, either by limiting the As overpressure or by
growing the sample at lower substrate temperatures®!. However, both approaches lead to a lower crystalline
quality and weaker PL intensity'2 The lower growth rate (400 nm/h) has also been shown to lead to sharper
interfaces between the QW and barrier layers, enhancing the optical efficiency of the structure?>2*,

In Fitzgerald et al.* it was demonstrated that lattice dislocations act as non-radiative recombination centers;
they lead to a drop in PL emission intensity and result in the presence of a net of reduced PL intensity. The
presence of these non-radiative recombination centers affects the emitters in two main ways: it reduces the
overall efficiency of the gain chip, decreasing the output power and leads to the generation of localized heat in
the device?.

To avoid lattice dislocations, strain compensation is usually used. In particular InGaAs/GaAs QWs can be
compensated by GaAsP layers placed at the nodes of the optical field of the VECSEL**?’. Another possible
solution is to use the so called diluted nitrides; this approach consists in alloying low nitrogen content,
typically less than 2 %, in the InGaAs QWs, reducing the In content needed to obtain an emission at the same
wavelength, with the net effect of reducing the lattice mismatch?®-3!. The main drawback of this method is that
the incorporation of nitrogen generally leads to the formation of point defects. Therefore, the use of designs that
do not require to employ strain balancing strategies is highly desirable.

This work is focused on optimization of the MBE growth process for application of InGaAs QWs separated
by GaAs barriers in VECSEL active area emitting at 976 nm. Both QW thickness and In content were varied to
achieve the target emission wavelength. Investigations were performed for large areas using room temperature
photoluminescence (RTPL) and micro-photoluminescence (p-PL), in order to determine the influence of the
composition of the QW and the barrier design on the optical quality of the heterostructures.

Methods

Growth of InGaAs/GaAs multiple QW

Two types of structure were grown. Both comprised of 12 InGaAs QWs, in Fig. 1(a) the first type of structure,
type A, all the QWs are separated by GaAs barriers of 7 nm.

In Fig. 1(b) the second type of structure, type B, is represented. Six pairs of QWSs separated by thick barriers.
This structure was used to mimic the final VECSEL chip. To maximize the coupling between the laser mode and
the QWs, the barrier thickness was calculated for a couple of QW placed at the antinodes of the optical field.

The thickness can be determined by requiring that the sum of the optical thicknesses of the thick barrier, one
QW, and half the of the thin barrier, equals half the target wavelength. This condition can be mathematically
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Fig. 1. Two types of MQWs structures grown and investigated in this work. (a) type A structure comprised of
12 InGaAs QWs with 7 nm thick GaAs barriers, d w varied from 4.6 nm to 6.6 nm, and the In content from
18.3 % to 25.6 %. (b) type B structure in which 6 palrs of InGaAs QWs were grown with alternating GaAs
barriers of 7 nm and 119 nm thicknesses, d w Was 4 nm, and the In content 24 %. Thicknesses are not in scale.
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expressed as shown in Equation 1. In which dgasr.2 is the thickness of the thick barrier, dgarr.1 is the thin
barrier thickness and dqw is the QW thickness, while ngaas and nincaas are the refractive indices of GaAs
and InGaAs. For a VECSEL operating at 976 nm with 4 nm QWs and In content of 24% the calculated value of
thickness for dgarr.2 is 119 nm.

opt
dBarr.2 A— 2dBarr.1 *NGaAs — 4dQW * NInGaAs (1)
dBaer = =
NGaAs 2nGaas

Moreover, the design with couple of quantum wells makes the gain region more compact, while maintaining the
same number of QWs. It has been demonstrated that 7 nm GaAs barrier allows for QW confinement®?, so the
thickness of 7 nm for the thin barriers was selected.

To vary the thickness and In content, the strain in the QWs layer was evaluated. The lattice constants of GaAs
and In Ga,  Asare 5.6531 A and (6.0583-0.405(1 — x)) A respectively. Thus, the lattice mismatch between GaAs
and InGaAs with 18 % of In is around 1.5 %, using this value and design values for the structure, the excess strain
obtained was f = 0.45 meaning that the presence of lattice mismatch dislocations, or misfit dislocations can be
expected in our samples*.

All the samples were grown using a solid source MBE system (Veeco GENxplor R & D) equipped with
standard cells for metallic In, Ga and unique design of the As source, generating pure arsenic dimers flux.

The samples were grown on quarters of semi-insulating GaAs wafers. Before the growth the substrate was
out-gassed at a temperature of 700°C while supplying As overpressure until a clear 2 x 4 reconstruction pattern
becomes visible.

A 100 nm GaAs buffer layer was then grown at a substrate temperature of 650°C in order to ensure high
surface smoothness. The substrate temperature was reduced to 580° C for growth. The temperature was
measured via a thermocouple positioned between the heater and the sample, from previous calibrations of
the thermocouple by comparison with the temperature measured by BandiT in our system the real substrate
temperature during growth is 50° C lower than what indicated by the thermocouple setting. Growth rates of
720 nm/h for GaAs and in the range of (790-940) nm/h for InGaAs were used, during the growth of InGaAs the
beam equivalent pressure ratio between As and Ga used was 11, while the ratio between As and In was 12. These
values were calibrated in our setup from previous works to obtain high quality InGaAs layers. Finally, a 20 nm
GaAs cap layer was grown on top of every sample.

To evaluate the QW thickness, In content and emission energy, X-ray diffraction (XRD) and RTPL spectra
have been acquired for every sample. The results obtained are reported in Tables 1.

The samples were named based on the type of structure grown and the In content in the QWs. For the type A
structure the In content varied from 18.3 % to 25.6 % and the QW thickness was in the range (6.6-4.2) nm. While
for the type B structure an optimized ratio was used, the indium content was 24 % and QW thickness of 4.1 nm.

Indium content in the quantum wells was controlled by changing the ratio between Ga and In flux. The
growth rate of the different compounds was measured by monitoring the intensity oscillations of the in — situ
reflection high-energy electron diffraction (RHEED). The observation of the RHEED pattern during the growth
allows to evaluate the crystalline quality of the layers via reconstruction.

Characterization
RTPL mappings were carried out using a diode-pumped solid-state laser emitting at the wavelength of 532 nm
with the intensity reaching ~ 5 kW/cm? and spot size on the sample & 50 pm. The detecting system is composed
of a 420 nm focal length monochromator, along with thermoelectric cooled InGaAs photodetector. The scanning
was performed by a mounting the samples on a motorized xy linear stages (8MT175-100) with a resolution of
0.31 um. The step size used for the mapping was 0.2 mm.

u-PL measurements were performed using a Witec 300S microscopy system. A CW laser diode, emitting at
665 nm (Integrated Optics) was used as the excitation source. The laser beam was focused on the sample by a
100x objective lens with a numerical aperture of 0.9. Photoluminescence from the sample was collected by the
same objective lens. The PL signal was then directed to a Andor Shamrock spectrometer coupled with a Andor
iGus InGaAs camera, which is a thermoelectrically cooled detector.

In content | Quantum wells | Barrier 1 Barrier 2 Emission Emission

Sample | Series | (%) thickness (nm) | thickness (nm) | thickness (nm) | energy (eV) | wavelength (nm)
Ax0183 |1 18.3+0.2 6.6+0.1 7.0+0.1 - 1.277 971

Ax0225 |1 22.5+0.2 4.6+0.1 7.1+0.1 - 1.274 973

Ax0232 |1 23.2+0.2 5.0+0.1 7.1£0.1 - 1.263 981

Ax0256 |1 25.6£0.2 5.0+0.1 7.0+0.1 - 1.237 1002

Ax0241 |2 24.11£0.2 4.240.1 7.3+0.1 - 1.276 971

Bx0240 | 2 24.0£0.2 4.1£0.1 7.3+0.1 119.0+0.1 1.275 972

Table 1. Parameters and optical characteristics of the samples used for discussion in this work. In content in
the QW, QW thickness and barrier thickness have been evaluated via XRD measurements. The peak energy
and wavelength are taken from the photoluminescence spectra. The letter in the sample name refers to the type
of structure grown, while the number represents the In content in the QWs.
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Results and discussion
The first series of samples was grown with type A structure, in aims to optimize the In content and thickness of
the QWs for an emission of 976 nm.

From the first series of samples four have been selected for discussion. These have been grown with an In
content varying from 18 % up to 25.6 % and a QW thickness in between 4.6 nm to 6.6 nm. The barrier thickness
was kept at 7 nm. The emission wavelength obtained varied from 971 nm to 1002 nm. In the first four rows of
Table 1 the results of the measurements are reported.

To evaluate the homogeneity of the emission from the QWs the intensity correspondent to the maximum of
the emission energy was mapped. The maps of the normalized intensity are shown in Fig. 2.

The energy at which the emission intensity was mapped varied from sample to sample, and for each sample
the energy at which the maximum was observed in RTPL spectra was selected. Sample Ax0183 in Fig. 2(a) has
the lowest In content in the QWs and the thickest QW, 6.6 nm. Sample Ax0225, Fig. 2(b), has the thinnest QWs,
4.6 nm. Ax0232 and Ax0256, Fig. 2(c) and (d) respectively, have the same QW thickness of 5 nm.

These maps clearly show a net where the PL intensity is reduced of dark lines. The map of sample Ax0183
presented in Fig. 2(a), the one with the lowest In content, shows the lowest density of lines of reduced intensity.
The majority of these lines are localized next to the edge of the sample. In sample Ax0225 Fig. 2(b) the net of
lines covers the entire surface. Comparing Ax0232 Fig. 2(c), and Ax0256 Figure 2(d) that have QWs of the
same thickness and only differ in indium content in QWs we can observe that increasing In content leads to the
formation of a more densely packed net.

RTPL spectra were measured from different parts of the samples to understand the reason of this reduction
of the emission. The results of the measurements performed on sample Ax0256 are shown in Fig. 3. Figure 3(a)
shows the map of the entire sample.

Figure 3(b),(c) presents the areas marked on Fig. 3(a) by rectangles from which the spectra were measured.
The crosses mark the precise spots, in correspondent colors, the measurements are presented in Fig. 3(d),(e). The
investigation of all our samples revealed a similar tendency, the peak position does not change but the intensity
reduces.

u-PL maps were done for investigation with higher resolution. In Fig. 4 the maps of integrated intensity
obtained from the samples Ax0183 (a), Ax0232 (b), Ax0256 (c) are reported.
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Fig. 2. Normalized maps of the first series of samples, the In content in the QWs increases from (a) to (d).
The exact In content, and structural parameters are reported in Table 1. (a) Normalized PL map of Ax0183
measured at an energy of 1.279 eV. (b) Normalized PL map of Ax0225 measured at an energy of 1.274 eV.

(c) Normalized PL map of Ax0232 measured at an energy of 1.262 eV. (d) Normalized PL map of Ax0256
measured at an energy of 1.237 eV. The dark crack like feature visible in the top left corner of the map is related
to the cleaving of the sample.
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Fig. 3. (a) RTPL map of sample Ax0256, the two rectangles show the areas that were analyzed in detail, (b) the
zoomed in (14.5 < z < 18.5, 8 < y < 12), (c) the zoomed in (5.5 < x < 10, 2.5 <y < 7), (d) the spectra
were measured along x = 16.4, for six different y values. Each spectra was acquired in the spot marked by

the cross of the correspondent color, (e) the PL spectra measured along y = 5 for five different x values. Each
spectra was acquired in the spot marked by the cross of the correspondent color.

The images evidence that the lines of reduced emission are present in both cases of thicker QWs and lower In
content, and high In content and thinner wells as well as in a combination in between. It is also shown that while
in the RTPL maps of Ax0183 lines were not visible (see Fig. 2(a)) in the u-PL image taken from the middle of the
sample, Fig. 4(a), thin lines are present.
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Fig. 4. p-PL measurement performed on sample Ax0183, Ax0232 and Ax0256. The scanned area is

80 x 80 pm?. The crystallographic direction along which the lines appear are [0 -1 —1] and [0 -1 1], as shown
in Fig. 2. (a) Map relative to Ax0183, the insert shows the RTPL map where the area investigated by p-PL is
highlighted by a rectangle, (b) map of sample Ax0232, (¢) map of sample Ax0256.

Comparing RTPL and p-PL maps in both Fig. 2 and Fig. 4, with results reported in literature®**3 these
reduced intensity lines can be attributed to the presence of dislocations in the QW layers. From the comparison
between Ax0232 (Fig. 2(c)) and Ax0256 (Fig. 2(d)) that were grown with the same QW thickness and different
In content in the QW, it can be observed that increasing the In content leads to the formation of a more dense
net of lattice mismatch dislocations.

The second series of samples was grown to evaluate the effect of the insertion of a thicker barrier between
couples of QWs on the homogeneity of the PL intensity. For a more detailed discussion two samples were
selected. Ax0241 was grown with barrier thickness of 7.3 nm, while Bx0240 was grown with alternating thin
barrier of 7.3 nm and a thick barrier of 119 nm. The data obtained are reported in Table 1, bottom two rows. QW
thicknesses were 4.2 nm and 4.1 nm for samples Ax0241 and Bx0240 respectively. The RTPL emission energy
measured was 1.276 eV for Ax0241 and 1.275 eV for Bx0240. PL mapping of the samples are shown in Fig. 5. The
intensity corresponding to the PL peak of each sample was mapped. In the map of sample Ax0241 Figure 5(a)
lines of reduced RTPL emission are visible across the entire sample, matching the observation from the previous
set of samples. In the RTPL maps of sample Bx0240 (Fig. 5(c)) lines of reduced PL intensity were not observed.

The p-PL maps were measured to clarify the results obtained from large area PL maps. u-PL intensity
mapping of samples Ax0241 and Bx0240 are shown in Fig. 5 (b) and (d) respectively. Figure 5(b) demonstrates
that lines of reduced emission well match the RTPL map in Fig. 5(a). Figure 5(d) does not show any clear line
of reduced intensity, while in Fig. 5(e) shows the homogeneity of the emission across the surface of the sample.

The stress calculations for different structures, compared with the critical stress following the method in
Ref*3, support the presence of misfit dislocations in the A-type samples. When applied to sample Bx240, these
calculations show that the stress in this structure also exceeds the critical value, which would typically lead to the
formation of dislocations. However, in these calculations, the stress is determined by summing the contributions
from each QW and approximating the MQW system as a single QW with higher stress. If we instead assume that
the 119 nm barrier in Bx240 is thick enough to reset the stress between pairs of QWs and recalculate the stress
for a QW pair, the resulting value is below the critical threshold. This explains the absence of misfit dislocations.
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Fig. 5. RTPL and p-PL mappings of the second series of samples. The integrated intensity of the emission has
been mapped for the two samples in an area of 40 x 40 wm?. The structural parameters of the samples shown
are reported in Table 1. The crystallographic direction along which the lines appear in (b) and (d) are [0 -1 —1]
and [0 —1 1], as shown in (a) and (c). (a) normalized PL map of Ax0241 measured at an energy of 1.276 eV. (b)
Map of the integrated emission intensity of sample Bx0240 obtained from p-PL measurements (c) normalized
PL map of Bx0240 measured at an energy of 1.275 eV. The crosses indicate the position at which spectra were
measured (d) Map of the integrated emission intensity of sample Bx0240 obtained from u-PL measurements
performed on sample Bx0240. (e) PL spectra measured in different points of sample Bx0240, each one
corresponds to the cross of the same color.

Conclusion

The analysis of u-PL maps revealed the presence of lattice mismatch dislocations in quantum wells structures
with thin uniform barrier width and relation between In content, QW thickness and dislocation density. For
quantum wells structures, grown with alternating barrier thickness to match QW pairs with the antinodes of
standing wave in the gain media of VECSEL, no lattice mismatch dislocations were observed. Our achievements
demonstrated benefits of quantum structure design in contrast with previous works®~!! were uniform barriers
were used. We demonstrated that the alternating barrier thickness can be employed in the gain region of a
VECSEL aimed at the emission of 976 nm without the need for strain balancing strategies.

Scientific Reports|  (2025) 15:32885 | https://doi.org/10.1038/s41598-025-17326-1 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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