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The results of a study aimed at optimizing the optical properties of InGaAs quantum well structures by employing 
different barrier designs are presented. Single rectangular InGaAs quantum wells with approximately 21% indium 
and AlGaAs barriers, with different Al content 12, 20 and 30%, were theoretically modelled using the  nextnano3 
software to calculate band edges and levels in the quantum wells. A series of samples were grown using molecular 
beam epitaxy to clarify the influence of the Al fraction in the AlGaAs barriers on the optical properties of the quan-
tum structures. Atomic force microscopy measurements were used to evaluate the surface roughness of the grown 
structures, while photoluminescence investigations provided insight into the optical quality and carrier confinement 
effects. The investigations revealed that the introduction of AlGaAs barriers resulted in an increased carrier confine-
ment inside of the quantum well, but consequently resulted in the degradation of the InGaAs quantum well quality 
with the increase of aluminium content in the barrier. It was determined that a barrier with 12% of Al can be used 
to balance these effects, by providing a sufficient confinement, while retaining a satisfactory crystalline quality of 
the quantum structures.
Keywords: AIII-BV, molecular beam epitaxy, near infrared, photoluminescence, atomic force microscopy, 
X-ray diffraction 

1. Introduction

Semiconductor lasers are solid state lasers that 
use a  semiconductor gain medium, where opti-
cal amplification is achieved through stimulated 
emission at an interband transition. InGaAs/
GaAs multi-quantum wells (MQWs) are com-
monly used in applications such as light-emitting 
diodes, near-infrared lasers, photodetectors, and 
photovoltaic devices, owing to their high radia-
tion efficiency and broad spectral range  [1–4]. 
In many applications, the  lasing efficiency is one 
of the  main characteristics of these emitters  [5]. 
Therefore, improving efficiency in QW-based la-
sers involves enhancing the material quality, min-
imizing defects, and achieving sharp interfaces. 

However, using rectangular InGaAs/GaAs 
MQWs as the active region in optoelectronic de-
vices faces limitations due to the insufficient bar-

rier height of GaAs, which is insufficient to ef-
fectively confine carriers. This limitation affects 
temperature stability and restricts the  achieve-
ment of optimal optical gain  [6, 7]. Alternative 
QW designs, such as step-like quantum barriers 
and electron blocking layers, have been shown to 
enhance the radiative recombination rate in elec-
trically pumped laser diodes. These designs often 
incorporate compounds like AlGaAs to provide 
higher potential barriers, thereby suppressing car-
rier leakage [8].

The growth of AlGaAs and InGaAs requires dif-
ferent optimal substrate temperature windows. Al-
GaAs has been shown to have the  highest quality 
when grown at temperatures from 600 up to 720°C, 
with the  best results observed at the  higher end 
of this temperature range  [9–11]. When grown at 
temperatures below 580°C, the AlGaAs quality de-
teriorates significantly [12, 13].In contrast, InGaAs 
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is typically grown at temperatures between 450 
and 540°C. At higher temperatures, In re-evapo-
ration intensifies, reducing the  incorporation of 
In, and increasing the  segregation length of In 
atoms  [14–17]. Additionally, interdiffusion be-
tween In and Ga atoms could result in the forma-
tion of a disordered AlInGaAs quaternary alloy at 
the  interface between the  InGaAs well layer and 
the AlGaAs barrier layer [18]. This random diffu-
sion behaviour increases the roughness of hetero-
interfaces. Recently, incorporating ultrathin GaAs 
insertion layers (ISLs) of various thicknesses has 
been demonstrated to effectively improve the in-
terface quality and enhance the optical properties 
of QWs [19–22].

This study investigates the  effect of barrier 
composition on the  light generation efficiency 
of various InGaAs QW structures designed for 
the gain region of vertical-external-cavity surface-
emitting lasers (VECSELs) operating in the near-
infrared (NIR) spectral range. Quantum wells of 
a uniform thickness and a similar indium content 
were modelled and grown with varying barrier 
compositions, employing GaAs and AlGaAs with 
different aluminium concentrations. Tempera-
ture- and excitation-dependent photolumines-
cence (PL) measurements, along with theoretical 
calculations, atomic force microscopy (AFM) and 
X-ray diffraction (XRD), were conducted to assess 
the influence of the different Al concentration in 
the  barrier layers on radiative recombination 
efficiency.

2. Methods

2.1.Modelling

The structures were simulated using the  nextna-
no3 software, which enables full-band quantum 
mechanical simulations. A one-dimensional (1D) 
simulation along the  growth direction (z axis) 
was performed. The band structure was modelled 
using the 8 × 8 k·p method with the effective mass 
approximation  [17]. Only the  conduction band 
minimum at the  Γ point was considered, while 
the two valence band maxima – heavy holes (hh) 
and light holes (lh) – were also calculated. Exci-
tonic effects were included in the simulations, and 
the temperature dependence of the band gap was 
taken into account. Since both AlGaAs and GaAs 

share the same lattice constant, strain effects were 
not considered in the model.

Four structures were modelled, each contain-
ing a single InGaAs QW with an identical nominal 
thickness and indium content, but different barri-
er compositions. Figure 1 illustrates the schemat-
ic representations of these samples. Sample A0, 
shown in Fig. 1(a), has GaAs barriers, while sam-
ples A12, A20 and A30 (Figs. 1(b–d), respectively) 
have AlGaAs barriers with aluminum concentra-
tions of 12, 20 and 30%, respectively. The nomi-
nal barrier thickness was 15 nm in all cases. Each 
structure contains a  nominal indium content of 
20.8% and a QW thickness of 5.7 nm. The selec-
tion of quantum wells thickness and indium con-
tent was based on previous works [23]. These al-
low for emission in the  NIR range, particularly 
around 976 nm, while minimizing the formation 
of lattice mismatch dislocations that could limit 
the  total emission surface of a  VECSEL chip. In 
Fig. 2(a, b), the PL map and µPL map of a  sam-
ple fabricated with the  optimized In content in 
the QW and the barrier design are shown, respec-
tively. By the absence of lines of reduced intensity, 
we can conclude that the QW layers are free from 
lattice mismatch dislocations.

2.2. Sample growth

The samples were grown on the  quarter sections 
of 2-inch semi-insulating GaAs wafers. Prior to 
the  growth, the  substrate was degassed at 700°C 
under an arsenic overpressure until a clear 2 × 4 
reconstruction pattern appeared. A 150 nm GaAs 
buffer layer was then grown at a substrate tempera-
ture of 650°C to ensure a  high degree of surface 
smoothness, followed by the deposition of the first 
barrier at the  same temperature. The  substrate 
temperature was subsequently lowered to 580°C 
for the growth of a single QW (SQW) and the sec-
ond barrier. Temperature measurements were car-
ried out using a  thermocouple placed between 
the  heater and the  sample. Growth rates were 
490  nm/h for GaAs, 621  nm/h for InGaAs, and 
697, 615 and 562 nm/h for AlGaAs with 30, 20 and 
12% aluminum concentrations, respectively. To 
prevent the oxidation of AlGaAs barriers, a 20 nm 
GaAs cap layer was grown atop each sample.

The growth rates of different compounds were 
monitored by tracking intensity oscillations from 
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Fig. 1. Calculated band edges in the gamma point for the different structures analysed. C. B. is the conduction 
band edge, V. B. edges are shown for both heavy holes (hh) and light holes (lh), the electron energy level is 
calculated: E0 is the ground state, E1 is the first exited state, W0 and W1 are the corresponding wavefunctions. 
(a)  InGaAs QW with GaAs barriers and one level is inside the QW. (b)  InGaAs QW with AlGaAs barriers 
containing 12% Al and two levels are inside the QW. (c) InGaAs QW with AlGaAs barriers containing 20% Al 
and two levels are inside the QW. (d) InGaAs QW with AlGaAs barriers containing 30% Al and two levels are 
inside the QW.

Fig. 2. Maps of the sample grown with the optimized In content in the QW and the barrier thickness 
in order to suppress the formation of lattice mismatch dislocations. (a) RTPL map, (b) µPL map.
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in-situ reflection high-energy electron diffraction 
(RHEED). The  indium and aluminum contents 
were controlled by adjusting the flux ratios of Ga, 
In and Al. The compositions were calculated using 
the formula

x% = (1 – GRGaAs/GRternary) · 100%,

where x% is the  Al or In content, and GR rep-
resents the  growth rate of GaAs or the  ternary 
compounds, InGaAs or AlGaAs. Observation of 
the  RHEED pattern during the  growth provided 
insights into the  crystalline quality of the  layers 
through the surface reconstruction analysis.

2.3. Sample characterization 

Room-temperature photoluminescence (RTPL) 
mappings were conducted using a  diode-pumped 
solid-state (DPSS) laser with an emission wave-
length of 532  nm, delivering an intensity of ap-
proximately 5  kW/cm2 and a  spot size of about 
50  µm on the  sample. The  detection system com-
prised a 420 nm focal length monochromator and 
a  thermoelectrically cooled InGaAs photodetector. 
Scanning was facilitated by mounting the  samples 
on motorized xy linear stages (8MT175-100) with 
a resolution of 0.31 µm, and a step size of 0.2 mm 
was used for the mapping.

For temperature-dependent (TD) PL measure-
ments, the samples were mounted on a cold finger 

within a  closed-cycle He cryostat, coupled with 
a  temperature controller, enabling measurements 
across the  temperature range from 3.5 to 300  K. 
The  intensity of the  532  nm laser was reduced to 
174 Wcm–2 during the TDPL experiment.

Atomic force microscopy (AFM) and micro-
photoluminescence (µPL) measurements were car-
ried out using the  Witec 300S microscopy system. 
Continuous-wave (CW) laser excitation was pro-
vided by a diode emitting at 665 nm (Integrated Op-
tics), with the laser beam focused onto the sample via 
a  100x objective lens with a  numerical aperture of 
0.9. The emitted PL signal was collected by the same 
objective lens and directed to an Andor Shamrock 
spectrometer, which was coupled with a thermoelec-
trically cooled Andor iDus InGaAs camera for detec-
tion. AFM measurements were performed in con-
tact. To evaluate the roughness the root mean square 
height RMS (Sq) was calculated. 

3. Results and discussion

The samples were characterized using the  RTPL 
measurements after growth, and the correspond-
ing spectra are presented in Fig. 3(a). Given dif-
ferent barrier materials, a shift in the PL emission 
peak was anticipated. Specifically, the  introduc-
tion of aluminium into GaAs increases the band-
gap and raises the  QW barrier height, thereby 
increasing the emission energy. In the spectra of 
samples A30, A20 and A12, no shift is observed. 

Fig.  3. Room temperature PL measurements of the  investigated SQW InGaAs/(Al)GaAs structures. 
(a) RTPL spectra under excitation of 5 kWcm–2. (b) Integrated PL intensity dependence on the excitation 
power in a double logarithm scale (symbols) and fitting with the power law function (lines).
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In Table 1, the measured PL emission and the cal-
culated ones are reported. 

Three potential explanations are considered for 
this anomaly. First, the  aluminium content cali-
bration during one of the two growths could have 
been inaccurate, resulting in both samples having 
the same barrier composition, with an aluminium 
concentration between 0 and 30%. This possibility 
can be easily addressed. Due to the lattice match-
ing between GaAs and AlGaAs, the  intensity os-
cillations of the RHEED pattern are well-defined, 
allowing many oscillations to be visible, and this 
facilitates precise measurements and an accurate 
estimation of the Al content in the barriers.

Second, the  QW thickness may differ, with 
the  variation in width compensating for the  dif-
ferences in the  barrier material. Since InGaAs 
(bulk) is not lattice-matched to GaAs, the  num-
ber of observable RHEED intensity oscillations is 
lower, making the growth rate measurement less 
reliable. Assuming a  measurement error of ap-
proximately 1.5%, the QW thickness could vary by 
the same percentage. For instance, if the InGaAs 
growth rate was 630 nm/h instead of the nominal 
620  nm/h, the  QW thickness would be 5.79  nm 
instead of 5.7  nm. The  previous work, including 
the  XRD analysis of grown structures, indicates 
that MBE growth can achieve highly precise layer 
thicknesses. However, the  samples in this study 
consist of too few layers for XRD characterization.

Third, the  indium content in the  QW might 
differ between the  two samples, compensating 
for the variation in Al content in the barriers. As 
mentioned earlier, the  InGaAs growth rate mea-
surement is less reliable than that of GaAs or 
AlGaAs. If we apply the same 1.5% deviation con-

sidered earlier, the  indium content could shift 
from 20.8 to 22.0%.

To explore these possibilities, simulations were 
conducted to assess the impact of shifts in the in-
dium content and QW thickness on emission 
energy. Figure 1 presents the calculated levels in 
the quantum wells, allowing to calculate emission 
energies for each sample as a function of both pa-
rameters. By fitting the simulated emission energy 
with the  experimental values obtained by RTPL, 
samples A0 and A20 were likely grown with an 
indium content of around 21.5%, A12 contained 
approximately 21%, and A30 had 21.8%. 

From the spectra shown in Fig. 3(a), a difference 
in PL emission intensity appears obvious. To in-
vestigate the cause of this difference, further mea-
surements were performed. The surface quality was 
analyzed using AFM. In Fig. 4, the maps are shown 
for all samples investigated in this work. The RMS 
values for the different samples are between 0.8 and 
0.9  nm. From these measurements, we can con-
clude that no difference between the quality surface 
of the samples is visible via AFM. 

Two samples with 12 QWs, with Al 0 and 30% 
in the  barriers, were grown as reference sam-
ples and XRD was used to evaluate the  interface 
quality. The  Ω–2Θ scans are presented in Fig.  5. 
No significant difference in quality could be ob-
served, except for the absence of some fringes that 
is likely related to different thickness ratios be-
tween wells and barriers. This could be explained 
by changes at the  interface initiated by indium 
segregation.

Room temperature power law measurements 
and fits are shown in Fig. 3(b). The slope of the fit 
depends on the type of recombination that is taking 
place in the QW. In particular, a  slope of 1 would 
mean that radiative recombination is dominating in 
the sample. From the fit, we can see that the slope 
moves further away from 1 with the  increase in 
the Al content in the barrier. This means that the in-
crease in the  aluminium content leads to the  de-
crease in the  quality of the  InGaAs layer and to 
the increase in the number of non-radiative recom-
bination centres. This result is in line with the pre-
viously reported results, in which the  decrease in 
emission intensity is attributed to the formation of 
a quaternary compound, AlInGaAs, at the interface 
between the first barrier and the QW [22]. Never-
theless, this measurement alone seems to contradict 

Table 1. Optical properties for the investigated sam-
ples. The RTPL emission of each sample is reported 
in the first column. In the second column, the emis-
sion calculated via nextnano3 for 20.8% In content. 
The third column shows the In content obtained by 
fitting the PL emission using the same simulations.

Sample Experimental 
emission, eV

Calculated 
emission, eV

Estimated In 
content, %

A0 1.2452 1.2609 21.5
A12 1.2675 1.2664 20.7
A20 1.2674 1.2726 21.4
A30 1.2667 1.2787 22.0
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the  results of the  RTPL, where all samples with 
AlGaAs barriers show a higher intensity. 

TDPL measurements were performed on all 
samples. In Fig. 6(a), the spectra of sample A12 are 
shown. In Fig. 6(b), the temperature dependences 
of the  spectral position of PL bands for all inves-
tigated structures are given. These data were fitted 

using the Varshni equation [24]. The parameters re-
sulting from such fits are shown in Table 2. The tem-
perature dependence of the integrated PL intensity 
for all samples is shown in Fig. 6(c). We can notice 
that at low temperature the sample without AlGaAs 
barriers A0 exhibits the highest PL intensity, as ex-
pected from the  results obtained from the  power 
law measurements. The  PL intensity of A0 starts 
dropping at around 75 K, and at around 200 K all 
the examined samples have the same PL intensity. At 
room temperature, the relation between intensities is 
the same as one observed in Fig. 3(a), with A0 being 
the least intense and A12 the most intense. 

Combining the results of TDPL and power law 
measurements, we can conclude that the  intro-
duction of Al in the barrier of InGaAs QWs leads 
to a  decreased QW quality and the  increase in 

Fig.  4. AFM maps of the  presented samples. (a)  A0 with 
RMS(Sq) = 0.9 nm. (b) A30 with RMS(Sq) = 0.8 nm. (c) A20 with 
RMS(Sq) = 0.9 nm. (d) A12 with RMS(Sq) = 0.8 nm.

Fig.  5. XRD scans of two reference samples with 
12 InGaAs QWs. A black curve rapresents the sample 
with GaAs barriers, and the measurement of sample 
with AlGaAs (30% Al) barriers is shown in red.

Table 2. Best fitting parameters of the PL peak posi-
tion versus the temperature curve using the Varshni 
equation [24].
Sample E0, eV α, meVK–1 β, K

A0 1.332 ± 0.001 0.68 ± 0.04

428 ± 41
A12 1.350 ± 0.001 0.65 ± 0.04
A20 1.354 ± 0.001 0.66 ± 0.04
A30 1.350 ± 0.001 0.67 ± 0.04
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non-radiative recombination centres; this can be 
observed both in the power law measurements and 
in the  low temperature integrated PL intensity of 
different samples. In particular, the  higher the  Al 
content is, the lower the InGaAs quality becomes, 
at least in the studied range of 0–30%. 

Nevertheless, at temperatures higher than 
200  K, the  integrated PL intensity in the  sample 
A0 drops due to the thermal escape of the carriers, 
while the  presence of Al in the  barriers confines 
the  carrier within the  QW. Therefore, the  highest 
PL intensity at room temperature is observed in 
A12, as it has the best structural quality, as follows 
from the power law measurements, due to the low-
est Al content and enough Al in the barrier to avoid 
the thermal escape of the carriers. 

4. Conclusions

Four samples, each of them consisting of an 
InGaAs quantum well with different barrier 
composition, were modelled and grown. One 
sample with a  GaAs barrier and three of them 
with AlGaAs barriers contain different aluminium 
contents, 12, 20 and 30%. Calculations using next-
nano3 were performed to evaluate the  band struc-
ture of the four samples, and to visualize the levels 
in the QWs and estimate the real indium content in 
the QW. The modelled structures were subsequently 
grown via MBE, on semi-insulating GaAs substrates. 

From temperature-dependent photolumines-
cence, the  emission intensity of the  samples was 
compared, and from power law measurements, 

the  quality of the  InGaAs layer was estimated. 
The results of this investigation led to the conclu-
sion that the aluminium content in the barrier re-
duces the quality of the QW, increasing the number 
of non-radiative recombination centres, thus de-
creasing the emission intensity. 

At the same time, at high temperature, the pres-
ence of Al in the barrier blocks the thermal escape 
of the carriers from the QW, leading to a higher in-
tensity of the emission at room temperature.

We can conclude that for application in light 
emitting devices the optimal amount of Al to em-
ploy in the barrier of InGaAs QWs is tightly related 
to the  target operation temperature of the device. 
Balancing these two effects for the  samples emit-
ting at NIR, the highest emission intensity at room 
temperature was achieved in the QW with AlGaAs 
barriers containing 12% aluminium. 
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Santrauka
Tirta pavienių InGaAs kvantinių duobių darinių 

optinės kokybės priklausomybė nuo barjero dizaino. 
Dariniai su viena stačiakampe InGaAs kvantine duobe 
(∼21 % indžio) ir AlGaAs barjerais (su skirtingomis Al 
koncentracijomis nuo 0 iki 30  %) buvo modeliuojami 
nextnano3 programine įranga, siekiant įvertinti suger-
ties juostos kraštą ir lygmenis kvantinėje duobėje. Se-
rija bandinių buvo užauginta ant pusiau izoliuojančių 
GaAs padėklų naudojant molekulinių pluoštelių epitak-
siją. Atominių jėgų mikroskopija ir rentgeno spindulių 
difrakcija buvo naudojamos bandinių paviršių šiurkš-

tumui ir sluoksnių sąlyčio ribų kokybei įvertinti. Foto-
liuminescencijos tyrimai suteikė informacijos apie Al 
koncentracijos AlGaAs barjere įtaką kvantinių duobių 
optinei kokybei bei krūvininkų sąspraudai. Tyrimai at-
skleidė, kad didėjant Al koncentracijai AlGaAs barjere 
padidėja krūvininkų pagavimas kvantinėje duobėje, bet 
kartu prastėja InGaAs kvantinės duobės kristalografinė 
kokybė. Buvo nustatyta, kad barjeras su 12 % Al gali būti 
naudojamas šiems efektams subalansuoti, pasiekiant 
optimalią krūvininkų sąspraudą, bei išlaikant patenki-
namą kvantinės duobės kristalinę kokybę.
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