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ABSTRACT

We present a detailed study on the optical properties of GaAsBi/GaAs multiple quantum well structure, optimized for the active area for
vertical-external-cavity surface-emitting lasers. The quantum structure was grown by molecular beam epitaxy with every other barrier made
thinner to have a homogeneous structure with high photoluminescence (PL) intensity. PL measurements were carried out in a wide tempera-
ture range from 4 to 300K. The PL band of 1.085 eV was attributed to the optical transition in QWs with 8.0%Bi. The S-shaped temperature
dependence of PL peak positions showed high localization effect of 30meV. The internal quantum efficiency (IQE) was evaluated for the bis-
mide structures with a modified ABB� method, which includes contribution from trap-assisted Auger recombination. The calculations
showed low IQE of <0.025% for GaAs0.92Bi0.08/GaAs 12 QWs structure, which was explained by the low growth temperature, resulting in a
high density of point defects in the material.

VC 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0234853

Vertical-external-cavity surface-emitting lasers (VECSELs) are
highly versatile semiconductor lasers renowned for their tunability, effi-
ciency, high beam quality, and power scalability, providing output pow-
ers ranging from milliwatts to tens of watts, which is beneficial for both
low- and high-power applications.1 The VECSEL gain chip is structur-
ally composed of a highly reflective mirror and a semiconductor gain
region. The latter typically includes multiple quantum well (MQW)
layers separated by barrier layers. The high gain is achieved by placing
the quantum wells (QWs) periodically at the antinodes of the optical
standing wave. InGaAs/GaAs QWs are typically used for the gain
region of VECSELs emitting in the wavelength range of 920–
1100nm.2,3 However, it is challenging to reach emission at longer wave-
lengths due to increased strain in InGaAs QWs. Therefore, we present
bismuth-containing compounds as a potential material for the active
area in such emitters. With an increase in Bi content, the bandgap of
GaAsBi significantly shifts to lower energies of approximately 60–
90meV per %Bi.4 Moreover, the incorporation of Bi also induces strong
spin–orbit splitting, surpassing the bandgap energy when Bi content
exceeds 10.5%.5 This can have beneficial effect of suppressing Auger
recombination and inter-valence band absorption processes.

Additionally, the bandgap of GaAsBi has low sensitivity to temperature
variations.6 This makes GaAsBi QW structures a promising active
medium for stable room temperature operations of optoelectronic devi-
ces such as VECSELs. However, the growth of GaAsBi quantum struc-
tures is challenging, as it requires low growth temperatures and
stoichiometric As2/Ga flux ratios in order to incorporate large Bi atoms
into the GaAs lattice.7 This leads to a high point defect density, resulting
in a significant reduction in GaAsBi luminescence intensity and emis-
sion efficiency.8 Therefore, optimizing the growth conditions to
enhance the quality of GaAsBi is crucial for developing efficient near-
infrared (NIR) sources, necessitating the study of its optical properties.
For this reason, a detailed optical study using photoluminescence (PL)
technique was conducted to investigate optical characteristics, especially
the internal quantum efficiency (IQE), of a GaAsBi/GaAs multiple
quantum well structures. We calculated photoluminescence emission
efficiency, analyzed different carrier recombination processes, and dem-
onstrated methods to quantitatively evaluate the QW photolumines-
cence efficiency for bismide structures. The investigation of IQE for all
GaAsBi/GaAs QW structures allows not only to compare structures
grown, characterized in different laboratories, but also to evaluate the

Appl. Phys. Lett. 125, 221102 (2024); doi: 10.1063/5.0234853 125, 221102-1

VC Author(s) 2024

Applied Physics Letters ARTICLE pubs.aip.org/aip/apl

 25 N
ovem

ber 2024 14:03:50

https://doi.org/10.1063/5.0234853
https://doi.org/10.1063/5.0234853
https://www.pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0234853
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0234853&domain=pdf&date_stamp=2024-11-25
https://orcid.org/0009-0007-6489-5594
https://orcid.org/0000-0001-6829-3549
https://orcid.org/0009-0009-9289-0285
https://orcid.org/0000-0003-3625-198X
https://orcid.org/0000-0002-7119-7213
https://orcid.org/0000-0003-0018-5036
https://orcid.org/0000-0002-5810-7199
https://orcid.org/0000-0002-1682-056X
https://orcid.org/0000-0003-1097-8531
mailto:aiste.staupiene@ftmc.lt
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1063/5.0234853
pubs.aip.org/aip/apl


amount of non-radiative recombination, which can enhance the opti-
mization of GaAsBi structure growth.

Our studied structures were grown by the molecular beam epitaxy
(MBE) method using Veeco GENxplor R&D MBE system, equipped
with metallic Ga, Bi sources, and a two-zone valved cracker source, pro-
viding a purely dimeric arsenic (As2) flux and an ability to finely tune the
beam pressure. Epitaxial layers were deposited on the semi-insulating
GaAs (100) substrate (350lm). GaAs buffer layer was grown at 650 �C
to ensure high surface smoothness, while GaAs barriers and GaAsBi
QWs were grown at 435 and 425 �C, respectively, for the active area for
VECSEL (sample 1) and its reference (sample 2). Here, the temperature
values were recorded via a thermocouple mounted in-between the sub-
strate heater and the sample. However, due to the position, the thermo-
couple overestimates the real substrate temperature during the growth.

The first structure consisted of 12 QWs with a width of 5.5 nm,
while barrier widths were set alternating to 7 and 150nm (see Fig. 1).
This structure represents a design for the active area for VECSELs
and was designed such that the antinodes of the standing wave would
align with the thin barrier in between a couple of QWs. The QW
thickness is fixed to achieve a specific emission energy, while the thin
barrier thickness needs to be thick enough for the QWs to be confined
and as thin as possible to lower the overall thickness of the gain
region, for this reason 7nm was chosen. To achieve the desired wave
alignment, the optical thickness of the thin barrier, combined with the
QW and the thick barrier, must equal half of the target emission
wavelength. By imposing this constraint, the necessary thickness for
the thick barrier was calculated. Advantages of this optimized design
include more compact gain region, increased homogeneity, and
enhanced PL intensities.9 The second structure contained 12 QWs
with a width of 5.5 nm as well, while barrier widths were 7 nm. This
structure was selected as a reference sample for the first structure, due
to the same QW parameters and emission energy. Structures con-
tained 8.0%Bi and 7.6%Bi, respectively, for structures 1 and 2, which
was determined by X-ray diffraction (XRD).

Temperature-dependent photoluminescence (TDPL) measure-
ment was conducted in a variable-temperature (4–300K) closed-cycle
He cryostat. Photoluminescence measurements were performed using
532nm central wavelength excitation from diode pumped solid state
(DPSS) laser with maximum output power of 400 mW. The excitation
power was varied from 0.5 to 330 mW using neutral density filters. A
focusing lens (f¼ 150mm) was used to focus the laser beam into a
�0.02mm2 spot on the sample surface. The luminescence was
detected by a liquid nitrogen-cooled InGaAs photodetector using a
lock-in amplification technique.

TDPL measurement was conducted for sample 1 using 14 mW
excitation in a wide temperature range of 4–300K. The TDPL spectra
are presented in Fig. 2.

The PL band of 1.085 eV at 300K was assigned to optical transi-
tions in GaAsBi QWs. Also, the appearance of red-blue-red shift
(S-shape) in the PL peak position dependence on temperature can be
observed, which indicates carrier localization [see Fig. 3(a)].

This typical S-shape behavior can be explained by localized states
caused by alloy disorder, defects or strain introduced by bismuth
incorporation.10 The initial red-blue shift of the PL peak position
accounts for the carrier transport between deep and shallow localiza-
tion centers, while the second redshift at high temperatures is due to
bandgap narrowing with temperature.11

The blueshift rate of the bandgap as a function of temperature
and carrier localization can be evaluated by fitting the photolumines-
cence peak position dependence on temperature with Varshni–Eliseev
function,12

Eg ¼ E0 � aT2

bþ T
� r2

kBT
: (1)

Here, Eg is the bandgap energy, E0 is the bandgap energy at 0K tem-
perature, a—Varshni parameter that indicates how rapidly the
bandgap energy changes with temperature, b is Varshni parameter,
which is related to the Debye temperature and was fixed at 204K,13

and r is the Eliseev parameter, which represents the dispersion of
localized states with a Gaussian distribution.14 The obtained fitting

FIG. 1. Growth protocol [temperature pro-
file (top picture) and conduction band
sketch (bottom picture)] of GaAsBi/GaAs
MQW structure (sample 1) as an active
area for VECSEL with six pairs of GaAsBi
QWs with a width of 5.5 nm and alternat-
ing GaAs barriers of 7 and 150 nm.
Thicknesses are not to scale.

FIG. 2. TDPL spectra of GaAsBi/GaAs structure (sample 1). The spectra are nor-
malized and shifted for better visualization.
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parameters showed that E0 ¼ 1.156 0.01 eV, a¼ 0.526 0.03meV/K,
and r¼ 306 2meV. The dispersion of Gaussian density of localized
states for carriers (r parameter) indicates that structure has high locali-
zation effect, which is present even at room temperature.

Integrated PL intensity dependence on the temperature is dem-
onstrated in Fig. 3(b). PL thermal quenching process was fitted with
modified Arrhenius equation15 with two activation energies,

I Tð Þ ¼ I0

1þ a1exp � Ea1
kBT

� �
þ a2exp � Ea2

kBT

� � : (2)

Here, I0 is the integrated PL intensity at 4K, and a1 and a2 are fitting
coefficients related to the activation energies Ea1 and Ea2. Lower activa-
tion energy Ea1 ¼ 9.56 0.1meV can be attributed to the non-radiative
recombination due to Bi pairs and clusters, while the higher activation
energy Ea2 ¼ 45.96 1.1meV can be assigned to the inhomogeneity of
the structure.11

The absolute internal quantum efficiency measurement was per-
formed for both samples using a different setup with an Edinburg
Instruments integrating sphere and an 830nm central wavelength
continuous-wave CW laser with maximum output power of 132 mW
as an excitation source. The spectrometer used in this setup is an
Andor Kymera 328i, which is used in combination with an iDus
1.7lm InGaAs detector.

IQE efficiency was evaluated using a two-measurement approach,
which requires a measurement without the sample in the sphere and a
measurement where the sample is in the sphere and in the path of the
laser beam.16 Using this approach, the IQE is calculated using the fol-
lowing equation:17

IQE ¼ Pc
La � Lc

: (3)

Here, Pc is the number of photons in the wavelength region of the
emission, and La and Lc are the number of photons in the wavelength
region of the excitation. The measurement results are shown in Fig. 4.

This method gave IQE values of 0.010% and 0.013% for struc-
tures 1 and 2, respectively. It should be noted that extremely low effi-
ciency can be explained by the high levels of non-radiative
recombination caused by the low growth temperature of the material,
alloy disorder, and strain introduced by bismuth incorporation,

resulting in a high density of defects in the material.10,18 A higher effi-
ciency of sample 2 can be explained by a lower Bi content and overall
reduced barrier thickness. Moreover, the IQE value should depend on
the number of QWs since it affects carrier confinement, recombination
rates, and likelihood of defects, with an optimal number of QWs maxi-
mizing the IQE before non-radiative losses increases. Also, efficiency
should decrease with increasing concentration of Bi, because it
increases the disorder in GaAs lattice.

While the absolute IQE measurement with an integrating sphere
is considered to be the most reliable, this method cannot give any addi-
tional information about the structure, such as the ratio between differ-
ent carrier recombination mechanisms or the IQE dependence on the
carrier concentration. As a result, alternative relative methods have
been investigated.

The ABC model19 for IQE calculations employs room tempera-
ture photoluminescence measurements as a function of excitation
power. This method includes contributions from three carrier recom-
bination mechanisms: non-radiative recombination (An), radiative
recombination (Bn2), and Auger non-radiative recombination (Cn3).
Here, the IQE can be calculated using the following equation:

IQE ¼ Bn2

Anþ Bn2 þ Cn3
¼ Bn2

G
; (4)

where generation rate G can be expressed in terms of integrated PL
intensity IPL,

G ¼ A
ffiffiffiffiffiffi
IPL

p
ffiffiffiffiffiffi
Bg

p þ IPL
g

þ
C

ffiffiffiffiffiffiffiffiffiffiffiffi
IPLð Þ3

q
ffiffiffiffiffiffiffiffiffiffiffi
Bgð Þ3

q ; (5)

where IPL ¼ gBn2, n is the carrier concentration, and g is a constant
that incorporates PL collection efficiency and excitation volume. The
generation rate can be separately expressed in terms of laser excitation
power Plaser ,

G ¼ xPlaser : (6)

Where x ¼ 1�Rð Þa
Aspothv

, R is the Fresnel reflection at the sample surface, a is
the absorption coefficient of the active region, Aspot is the area of the
laser spot on the sample surface and hv is the photon energy of the
excitation laser. When combined, Eqs. (5) and (6) give,

FIG. 3. (a) PL peak position dependence
on the temperature. Symbols correspond
to the experimental data; the solid line is
fitted using the Varshni–Eliseev equation
(1). (b) Integrated PL intensity depen-
dence on the temperature. Symbols corre-
spond to the experimental data; the solid
line is fitted using the Arrhenius equation
(2).
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Plaser ¼ A
ffiffiffiffiffiffi
IPL

p
x

ffiffiffiffiffiffi
Bg

p þ IPL
xg

þ
C

ffiffiffiffiffiffiffiffiffiffiffiffi
IPLð Þ3

q

x
ffiffiffiffiffiffiffiffiffiffiffi
Bgð Þ3

q : (7)

By changing the terms A
x
ffiffiffiffi
Bg

p , 1
xg, and

C

x
ffiffiffiffiffiffiffiffi
Bgð Þ3

p into the fitting parameters

P1, P2, and P3, respectively, IQE can be calculated as,20

IQE ¼ P2IPL

P1
ffiffiffiffiffiffi
IPL

p þ P2IPL þ P3I
3=2
PL

¼ IPLP2
Plaser

: (8)

Here, parameters P1 (5.36 0.6), P2 (0.076 0.01), and P3 (1� 10�17)
are obtained by fitting the integrated photoluminescence intensity
measurement, for sample 1, as a function of excitation power,
which is shown in Fig. 5(a). It can be seen that calculated IQE val-
ues are significantly larger compared to the absolute measurement
results (Fig. 4), which indicates that an additional non-radiative
recombination mechanism is needed and this ABC method should
be modified.21

While the used fit [Fig. 5(a)] matches the dependency quite
well (R2 ¼ 0.996), the values of parameters from ABC method
cannot be adjusted to produce lower IQE values. Therefore, a
new parameter, which lowers IQE and does not affect the depen-
dency of the fit, should be added. The ABCþB0 model was pro-
posed by Espenlaub et al.22 This modified model is an improved
ABC model with an additional non-radiative recombination
mechanism — a trap-assisted hot carrier generation process. This
method is designed for low efficiency structures grown at low
temperatures. It is explained that trap-assisted recombination,
such as trap-assisted Auger recombination (TAAR), has high
impact on IQE of structures grown at low temperatures, due to
the high concentration of defects, which act as non-radiative
recombination centers. Moreover, as TAAR involves two carriers, this
makes it a second order recombination mechanism (B�n2).23 This
non-radiative bimolecular term added to Eq. (4) decreases the IQE
value without changing the shape or dependency of the fit.

Moreover, the fitting parameter P3, which corresponds to Auger
non-radiative recombination, was negligible and did not give any con-
tribution to the IQE value. Therefore, we changed the ABC method by
eliminating the Auger non-radiative recombination (Cn3) and adding
trap-assisted Auger recombination (B�n2) channels. This resulted in
modified IQE equations (9) and (10),

IQE ¼ Bn2

Anþ Bn2 þ B�n2
; (9)

IQE ¼ P2IPL
P1

ffiffiffiffiffiffi
IPL

p þ P2IPL þ P�
2IPL

¼ IPLP2
Plaser

: (10)

By establishing the values of fitting parameters P1 and P2 þ P�
2 from

Fig. 5(a) and IQE value from absolute measurement (Fig. 4), this mod-
ified ABB� method can be employed. By fitting the same integrated
photoluminescence intensity dependence on excitation power with
new generation rate equation,

G ¼ P1
ffiffiffiffiffiffi
IPL

p þ P2IPL þ P�
2IPL; (11)

parameters P2 (3.7� 10�56 4� 10�6) and P�
2 (7.3� 10�26 1.2� 10�2)

are obtained for sample 1. The same process is then repeated for
sample 2 [Fig. 5(c)], and parameters P1 (7.46 0.1), P2
(7.0� 10�5 6 3� 10�6), and P�

2 (8.0� 10�2 6 5� 10�3) are
acquired. Trap-assisted Auger recombination parameter P�

2 is
three orders of magnitude higher than radiative recombination
parameter P2, which shows that TAAR has a great impact on the
IQE of structures grown at such low temperatures.

Moreover, we can calculate the IQE values and analyze
the ratio between different carrier recombination processes.
Figure 5(b) shows the total non-radiative recombination effi-
ciency and radiative recombination efficiency dependance on
excitation power of sample 1. Here, the total non-radiative

recombination efficiency is P1
ffiffiffiffiffi
IPL

p þP�2 IPL
Plaser

: It can be observed that

the PL emission is dominated by non-radiative recombination
and radiative recombination efficiency does not reach saturation,
which means that higher excitation power conditions could be
used to find the IQE saturation region.

While these fitting parameters P1, P2, and P�
2 can be determined

without any knowledge about A, B, or B� coefficients, they are arbitrary
and do not hold any physical meaning. In order to calculate the value
of carrier concentration or non-radiative coefficients, it is necessary to
assume the value of radiative coefficient B, which is still unknown for
the bismide structures.

It should be noted that all photoluminescence and IQE measure-
ments were conducted using non-resonant excitation and there is a
possibility that the photoexcited carriers in the GaAs barriers have

FIG. 4. Graphical representation of the
absolute IQE measurement with an inte-
grating sphere for (a) sample 1 and (b)
sample 2. IQE was calculated using Eq.
(3).
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contributed negatively to the PL intensity, thus resulting in the mea-
sured IQE being lower than is the actual case.

To conclude, we present detailed optical study on GaAsBi/GaAs
MQW structure grown by MBE as a gain region for VECSELs. The PL
band of 1.085 eV at 300K was assigned to optical transitions in QWs
of GaAsBi with 8%Bi. The TDPL measurements revealed S-shaped
temperature dependence of PL peak positions, which was explained by
the high localization effect of 30meV, that is present even at room
temperature.

Additionally, this study presents calculations of the emission effi-
ciency of GaAsBi/GaAs MQW structures. We show a simple analysis
method to not only calculate the IQE, but also the relative carrier
recombination ratios. Our proposed modified ABB� method combines
Yoo et al.20 simplified relative ABC method and Espenlaub et al.22

extended ABCþB0 model. We explain the use of additional non-
radiative recombination mechanism by showing the difference
between calculated IQE value (0.01% with 138 mW excitation) by the
absolute method with an integrating sphere and the estimated IQE
value (21% with 140 mW excitation) from the ABC method.
Moreover, the elimination of the Auger non-radiative recombination
mechanism is justified by the ABC model, where P3 parameter was
negligible and did not give any contribution to the IQE value. While
this presented ABB� model cannot give absolute values of A, B, or B�

coefficients without any additional investigations, it can be utilized to

obtain the relative fitting parameters P1 and P2 þ P�
2 from power-

dependent PL measurement and calculate the IQE dependency on
excitation power of GaAsBi/GaAs MQW structures, without any
asumptions about recombination coefficients.

See the supplementary material for the IQE calculation of the
2200 nm GaAsBi layer.

This work was supported by the Research Council of Lithuania
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