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Abstract: GaSbBi/GaSb quantum wells (QWs) with Bi content up to 10.1% were grown
using molecular beam epitaxy. High crystalline quality and clear interfaces were confirmed
by high resolution transmission electron microscopy. The Bi distribution was investigated
using energy dispersive X-ray spectroscopy. Room temperature photoluminescence (PL)
reveals that the peak energy redshifts at a rate of 32 meV/Bi%, consistent with the theoretical
predication using the 8-band Ap model. From the temperature dependent PL, it was found that
the temperature-insensitivity of the transition from the GaSbBi QW improved with increasing
Bi content.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
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1. Introduction

GaSbBi alloy exhibits a bandgap reduction about 30-36 meV/% Bi [1, 2], which makes it
very promising for developing mid-infrared laser diodes, photodetectors, solar cells and
terahertz devices. By introducing Bi component into GalnAsSb QWs, the valence band offset
can be increased and the hole leakage will be suppressed [3], which is the major problem
existing in conventional GalnAsSb QW lasers [4-6]. Furthermore, a large bandgap energy
reduction with relative small compressive strain can be achieved with Bi incorporation into
GaSb, better than the In incorporation into GaSb. In the case of InGaSb/GaSb QW reported
by Kudrawiec et al. [7], the incorporation of In induces a bandgap reduction of ~77 meV/%
strain, while the incorporation of Bi in GaSbBi yields ~829 meV/% strain, more than an order
of magnitude. The strong spin-orbit splitting causes that spin-orbit energy exceeds its
bandgap with increasing Bi. In that case the Auger recombination process involving the
valence band and the spin-orbit band is expected to be suppressed which is beneficial for
making temperature-insensitive laser diodes.

Unlike GaAsBi which has been researched comprehensively, epitaxy of GaSbBi was
initiated from 2012 [8, 9]. High quality GaSbBi thin films with Bi contents up to 9.6% were
reported in 2014 [1] [10]. In 2016, we reported GaSbBi thin films with Bi contents up to 13%
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by varying the Sb/Ga flux ratio using molecular beam epitaxy (MBE) and observed room
temperature (RT) PL with a peak wavelength reaching to 3.0 um [11, 12]. In 2017, Delorme
et al. reported the GaSbBi films with a Bi content up to 14% and RT PL emission up to 3.8
pum [13]. They also realized GaSbBi QW laser diodes with continuous-wave lasing at 2.5 um
at 80 K, and pulsed lasing near 2.7 um at room-temperature [14]. These results demonstrate
that dilute bismide antimonide alloys are good candidates for mid-infrared devices. In
previous reports, all the optical studies including absorption, photoreflectance and PL have
been focused on GaSbBi thin films [2, 15, 16], seldom on GaSbBi QWs [17, 18]. It is very
important to understand physical properties of GaSbBi QWs for device applications. In this
work, we studied structural and optical properties of GaSbBi/GaSb QWs with a Bi content up
to 10.1%.

2. Experiments

GaSbBi/GaSb QWs were grown on Te-doped n-type GaSb substrates using a DCA P600
MBE system, equipped with a valved cracker Sb cell and dual filament effusion cells for Ga
and Bi. After the oxide desorption at 660 °C, a 100 nm undoped GaSb buffer layer was grown
at 620 °C. Then, the substrate temperature was cooled down to 400 °C to grow the 6 nm
GaSbBi QW layer. Finally, a 100 nm top GaSb layer was grown and the temperature was
ramped up to 620 °C in the meanwhile. All the substrate temperature was monitored using a
thermocouple (TC). The temperature measured by the TC is estimated to be about 110 °C
higher than the real temperature, i.e., the real temperature is about 290 °C for the temperature
400 °C measured by TC. This temperature difference value was calibrated by observing the
critical temperature of 370 °C at which the reflection high-energy electron diffraction
(RHEED) reconstruction pattern transforms from (1 x 3) to (1 x 5) [19]. Three 280 nm thick
GaSbBi films were grown with Bi contents of 6.6, 8.3 and 10.1% for different Bi fluxes fixed
at4.1 x 107®,7.2 x 10™® and 1.2 x 107 Torr, respectively. During the growth of GaSbBi, the
beam equivalent pressure of Ga and Sb are fixed at 2.2 x 107" and 4.4 x 107/, respectively,
with a growth rate of 0.46 um/h. Three GaSbBi/GaSb QWs were grown under the same
growth conditions as that of GaSbBi films. We consider the Bi content in the GaSbBi QW is
equal to that in the GaSbBi film.

The Bi contents of three GaSbBi thin films were determined from high resolution X-ray
diffraction (HRXRD) by scanning two symmetric (004) and two asymmetric (115) rocking
curves. High resolution transmission electron microscopy (HRTEM) measurements were used
to examine crystalline and interface quality for GaSbBi QWs. Energy dispersive X-ray
spectroscopy (EDS) mapping and line-scan were performed to investigate the Bi distribution
profile in the QW. A 532-nm wavelength laser and a liquid-nitrogen cooled InSb detector
were used for PL measurements. Room-temperature PL spectra were measured using a
conventional rapid-scan Fourier-transform infrared (FTIR) spectrometer, with a pumping
power density about 6 x 10° W/ecm® For the temperature-dependent PL measurements,
modulated PL technique based on a step-scan FTIR spectrometer was applied [20], which
removes the environmental disturbance and widens the PL spectral range to the very-long
wavelength region [21]. The measured temperature was controlled in a closed-cycle cryostat,
and the pumping density was about 750 W/cm?.

3. Results and discussions
3.1 Structural properties

In order to confirm the Bi incorporation into the QW layer and investigate the Bi distribution,
scanning-transmission electron microscope (STEM) and EDS mapping images were
measured for the GaSbBi QW with a Bi content of 10.1% as shown in Fig. 1. Figure 1(b)
shows clear Bi atoms distribution in the QW layer, confirming Bi incorporation into the QW
layer. For the Ga atoms, the intensity of EDS signal in the GaSbBi QW layer region has no
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difference with that in the GaSb layers. Whereas, the Sb distribution in the GaSbBi QW is
different from that in the GaSb barriers, indicating that Bi atoms replaced Sb atoms positions
after incorporation into GaSb. Figure 2 shows the STEM image and the EDS line scans along
the growth direction of the GaSbBi QW with a Bi content of 10.1%. The full width at half
maximum (FWHM) of the Bi distribution profile is about 6 nm, in consistent with the
nominal QW thickness, meaning that Bi atoms diffusion into the adjacent GaSb barriers is
negligible. The Sb distribution profile presents a valley in the QW region, which also
confirms that the incorporated Bi atoms replaced the sites of Sb atoms. The HRTEM image as
shown in Fig. 3 demonstrates clear GaSbBi/GaSb interfaces and high crystalline quality. The
width of the GaSbBi QW is about 6—7 nm, again in consistent well with the designed width.
Slight fluctuation is observed on the lower GaSbBi/GaSb interface, which is due to the low
temperature growth of GaSb. The low growth temperature leads to a rough surface of GaSb.
However, the upper GaSbBi/GaSb interface is smother than the lower one as a result of the Bi
surfactant effect.

Fig. 1. STEM image (a) and the EDS mappings of (b) Bi, (c) Ga and (d) Sb for GaSbBi QW
with Bi content of 10.1%. The scale bar is 30 nm.

60—

50

40

Atom %
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Fig. 2. STEM image (a) and the EDS line scans along the growth direction (b) of the GaSbBi
QW with Bi content of 10.1%.



Research Article Vol. 8, No. 4 | 1 Apr 2018 | OPTICAL MATERIALS EXPRESS 897 I

OPLCANVELENAISSEEXPRES S w

Fig. 3. HRTEM image of the GaSbBi QW with Bi content of 10.1%. The red arrows mark the
interfaces.

3.2 Optical properties

Figure 4(a) shows the PL spectra of GaSbBi QWs observed at RT. The left PL peak at 1735
nm is emitted from the GaSb buffer and capping layer. The right PL peak is emitted from the
GaSbBi QW. The PL peak redshifts to long wavelength with increasing Bi content, at a
redshift rate of 32 meV/Bi%. The PL peak wavelength reaches to 2467 nm for the highest Bi
content of 10.1%. With increasing Bi concentration, the PL intensity of GaSbBi QW
increases and PL peak becomes broad, whereas the PL intensity of GaSb becomes weak. We
believe the broadening of PL is due to the inhomogeneity of Bi distribution in the GaSbBi
QW. The Bi distribution becomes more inhomogeneous with increasing Bi concentration. Bi
composition fluctuation and Bi atom clusters may exist in high Bi concentration samples.
Figure 4(b) shows the extracted PL peak energy (solid squares) together with theoretical
calculations performed using the 8-band Ap model (thick black line) [3]. As seen the
agreement between experimental data and theoretical calculations is very good, showing the
validity of material parameters (band offset, Bi-related reduction of bandgap, etc.) and the
model used in the simulation. The band alignment for the three QWs together with
confinement energy levels is schematically shown in Fig. 5. It is clearly visible that the
quantum confinement for both electrons and holes increases with the increase in Bi
concentration. This can explain well why the PL intensity increases with Bi content shown in
Fig. 4(a). The thermally induced quenching of PL, which is associated with the electrons
(holes) escaping from the QW to GaSb barriers, is expected to be important at temperatures
higher than 300 K since the energy differences between the carrier confinement levels in the
QW and the barrier become comparable or even less than the thermal energy at 300 K.
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Fig. 4. (a) RT PL spectra of GaSbBi QW samples with varying Bi concentration. (b)
Fundamental transition in the QW extracted from PL measurements (solid squares). Bandgap
of unstrained GaSbBi (thin black line), light-hole (LH) strained bandgap (green dash line),
heavy-hole (HH) strained band gap (blue dash line), and the fundamental transition (11H) in
the GaSbBi/GaSb QW(thick black line) calculated using 8-band kp Hamiltonian.

Temperature dependent PL spectra were measured in the temperature range of 9-290 K
for the three GaSbBi QW samples, as shown in Fig. 6. Two PL features were observed in the
low temperature range of 9-150 K. The low energy PL peak is due to the band-to-band
recombination in GaSbBi QW. The high energy PL peak at around 0.750 eV is attributed to
the impurity-induced interband recombination in Te-doped GaSb substrate [22]. The PL
peaks emitted from Te-doped GaSb substrates diminish and hardly redshift with the
temperature rising, and eventually disappear at 190 K. Then, a weak PL peak appears on the
high energy side as temperature is above 190 K. This weak PL peak is emitted from the GaSb
buffer layer and capping layer. For the 6.6% Bi content sample, the PL intensity of GaSbBi
QW is stronger than that of GaSb substrate. While for the 8.3% and 10.1% Bi content
samples, the PL intensity is weaker than that of the GaSb substrate. It is obvious the PL peak
of GaSbBi redshifts and becomes weak with rising temperature. The PL evolution with
temperature will be discussed below.

(a) Xx=6.6% (b) x=8.3% (¢) x=10.1%
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ool T [aomev T hh2 [ fy  © P oma il 1
| TN I TN T I NI | | RN NI T ST I I | | Y [N TR T I S|

0 10 20 30 40 50 60 O 10 20 30 40 50 60 O 10 20 30 40 50 60
Distance {nm) Distance (nm) Distance (nm)

Fig. 5. Quantum confinement potential for GaSbBi/GaSb QWs of various Bi concentrations
together with energy levels confinement in the QW.
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Fig. 6. Temperature dependence of PL spectra for GaSbBi QW samples with Bi content of (a)
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GaSbBi QW.

Table 1.Varshni fitting parameters.

x5 (%) E(0) (eV) a (meV/K) B
GaSb [2] 0.813 0.37 90
6.6 0.699 051 298
8.3 0.632 0.34 217
10.1 0.567 0.63 731

The temperature dependent PL peak energy of GaSbBi QWs is plotted in Fig. 7(a). The
top dashed line is a Varshni fitting curve of GaSb using the reported parameters [2]. The data
of GaSbBi are also fitted by Varshni’s equation,

E(T)=E(0)-aT’ /(T+p), 1)

where E (0) is the 0 K bandgap of GaSbBi, a and f are fitting parameters. These parameters
are listed in Table 1. There is a deviation from Varshni’s equation at the low temperature
range for the 8.3% and 10.1% samples. The temperature dependent PL peak presents an S-
shape behavior which becomes obvious with increasing Bi content. The S-shape is a signature
of localized states due to the disorder caused by the Bi spatial composition fluctuations and Bi
clusters induced by a high Bi concentration which have also been observed in GaAsBi [23—
25] and InPBi [26]. The more the Bi atoms are incorporated in, the more the localized states
are induced. At low temperatures, the low energy band-tails of the PL spectra are caused by
the recombination of electron-hole pairs trapped in the localized states near the valence band
maximum. In the low temperature range of 9 — 110 K, the PL spectra of the 8.3% and 10.1%
Bi content GaSbBi QW show weaker intensity and broader FWHM than that of the 6.6% Bi
content GaSbBi QW. At high temperatures, the carries have enough energy to become
delocalized. The PL peak energy shows usual temperature-dependent redshift evolution. For
the fitting parameters o and f, their values appear a rising tendency with increasing Bi
content, except for the 8.3% Bi content. One possible reason for the deviation for the 8.3% Bi
content sample is the experimental error due to the difficulty of accurately extracting the peak
energy from a weak and broad PL peak. Another reason is that the sample with a high Bi
content may have strong nonuniformity of Bi composition and Bi clusters and related
complex point defects. In this case, the PL signal often contains multiple transitions and it is
hard to retrieve transition energy between free electrons and holes confined in a QW. In the
range of 110-290 K, the transition energy decreases with increasing temperature. The slope
of the curve AE/AT is —0.32, —0.26 and - 0.23 meV/K for 6.6%, 8.3% and 10.1% Bi content
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GaSbBi QW, respectively. The redshift rate of bandgap energy becomes slow with increasing
Bi content, i.e. the temperature stability of GaSbBi QW is improved. Figure 7(b) shows the
integral PL intensity evolution with temperature. The activation energy can be deduced by
fitting the temperature dependent integral PL intensity curves using the equation [27],

1, (T)=C/(1+Ade """ )

where the [, is the integrated PL intensity, 4 and C are the fitting constants, kg is the
Boltzmann constant, and T is temperature. The activation energy of the 6.6%, 8.3% and
10.1% Bi content GaSbBi QWs are deduced as 75 = 10 meV, 81 + 15 meV and 90 = 10 meV,
respectively. The activation energy increases with Bi content, demonstrating that the
temperature stability of GaSbBi QW is improved with increasing Bi content. Although the
fitted activation energies are larger than the calculated energy difference between the first
electron level in the QW and the conduction band in GaSb barrier of 36, 50 and 63 meV, for
the 6.6%, 8.3% and 10.1% Bi content GaSbBi QWs, respectively, both sets of the values have
the similar trend.
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Fig. 7. (a) Temperature dependence of the PL peak energy and Varshni fitting curves of
GaSbBi, and the Varshni fitting curve of GaSb using the parameter from reference [2]; (b)
Temperature dependence of integrated PL intensity and the fitting curves using Eq. (2).

4. Summary

In summary, GaSbBi/GaSb QWs were grown with Bi contents up to 10.1%. HRTEM
measurements confirm that the GaSbBi/GaSb QW structures have high crystalline quality and
clear GaSbBi/GaSb interfaces. The incorporated Bi atoms are at substitutional sites and the Bi
diffusion is found to be negligible. RT PL spectra reveal peak energy redshifts with
increasing Bi content at about 32 meV/Bi%, reaching up to ~2.5 pm for 10.1% Bi content.
The tansition energy in the GaSbBi/GaSb QW is calculated using the 8-band kp model and is
consistent with the experimental results. The temperature dependent PL peak energy shows S-
shape, indicating the presence of localized states in the GaSbBi QW. The temperature-
insensitivity of GaSbBi QW is improved with increasing Bi content. These results
demonstrate that GaSbBi QW has potentials for making mid-infrared opto-electronic devices.

Funding

National Basic Research Program of China (973 Project) (Grant No. 2014CB643902); the
Key Program of Natural Science Foundation of China (Grant No. 61334004); the National
Key Research Program of China (Grant No. 2017YFB0405300); Science and Technology
Commission of Shanghai Municipality (Grant No.16ZR1441400); and the National Natural
Science Foundation of China (Grant No. 61404152); Swedish Research Council (VR); NCN
(grant no. 2013/10/E/ST3/00520).





