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Abstract: In this work, we have investigated the structural and optical properties of GaAs(.
wBix/GaAs single quantum wells (QW) grown by molecular beam epitaxy (MBE) on GaAs (311)B
substrates using x-ray diffraction (XRD), atomic force microscopy (AFM), Fourier-transform
Raman (FT-Raman) and photoluminescence (PL) spectroscopy techniques. The FT-Raman
results revealed a decrease of the relative intensity ratio of transverse (TO) and longitudinal (LO)
optical modes with the increase of Bi concentration which indicates reduction of the structural
disorder with increasing Bi incorporation. In addition, the PL results show an enhancement of the
optical efficiency of the structures as the Bi concentration is increased due to important effects of
exciton localization related to Bi defects, non-radiative centers and alloy disorder. These results
provide evidence that Bi is incorporated effectively in the QW region. Finally, the temperature
dependence of PL spectra has evidenced two distinct types of defects related to the Bi

incorporation, namely Bi clusters and pairs, and alloy disorder and potential fluctuation.
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Introduction

-V bismide alloys, such as GaAs;.Biy, are promising materials for optoelectronics
applications in the mid-infrared range?. It is well known that the incorporation of a small amount
of Bi in GaAs results in important changes of its physical properties such as significant band gap

energy reduction (about 88 meV / Bi % **°

) and increase of the spin-orbit band splitting. The
latter can reduce the non-radiative Auger recombination®’ and enhance the Rashba spin-orbit
interaction which are important for spintronic® and optoelectronic device applications. However,
Bi incorporation can also have detrimental effects such as structural disorder and carrier

localization which could limit its use for device applications®**

. In fact, when the isovalent
impurity Bi is incorporated by replacing As in GaAs, the energy levels of Bi strongly interact with
valence band states, leading to changes in the electronic band structure®. These changes are
usually explained by the anticrossing interaction model for valence band™°. However, in order to
incorporate bismuth atoms into GaAs host lattice, the alloy must be grown at much lower
temperatures (below 400°C) as compared to GaAs optimal growth conditions, and near-
stoichiometric 1lI/V flux ratios***3. These growth conditions can introduce important structural
defects and disorder, and thus degrade the material quality***®. Due to the large difference
between the atomic volume of Bi (21.3 cm®g atoms) and As (13.1 cm®g atoms), the crystalline
structure presents inhomogeneities such as point and extended defects, formation of clusters

and pairs of Bi, resulting in a highly perturbed alloy with strong carrier localization effects'®****
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Although most investigations of GaAs.xBix films and heterostructures were performed
using the conventional GaAs (100) substrate, there are few studies exploring the growth on high
index planes which can influence considerably the Bi incorporation and consequently their
electrical and optical properties?®*. For example, the highest Bi incorporation into (100) GaAs
host matrix for GaAs,..Bi, flms has been empirically reported to be x=0.22 ?*. However, it has
been shown that an enhancement of Bi incorporation in GaAsBi thin films can be obtained by
using (311)B orientation®. In addition, it is worth noting that the structural and optical properties
of GaAsuBix quantum wells (QW) grown on (311)B GaAs substrates have not been
investigated yet.

In this paper, we report on the structural, morphological and optical properties of
GaAs.xBi/GaAs single QW grown by MBE on (311)B GaAs substrates at 320°C with different
nominal Bi contents (x=1 %, 2 %, 3 %). We have performed XRD, AFM, FT-Raman and PL

measurements as function of temperature and excitation power (Pgxc). The XRD results



evidence that our samples have good crystalline quality. In addition, AFM data show low surface
roughness values for all samples. The FT-Raman spectra indicate reduction of the structural
disorder with increasing Bi incorporation. Furthermore, PL measurements have demonstrated
important effects associated to exciton localization. Finally, our work presents a first detailed
investigation of the influence of Bi content on the structural, morphological and optical properties
of Bi-containing IlI-V semiconductor QWs grown on GaAs (311)B substrates.

Experimental details

Our heterostructures consist of 10 nm GaAs,..Bix /GaAs single QWs grown by solid-
source MBE on semi-insulating undoped GaAs (311)B oriented substrates, with nominal Bi
concentrations x = 1%, 2% and 3%. The growth of the samples started with a 370 nm thick
GaAs buffer layer. The first 300 nm was grown at 580 °C and high As overpressure, after which
the growth temperature was decreased to 320°C during the growth of an additional 70 nm of
GaAs, to enhance the incorporation of Bi in the QW. This was followed by a 10 nm thick GaAsBi
QW layer which was capped by a 50 nm GaAs layer grown at the same temperature (see Fig.1).
The growth rate was 0.4 um/h for all layers. For efficient Bi incorporation, the atomic Ga/As flux

ratio was adjusted close to the stoichiometric value before the growth of the of the QW.

GaAs cap layer (50 nm)

GaAs, ,,Bi, Quantum Well (10 nm)

GaAs buffer layer (370 nm)

Figure 1. Typical structure of GaAsu.xBix/GaAs QW grown on (311)B GaAs substrates



The FT-Raman measurements were performed at room temperature in the
backscattering geometry using Vertex 70 Bruker equipped with RAM II: FT-Raman module. The
samples were optically excited by a 1064 nm line of a solid state laser with an excitation power
of 85 mW and measured with a spectral resolution of 1 cm™ and 200 scan accumulations. The
PL studies were obtained by using a 0.5 m Spex-Jobin Yvon monochromator with nitrogen-
cooled Ge detector and a 532 nm linearly-polarized line CW diode laser for optical excitation.
The PL spectra were measured as function of temperature (20 - 300 K) and laser excitation
power. High-resolution XRD rocking curves were obtained using a Phillips X'Pert Pro
diffractometer for the (311) reflection. AFM images were taken with Veeco Dimension 3100 in

the tapping mode.

Results and discussion

XRD rocking curves from each GaAsBi sample are shown in Fig. 2. All diffractograms
exhibit distinct thickness fringes around the (311) diffraction maximum, which is an indication of
good crystalline quality for the samples®?®. Fig. 3 illustrates a typical 5x5 um? AFM image of the
(311)B sample with the highest nominal Bi content (3%), which acts as representative of the
surface features observed for all GaAsBi samples grown on (311)B GaAs substrates. Despite
these observed features, which could be attributed to the not fully optimized growth process on
the (311)B substrates, the root mean square surface roughness has a good and acceptable

value of 6.00 nm.
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Figure 2. XRD rocking curves of all samples. The measurements are offset in intensity and centered at the (311)
reflection maximum.



Figure 3. A 5x5 um2 AFM image taken from the 3% Bi sample surface.

We have also performed FT-Raman measurements in the range of 30 to 300 cm™ at
room temperature using a 1064 nm laser. At this experimental condition, we have important
laser penetration in the QW region and the enhancement of Raman signal intensity due to the
fact that the incident photon energy is close to the resonant excitation condition. All samples
were mounted in a sample holder which allowed crystal rotation with respect to linear
polarization of the laser. As expected, we observed a significant dependence of Raman modes
for different orientations (not shown here) in agreement with previous investigations®*?’. Fig. 5
shows typical Raman spectra for different Bi% measured at a specific crystal orientation as will
be explained below. In general, we have observed two most prominent peaks attributed to GaAs
optical phonon modes in the region 260 to 300 cm™. The peak at 290 cm™ is attributed to GaAs
longitudinal optical phonons (LOgass) While the peak detected at 268 cm™ is assigned to GaAs
transverse optical phonons (TOgans). A strong dependence of Raman peaks with sample
orientation was observed, particularly for the relative intensity of LO (I.0) and TO (lto) GaAs
modes. All FT-Raman spectra shown in Fig.4 were obtained at the same crystal orientation
which corresponds to the configuration of maximum value of |0/l o ratio. In addition, changes in
the relative intensities of TO and LO modes with increasing Bi% were detected, which can be
related to the disorder introduced by Bi incorporation. To analyze in more detail the disorder
effects in these samples, we have studied the Bi dependence on the intensity ratio of l+o/l o and
full width at half maximum (FWHM) (Table 1). Interestingly, a decrease of the relative intensity
I+o/lLo With increasing Bi% was observed which indicates some change in the structural disorder
due to the incorporation of Bi*®. This result is consistent with PL data as will be discussed below.
Furthermore, a small shift of TO mode was detected with increasing Bi concentration. However,
no significant change in the FWHM of LO and TO modes with increasing Bi% content was

observed.



In addition, the Disorder-Activated Transverse Acoustic (DATA) around 80 cm™ and
Disorder-Activated Longitudinal Acoustic (DALA) around 160 cm™ were measured®. They have
lower Raman intensities in comparison with LOgaas and TOgaas modes and different nature. The
observation of DATA and DALA modes also evidences important effects of disorder due to the
growth of GaAs(.«Bi/GaAs QW at lower temperatures.
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Figure 4. FT-Raman spectra at room temperature for samples with 1%,2% and 3% Bi excited with a 1064 nm laser.

Table 1- Wavenumber, FWHM and relative intensities of TO and LO Raman modes for different concentrations of Bi.

TO LO FWHM — FWHM —
Sample (Cni?lA)S (Cni?]_A)S ITO/I LO TOGaAs LOGaAs
(cm™) (cm™)
1% Bi 268,3 292,4 1,92 3.34 3.12
2% Bi 268,3 292,4 1,72 3.44 3.12
3% Bi 268,8 292,4 1,59 3.32 3.14

Fig.5 shows the normalized PL spectra of the QW samples at low temperature (20K).
The peaks are related to exciton ground state recombination in the QW. We observed a red shift
of PL energy peak with the increase of Bi concentration due to band gap energy decrease as

expected>®>. The PL spectra present a broad and asymmetric shape, with a low energy tail
Y p p



typically attributed to localized excitons recombination, while the high energy band is related to
free exciton recombination. At low temperature, PL is usually dominated by localized excitons
occupying low energy states caused by Bi clusters, composition fluctuations and lattice

disorder?®=°,
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Figure 5: PL spectra of GaAsuxBi/GaAs QW (10 nm) grown on (311)B GaAs substrate for nominal concentrations

of 1%, 2% and 3% Bi, measured at low-temperature (20 K) and Pgxc = 15 mWw.

The samples present an improvement of PL intensity and linewidth as the Bi
concentration increases from 1% to 3%, which is not an expected result, since the large
difference in atomic size between As and the substitutional Bi atom should introduce defects,
and thus degrade the material quality with rising Bi composition. However, some previous
studies on GaAsBi bulk (100) show that PL intensity first improves and then decreases as a
threshold Bi percentage is reached®*"*2 In this way, our PL results could be interpreted as a
consequence of competition mechanisms for generation and reduction of structural defects. As
mentioned previously, our QW layers were grown at low temperatures. When the growth
temperature is lower than the optimal GaAs growth temperature, native defects related to
nonradiative energy states such as As antisites and Ga vacancies are usually generated in the
material*****>32 On the other hand, when a small amount of Bi (x < 0.045) is incorporated
during GaAs growth at low temperatures, Bi atoms provide localized states close to the
maximum of the valence band due to Bi-pairs and Bi-clusters formation®!. These act as trapping

centers for bound holes which can recombine radiatively. Simultaneously, Bi could act as a



surfactant which improves the material quality by reducing the defects due to low temperature
growth®. Both features reduce the carrier loss by nonradiative centers and enhance the PL
efficiency at rising Bi concentrations. After this condition, when the Bi amount is higher, the Bi-
related defects start to become significant and might degrade the material quality®".

The observed PL FWHM shrinkage with increasing values of Bi concentration (Fig.6
and 8(c)) is consistent with the enhancement of PL intensity due to a reduction of GaAs defects
and increase of Bi localized states at this growth condition. The PL results are in agreement with

FT-Raman data.
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Figure 6: (a) Normalized PL spectra for the 3% Bi samples at 15 K for different Pexc (b) PL peak energy as function of
Pexc for 1, 2 and 3% Bi. (c-e): Integrated PL intensity (Ip.) as function of Pex for 1, 2 and 3% Bi at 15 K. The dashed

lines illustrate the fitting using equation: I, = BPX..

Fig.6(a) shows the normalized PL spectra for GaAsqq7Big0z QW sample at 15 K as a
function of laser excitation power (Pexc). As can be seen in Fig.6(a) the PL peak blue-shifts with

the increase of Pexc. This behavior is usually observed in highly perturbed systems such as



dilute nitride alloys and is associated with exciton localization effects. However, for GaAsi.,Bix
it is well known that this effect is due to the occurrence of localized states near the top of the
valence band. As explained previously, such localized states are expected to form in the regions
with higher local Bi concentrations, which can be due to Bi-clusters and Bi-related defects.

The integrated PL intensity (lp) as function of Pexc is shown in Fig.6(c-e) and its

respective fitting curve using the power law Ip, = fPK,. **

, Where lp_ is the integrated PL
intensity, f and k are fitting parameters. We identified two different regimes for carrier radiative
recombination as function of Pexc and, consequently, two k values (k; and k,) for each sample.
At low Pexc regime, the PL peak is at lower energy (Fig.6(b)) and the PL emission is governed by
carriers occupying localized states which recombine radiatively, since these states are less
energetic than native nonradiative defects and close to the valence band maximum. The
obtained value of k; is < 1 for samples with 1% and 2% Bi which corresponds to the emission
related to localized excitons. We also remarked that for the 3% Bi samples k; is roughly 1 which
evidences important contribution of free excitons. However, at higher Pgyc regime we have
obtained k, <1 for all samples, which could indicate a saturation effect due to the maximum
carrier occupation of localized states. At this condition, the recombination process is dominated
by free excitons which is limited by non-radiative recombination centers as the Pgxc is increased,
reducing the PL efficiency as compared to low Pexc. The non-radiative centers are usually more
energetic than Bi related defects which are observed in bulk layers and GaAs.,Bi/GaAs QW.
This effect is also evidenced by the observed blue shift of the PL peak as the Pgyc is increased
as shown in Figure 6(b) ***". Finally, since the k values are smaller for lower Bi concentrations,
we conclude that the nonradiative losses of free excitons are smaller in the 3% Bi sample, which
reflect an enhanced sample quality for higher Bi% content samples.

Fig.7(a) shows the temperature dependence of PL spectra for 3% Bi QW sample. As
expected a red-shift of PL energy peak due to the decrease of the band gap energy with the
increase of temperature was observed. However, the effects of exciton localization, due to alloy
disorder and potential fluctuations, result in a temperature dependence of the PL peak position
which cannot be explained by the standard Varshni's model®. This effect is probably due to the
well-known ”S-shaped” behavior of disordered semiconductors including GaAsBi*®**%"%° At
higher temperatures and for higher Pgyc the PL spectra are expected to be dominated by free
excitons®?’. As shown in Fig.7(b), the PL peak energy decreases with the temperature and the
PL spectra gets broader. The S-shape behavior could not be evidenced here because the
intensity of the PL signal is very small at higher temperatures. In general, our results are similar

to previous reports on the PL of GaAsBi QWs grown on GaAs (100) substrates®**.



(a) 3% Bi
12 mw

Normalized PL Intensity (a. u.)

1
|
1
1
1
1
1
1
1
1
1
1

15 K
1.0 1.1 1.2 1.3 1.4
Energy (eV)
—Ml—- 1% Bi
1,40 F )
N “n —®— 2% Bi
D135 l\. —A— 3% Bi
> | ) N 12 mwW
§1,30 -
$1,25 | —e
S_) “A'A'AAAA ®
1,20 } A (b)
180 | /l N m o
— [ ]
2 m" /
£ 160 | g
= A/
5140- “““.Qf‘
! A
A-A
120 } M'A'A’A (c)

20 40 60 80 100 120 140

Temperature (K)

Figure 7: (a) Normalized PL spectra at 12 mW as function of temperature for samples with 3% Bi, (b) PL peak energy

and (c) FWHM as function of temperature.



In order to investigate further the temperature dependence of PL intensities, we first
fitted the data using a simple Arrhenius equation (not shown here). However, the fitting was not
satisfactory as two distinct behaviors were observed indicating two activation energies.
Therefore, we have included an additional energy term in the original equation:

Ip,(T) /1y = 1/[1 + Crexp(—E; /kgT) + Crexp(—E,/kpT)] (2

where Ip. is the integrated PL intensity, A; and A, are constant related to the density of
nonradiative centers, E; and E;, are activation energies of these centers, kg Boltzmann constant,
T the temperature and |, the approximate PL intensity when T — 0 2% A plot of In((lo/1)-1)
versus 1/ksT is shown in Fig.8 and the activation energies obtained by these fittings. Even at
very low Bi concentration, Bi atoms in GaAs host lattice tend to form localized pairs and clusters

5,43

which have different configurations and binding energies™, alloy disorder and potential

fluctuation. They are usually associated with two groups with different activation energies: one

ranges from 8 to 17 meV and is related to Bi clusters and Bi pair®*®*

, and the other energy
around 50 meV is related to alloy disorder****®, At higher Bi concentrations, the localized
energy levels still exist, but they are not effective for the PL recombination due to the fact that
the maximum of the valence band moves up and the localized states merge in the valence band
(VB). For the 1% Bi QW sample we obtained activation energies values of 13 +1 meV and 4.1 +
0.4 meV which can be related to carriers at localized states due to different Bi clusters. On the
other hand, for the 2% and 3% Bi QW samples distinct values of activation energies were
obtained and which can be associated with both types of defects. Particularly, for the 2% Bi
sample an activation energy of 53 meV was determined and attributed to alloy disorder caused
by Bi incorporation fluctuation. Similar values for activation energies were reported for (100)

GaAsBi QWs?®.
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Figure 8: Arrhenius plot of PL intensity of QWs for Bi concentrations of 1, 2 and 3% Bi. The dashed lines illustrate the

fitted lines using equation (2).

Conclusion

In conclusion, we have investigated the structural and optical properties of GaAs;.
«Bi/GaAs QWs grown on (311)B GaAs orientated substrates. Our results evidence important
structural disorder and exciton localization. The Raman scattering results demonstrate that the
relative intensity of TO and LO GaAs phonon modes changes with increasing Bi composition
which indicates possible reduction of the structural disorder with increasing Bi incorporation.
Moreover, PL spectra present a reduction of the linewidth and enhancement of PL intensity as Bi
concentration increases. This behavior may be related to an important reduction of the density of
nonradiative defects due to the Bi incorporation and increase of localized states. Finally, the
determination of the activation energies from the temperature dependence of PL confirmed two
distinct types of defects related to the Bi incorporation, namely Bi clusters and pairs, and alloy

disorder and potential fluctuation.
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