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Resumo

Os semicondutores I1I-V diluidos com bismuto tém apresentado um grande interesse tanto
do ponto de visita de fisica fundamental como para possiveis aplicagoes em optoeletronica
e spintronica. Quando adicionamos uma pequena quantidade de Bi nos materiais I1I-V,
observamos uma redugao importante na energia do band gap. Além disso, é esperada uma
reducao significativa na recombinacao Auger para concentracoes de Bi acima de 10%, tor-
nando tais materiais promissores para possiveis aplicagoes em dispositivos optoeletronicos
na regiao do infravermelho préximo. Neste trabalho, realizamos um estudo sisteméatico
das propriedades épticas e estruturais de filme semicondutores contendo Bi, crescidos pela
técnica de Epitaxia por Feixe Molecular (MBE). Em particular, investigamos: (i) filmes
de GaSb(1_y)Biy crescidos em substratos GaSh (100) com diferentes concentragoes de Bi e
(i) filmes de GaAs(1.x)Bix dopados tipo n e tipo p crescidos por substratos GaAs (100) e
(311)B. Os filmes GaSb 1.4 Bix foram caracterizados por difragao de raio X de alta resolugao
(HRXRD), microscopia de forga atémica (AFM) e efeito Raman em temperatura ambiente
e para lasers com diferentes comprimentos de onda. De forma geral, observamos que as
amostras possuem uma alta qualidade cristalina. Observamos diversos modos Raman
que foram associados aos modos Raman do GaSh, aglomerados de Bi e modos do GaBi.
Dependendo da concentracao de Bi e do comprimento de onda do laser, observamos que
alguns picos Raman tiveram um aumento importante de intensidade do pico. Esse resultado
foi atribuido ao efeito Raman ressonante. Os filmes de GaAsBi também foram investigados
por diferentes técnicas experimentais tais como: HRXRD, micro-Raman a temperatura
ambiente e fotoluminescéncia (PL) em baixa temperatura. Observamos que as amostras
GaAsBi possuem concentracao de Bi similares, mas com uma diferenca importante na
densidade de defeitos estruturais e de centros nao radiativos. Este resultado indica que
a densidade de defeitos depende consideravelmente do tipo de dopagem do GaAs(;_,)Bix
e do tipo de orientagao do substrato. Além disso, observamos que a amostra crescida
no substrato GaAs (100) possui tensdo mecénica compressiva 2.7 vezes maior do que
as amostras crescidas no substrato GaAs (311)B. De forma geral, os resultados obtidos
evidenciam que tanto presenca de tensoes compressivas como contribui¢oes de defeitos
associados com o Bi dependem do tipo de dopagem e orientagao cristalina do substrato

utilizado, afetando consideravelmente as propriedades opticas dos filmes de GaAsBi.

Palavras-chave: Bismuto, filmes finos, MBE, PL, GaSbBi, GaAsBi.






Abstract

Bismuth-diluted ITI-V are interesting materials for possible applications in optoeletronic
and spintronic devices. If we add a small amount of Bi in ITI-V materials, we observe a strong
reduction in the band gap energy . In addition, it is expected that these materials present
an important attenuation of Auger recombination for Bi concentrations higher than 10%.
Therefore, these materials are good candidates for the development of optoelectronic devices
in the near-infrared region. In this work , we have performed a systematic study of I1I-V
materials with different Bi concentrations grown by molecular beam expitaxy (MBE) in
different substrates. Particularly, we have investigated films of GaSb.xBix grown on (100)
GaSb substrates and n- and p-doped GaAs(1..Biy films grown on (100) and (311)B GaAs
substrates. The GaSb(_y)Biy films were investigated using high resolution XRD (HRXRD),
AFM and Raman spectroscopy. We have observed that the GaSb(;_4)Biy films have a good
crystalline quality. In addition, we have observed several Raman modes associated with
GaSh, Bi clusters and GaBi. We have observed an important increase of Raman intensity
depending on the Bi concentration and laser wavelength. This result was attributed to
the resonant Raman effect. We have also investigated the GaAsBi samples using different
techniques such as: HRXRD, Raman and low temperature photoluminescence (PL). We
have observed that the incorporation of Bi in the n- and p-type doped samples were similar.
However, these samples have shown important difference in the density of structural defects
and non-radiative centers. This result indicates that the density of defects depends on
the type of doping in GaAs(;.Biy and on the substrate orientation. In addition, we have
observed that the sample grown on the GaAs (100) substrate has a compressive strain
2.7 times higher than the samples grown on the substrate GaAs (311)B. In general, our
results evidence that both the amount of compressive strain and the density of defects
depend on the substrate orientation and type of doping, which affects considerable the

optical properties of GaAsBi thin films.

Keywords:Bismuth, thin films, MBE, PL, GaSbBi, GaAsBi.
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2 Introduction

Bismuth-containing III-V semiconductor materials have had great attention in
recent years for possible aplications in near-to-mid-infrared optoelectronic and spintronic
devices (JUNG et al., 2017; MARKO et al., 2016). Yet, it is usually very difficult to
incorporate Bi atoms into III-V alloys due to their large size atoms, making the growth
of ITII-V bismides challenging and leading to specific requirements such as growth at low
temperatures at near-stoichiometric conditions. Nevertheless, the growth of semiconductor
materials at low temperatures usually results in the formation of various crystalline defects,
which have an important impact on their optical properties (BEAUDOIN et al., 2015;
LUO et al., 2017). Most of the previous studies of III-V bismides have been focused on
undoped GaAsBi compounds (PACEBUTAS et al., 2012; KINI et al., 2011; MAZZUCATO
et al., 2014). Yet, it is also interesting to investigate n- or p- doped GaAsBi compounds
for real applications in based devices (EROL et al., 2017; CETINKAYA et al., 2018).
More recently, the successful incorporation of Bi into GaSb-based alloys has also attracted
important attention for possible applications in optoeletronic devices in the mid-infrared
region (RAJPALKE et al., 2013; DELORME et al., 2017). Yet, most of these previous
studies have been focused only on the growth process, structural quality, and in optical
properties such as absorption, photoreflectance, and photoluminescence. Actually,there are
no previous studies on Raman spectroscopy of GaSbBi layers which report well-defined
Bi-related vibrational modes. In this thesis, we have focused our attention on a systematic
study of Raman spectroscopy of GaSbBi layers with different Bi contents and also on the
optical properties of n- and p-doped GaAsBi layers on (100) GaAs and (311)B substrates.

The introduction of Bi in III-V materials have an important impact on their
electronic properties as compared to III-V materials. Some examples are the significant
bandgap energy reduction (~84 meV/Bi%) (BRODERICK et al., 2011) and an important
increase of the spin—orbit band splitting associated with the incorporation of a small
amount of Bi into the host lattice of GaAs, which contributes to reduce the non-radiative
Auger recombination (SIMMONS et al., 2015; PASHARTIS; RUBEL, 2017). On the other
hand, their crystal quality is considerably affected by the affected by the low growth
temperatures which are usually necessary to incorporate bismuth atoms into the GaAs host
lattice (ALBERI et al., 2007). Actually, the alloys must be grown in the near-stoichiometric
conditions and at much lower temperatures (below 400°C) as compared to the optimal
growth conditions for the GaAs layers . Although, the requirement of growth at low
temperature together with the large size of the Bi atoms and the strong tendency of Bi to
segregate on the surface, make the growth of GaAs(_y)Bix really challenging (PTAK et al.,

2012). Furthermore, most of the previous studies of GaAs(;_y)Biy films and heterostructures
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were performed using the conventional (100) GaAs substrates (BASTIMAN et al., 2012)
and there are few research works which have explored the growth of III-V bismides on
high-index planes, which considerably influence the Bi incorporation and consequently
their optical properties. In addition, the development of optoelectronic devices also require
a controllable methodology for the doping of semiconductor alloys. However, there are very
few investigations of the effect of doping on GaAs(1.Bix and most of these investigations
were particularly focused on the effects of the doping on the structural and electrical
properties. Nevertheless, it is interesting also to investigate the optical properties of n-type

and p-type GaAs(;_Biy alloys.

As mentioned above, the growth of these materials is complex because Bi has a
larger atomic radius than arsenic and gallium atoms, and for an effective incorporation
of Bi to occur, it is necessary to follow some special growth conditions (FITOURI et al.,
2011). One of the main conditions for the growth of these alloys is that it takes place at low
temperature, to avoid the appearance of point defects. In the case of growth with a higher
temperature than the ideal one, it is observed that these alloys present the segregation of
Bi, Ga, and As atoms, thus forming islands full of these elements (known as droplets) on
the surfaces of the samples, (TAIT; YAN; MILLUNCHICK, 2017; VARDAR et al., 2013)
which can affect the optical quality of these materials. Another effect associated with the
growth temperature is the appearance of Bi or As agglomerates along the thin film volume,
called clusters (PUUSTINEN et al., 2013) that can effectively affect the optical quality of
devices based on GaAs materials. In general, when these materials are grown above the
ideal growth temperature, the absence of an atom can be observed at a certain point in
the host lattice, which is called vacancies(PUUSTINEN et al., 2013).

On the other hand, there are several previous studies focused on GaAsN alloys.
Their band structure and optical properties were explained by a simple theoretical model
based on the interaction of the nitrogen (N) impurity level with the conduction band of
GaAsN (BAC Model) (KUDRAWIEC et al., 2004; LINHART; KUDRAWIEC, 2018) which
explains the changes of the band structure with the incorporation of nitrogen impurities.
The BAC model is based on the interaction of nitrogen states with the GaAs matrix,
which results in a change of the conduction band into two sub-bands (E; and E.), which

are illustrated in figure 1 (a).

A similar theoretical model was also developed to explain the interaction of Bi
impurity states with valence band. When we add a small amount of Bi in the GaAs matrix,
part of the Bi atoms will be incorporated via substitutional replacing the host matrix
arsenic. However some the Bi atoms will not be incorporated and will act as an impurity.
The bismuth is a p-type impurity and therefore induces states close to the valence band.
These Bi levels interact with the valence band of the GaAs matrix, resulting in the change
of this band into six E; and E. sub-bands of the heavy hole (HH), E, and E. light hole
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Figure 1 — (a) Conduction band splitting in the BAC model for GaNAs alloys and (b)
Valence band splitting in the VBAC model for GaAsBi materials (LINHART;
KUDRAWIEC, 2018).

(LH) and E; and E_ split-off (SO) which can be seen in figure 1 (b). This interaction of Bi
impurity levels results in an important impact in the valence band of the GaAsBi alloys.
The band gap energy reduction of these materials can be calculated through the following

equation:

By — ;{Ek(k‘) By (B (k) — Eo? + 422} (2.1)

where Ey represents the maximum energy of the valence band of GaAs, E; is the
energy of the bismuth level, x is the concentration of Bi and V; is the coupling term
between the impurity states with the valence band. However, a recent model proposed by
Usmman et al. (USMAN et al., 2011), demonstrates that Bi impurities not only interact
with the valence band but also interact with the conduction band illustrated in figure 2.
As we increase the Bi concentration, we observe a strong reduction in both the conduction
band (28 meV) and the valence band (55 meV). In addition to the strong reduction in the
band gap energy of these materials (60-90 meV), another interesting modification due the
incorporation of bismuth in the GaAs matrix is the increase in the spin-orbital band. III-V
materials may exhibit non-radiative recombination, called Auger recombination, which
affects the optical quality of devices based on these materials. We observed that as we
increase the Bi concentration, we have a strong reduction in the band gap and a significant
increase in the spin-orbital band, which significantly attenuates the Auger recombination
for a concentration of 10% Bi. Usually, the n-type GaAsBi layers present levels of defects
which are in the bandgap, which can affect considerable the performance of optoelectronic

devices. These levels of defects act as traps for electrons, and consequently, the material



24 Chapter 2. Introduction

has a lower mobility of carriers and a lower optical efficiency (GELCZUK et al., 2017).
These defects usually depend on the growth temperature which favors the appearance
of point defects, such as the vacancy of Ga or arsenic. The incorporation of Bi usually
suppresses the formation of carrier traps in the GaAs matrix, but at the same time may
favor the appearance of defects related to Bi complexes. It was previously shown that
the incorporation of Bi in n-type doped GaAs alloys (100) grown at 370° C with a low
concentration of Bi (0<x<0.023) exhibits a reduction in carrier trap formation of two
orders of magnitude when compared to the reference sample (GaAs) grown under the
same conditions. However, these samples are usually susceptible to Bi-related defects such

as, clusters and Bi pairs.

A Bi concentration

6% 12 %

Energy
o
ES
)
1]
>
@2

Y
Y

L
.
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Figure 2 — Anticrossing interaction model for the GaAsBi alloy (USMAN et al., 2011).

Previous studies on p-type doped GaAsBi materials have shown that the levels
induced by p-type doping modify the occupancy of localized Bi states, which affects the
PL properties. A comparison between p-doped and non-doped GaAsBi alloys has shown
the appearance of the S-curve behavior for the undoped material, while for p-type doped
GaAsBi this behavior was not observed (YOSHIMOTO et al., 2013). However, there is still
no previous study in the literature of optical properties of n- and p-type doped GaAsBi
semiconductor materials grown on substrates of unconventional crystalline orientation. Re-
cently, it was demonstrated that GaAsBi alloys grown on substrates oriented in high-index
crystal directions exhibit an increase in the incorporation of Bi as compared to conven-
tional substrates (100) (HENINI et al., 2007). Furthermore, the GaSbBi semiconductor has

recently also become an interesting material, due to its gap reduction (40 meV/% Bi) (RA-
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JPALKE et al., 2015), and due to the increase in the split-off band. Improvements in the
optical properties of GaSb(1.Bix / GaSb heterostructures can be achieved by optimizing
the growth conditions and by a better understanding of their electronic structure. These
properties make this material an ideal candidate for optoelectronic applications since many
of these devices work in the spectral range of 2 to 5um (DELORME et al., 2017). However,
this alloy also presents some important difficulties for the growth by molecular beam
epitaxy (MBE) since the inclusion of Bi into GaSb alloys is complex, due to the enormous
size difference between Sb and Bi and their electronegativity (LONGENBACH; WANG,
1991). As previously mentioned, bismuth has a strong tendency to segregate and form
droplets on the surface of the material at low temperatures (300°C). To circumvent the
problem, the growth temperature of these samples must be in the range of 330-390°C to
effectively add bismuth in the alloy. However, compared to GaAsBi, the defects and crystal
disorders may be smaller in GaSbBi due to the smaller difference between group V atoms
in terms of their electronegativities and sizes (As and Sb). Additionally, the parameters of
the BAC model determined for GaSbBi suggest that the band structure of this alloy is
closer to conventional III-V alloys (such as GaAsSb or GalnSb) than those observed in
high disorder alloys (such as GaNAs or InPBi) (POLAK; SCHAROCH; KUDRAWIEC,
2015).

In this thesis, we have investigated in detail the structural, electrical and optical
properties of GaSbBi and n- and p-doped GaAsBi layers, although my main contribution is
on optical properties of these materials. The other studies were performed in international
collaborations. In chapter 3, we presented the complete work performed in this thesis, and

in chapter 4 we present the conclusions.
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Abstrat

We report on the crystal morphology and Raman scattering features of high
structural quality GaSb;.Biy alloys grown by molecular beam epitaxy with a high Bi
content (x up to ~0.10). The Raman spectra were measured at room temperature with
different laser excitation wavelengths of 532 nm, 633 nm, and 785 nm. We observed well-
defined Bi-induced Raman peaks associated with atomic Bi, clusters and GaBi vibrational
modes. Remarkably, some Bi-induced Raman modes were strongly enhanced when the
laser energy was selected near an optical transition for the 5.8% Bi sample. This effect was
attributed to a Raman resonant effect near an excited optical transition of the GaSbBi

layer and has been used to identify the nature of the observed Raman peaks.
1. Introduction

Bismuth-containing III-V alloys have drawn considerable attention in recent years,
owing to their potential for near-to-mid-infrared optoelectronics and spintronics applica-
tions [1-7]. Importantly, the introduction of Bi into III-V alloys results in a large bandgap
reduction and spin—orbit splitting. However, Bi atoms are difficult to incorporate into I1I-V
alloys due to their large size, making the growth of III-V bismides challenging and leading
to strict requirements for growth at low temperatures at near-stoichiometric V/III flux

ratios [2-4,8]. On the other hand, growth at low temperatures can trigger the formation of
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various crystalline defects, which have a significant impact on the optical properties. While
the majority of early studies have been focused on GaAsBi compounds, the incorporation
of Bi into GaSb-based alloys has recently attracted much attention owing to possible
applications in the mid-infrared region. So far, most studies concerning GaSbBi have
focused on the growth process, structural quality, and optical properties, [2,4,9,10] such as
absorption, photoreflectance, and photoluminescence. Yet, there are no reports on Raman
spectroscopy for GaSbBi layers demonstrating well-defined Bi-related vibrational modes
[1,10]. In fact, only a very weak shoulder around 213-215 cm™ has been previously reported
in the Raman spectra of dilute GaSbBi layers (0.4% Bi) associated with a GaBi vibrational
Raman mode [10]. On the other hand, there are several reports on Raman spectroscopy
of GaAsBi layers and other Bi-containing materials [11-19]. Despite these investigations,
the interpretation of GaBi-related Raman peaks is still being unveiled. In fact, as the
bulk GaBi crystal has not been synthesized, the identification of GaBi-related vibrational
Raman modes is usually a difficult task. In general, two Bi-related Raman modes are
usually observed around 185 and 210 cm™ and are associated with TO(T") and LO(T") GaBi
modes [15,17]. However, this interpretation is not in agreement with several predictions,
[18,20,21] which have pointed out a separation of TO(I") and LO(I'C) GaBi vibrational
modes of less than 10 cm™. Moreover, atomic Bi, clusters and disorder-activated modes
have been suggested to further complicate the Raman spectra [18,19,22]. Resolving these
issues calls for more extensive studies in order to understand the nature of Raman peaks

in Bi-containing III-V alloys.

In this Letter, we have investigated the structural and Raman spectroscopic
properties of high structural quality GaSbBi alloys grown by molecular beam epitaxy (MBE)
with a high Bi content. We observed well-defined Bi-induced Raman peaks associated
with atomic Bi, clusters and GaBi vibrational modes. Remarkably, we have shown that
by selecting the laser energy close to an excited transition of the GaSbBi semiconductor
material, several Bi-induced Raman vibrational modes become clearly enhanced. We
explain this effect via a resonant Raman effect near the E1 interband transition. In
particular, we have used the resonant Raman effect and polarized Raman spectroscopy to

identify the nature of the observed Raman peaks.

2. Experimental

Three GaSbBi samples (B1, B2, and B3) and a reference GaSb sample (R) were
grown by MBE on n-GaSb(100) substrates. All samples were grown at a temperature
of 350°C following the growth procedure described in our previous work [4], with the
exception that the substrates were rotated during growth to produce uniform compositions
across the wafers. The GaSbBi structures were grown under near-stoichiometric Sb/Ga
flux ratios and different Bi/Ga beam equivalent pressure ratios of 0.08 (B1), 0.11 (B2),
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and 0.14 (B3). The growth temperatures were measured using a thermocouple and are

consistent with our previous work [4].

High-resolution x-ray diffraction (HR-XRD) w-26 scans from the (400) reflection
were used to investigate the structural quality. The Bi contents were determined by fitting
simulations based on the dynamical theory of x-ray diffraction to the HR-XRD data. Fully
pseudomorphic layers and Vegard’s law with a lattice constant of 6.27A 9] for the GaBi
binary were assumed in the simulations. The fully pseudomorphic growth was confirmed
by reciprocal space mapping (RSM). The surfaces were characterized by atomic force

microscopy (AFM), to exclude effects from surface imperfections.

Polarization-dependent Raman spectra were measured at room temperature using
a Renishaw inVia Qontor Raman microscope with a 785 nm laser. The measurements were
performed in quasibackscattering Porto geometry Z(XX)Z and Z(XY)Z with the basis X
= [011], Y = [011], and Z = [100]. For non-polarized micro-Raman measurements, we used
different laser wavelengths, i.e., 532 nm, 633 nm, and 785 nm, and a Horiba LabRAM
HR Evolution system with a 1800 g/mm grating and a 50 x objective. In all Raman
experiments, the spectral resolution was ~ 1 cm™ and the laser power densities were below

1W /cm? to avoid sample heating.

3. Results and discussion

Figure 1 compiles the HR-XRD w-26 data (solid lines) overlaid by their respective
simulations (dotted lines) for all the samples reported. The reference sample R exhibits
a single intense and narrow peak corresponding to the GaSb(400) reflection, indicating
that the grown epilayer is perfectly lattice-matched to the substrate. In fact, the FWHM
of the diffraction peak is only ~11.3 arcseconds and the data can be fitted with high
accuracy by assuming an infinitely thick GaSb layer in the model. In contrast, all the
Bi-containing samples (B1-B3) show clear intense secondary peaks corresponding to the
GaSbBi epilayers, which are offset from the substrate peak by varying degrees based on
the amount of compressive strain, which is proportional to the Bi content. In addition,
the GaSbBi peaks are surrounded by clear Pendellosung oscillations, which indicates high
interface quality and homogeneous Bi content. Based on the simulations, which follow
the experimental data closely, the Bi contents are 5.8% (B1), 8.0% (B2), and 10.6% (B3).
To confirm that no relaxation has occurred, a RSM from sample B3 was measured and
is shown in the top-left inset of Figure 1. In the RSM, the substrate and epilayer peaks
are aligned on the in-plane reciprocal space axis, indicating that no relaxation of the
epilayer has occurred. Since samples B1 and B2 have the same thickness and lower strain,
none of the samples are expected to be relaxed. To further exclude effects from structural
imperfections, the surface quality was characterized by AFM. All the samples exhibited
droplet-free smooth surfaces, with RMS roughnesses below 0.5 nm. A more detailed AFM
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analysis can be found in the supplementary material (cf. Figure S1).
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Figure 1. HR-XRD measurements (solid gray) and simulations (dotted red) from all
the reported samples. The w-20 axis is centered to the GaSb(400) reflection, and the
samples are labeled near the right-hand side axis. The inset shows the RSM from sample
B3 corresponding to the (422) diffraction, with the substrate and epilayer peaks designated
with S and L.

Figure 2 shows typical room temperature Raman spectra of samples with different
Bi contents (B1-B3) and of the reference GaSb sample (R) measured with 785 nm excitation
in the Z(XX)Z configuration. The Raman spectra in the Z(XY)Z configuration are shown
in Figure S2 (see the supplementary material). Raman peaks around 114 cm™, 162 cm™,
235.5 cm™t, and 269 cm™ are observed for all samples, which is consistent with peaks
observed in the literature for the bulk GaSb crystal.

These peaks are usually associated with the crystalline GaSb Zinc blende structure,
point group Ty 43m, which shows second order: 2TA(X and X) (11143 cm™ and 11743
em™) and 2TA(W and Q) (160465 cm™), first order: TO(T) (227.1£1.0 em™) and LO(T)
(237.1 £ 1.0 ecm™), and second order: TO(X)+ TA(X) (272 4+ 3 cm™!) vibrational modes
[23,24]. Particularly, the most intense Raman peak around 235.5 cm_; is associated with
the LO(I") GaSb mode. We point out that this mode shows a clear red shift with increasing
%Bi (Figure S3), indicating an increase in compressive strain, in agreement with the
HR-XRD results. Moreover, the linewidth of the LO(I') GaSb mode increases as the Bi
content is increased. These effects are associated with an increase in disorder with the

increasing Bi content.



31

785 nm
< | — 0,0%Bi =it
& | — 5,7%Bi
> | — 8,1%Bi e
@ | ——10,5%Bi 195 ],
3 |
c 185
& l
N 114 4128
= 1 267
£ 1 164 1
(8]
2 |

I . I g I ; I ] I
100 150 200 250 300

Raman shift (cm™)

Figure 2. Raman spectra for different Bi contents using 785 nm laser excitation measured
in the Z (XX)Z configuration.

In comparison to the Bi-free sample (R), the GaSbBi samples (B1-B3) show several
additional Raman peaks around 136 cm™, 185 cm™, 195 cm™, and 219 cm™. Particularly,
the peak at 219 cm™! has a higher value than the peak usually associated with the LO(T")
GaBi vibrational mode around 210 cm™ in GaAsBi layers [15,17]. However, the polarized
Raman results (Figure S2) show that this peak has different polarization behavior from
the LO(C) GaSb vibrational mode, which makes this interpretation partially inconsistent.
Moreover, this peak is at a much higher frequency than the theoretical value predicted for
the LO(I") GaBi Raman mode [20,21]. Correspondingly, the Raman peak observed at 185
cm™, which has the same polarization as the LO(T') GaSb vibrational mode (Figure S2),
was previously observed in several studies on GaAsBi [15,18,19,25,26] and was associated
with the TO(T") GaBi vibrational mode, which is also inconsistent with our polarized
Raman results. Particularly, this mode attribution implies a separation of 34 cm™ between
the LO(C) and TO(I") GaBi modes, which is much larger than the predicted separation of
less than 10 cm™ [18,20,21]. Therefore, we attribute the Raman peak observed around 185
cm™ to be a convoluted LO(T")+TO(T') GaBi vibrational mode. This attribution is more

consistent with the previous predictions [18,20,21] for the Raman peak positions as well as
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for the frequency separation between the TO(I') and LO(I") GaBi modes. Moreover, instead
of the LO(T") GaBi mode, the Raman peak around 219 cm™ could be associated with GaSb
Raman vibrational modes due to other zone boundaries, such as TO(X) and/or TO(L) [24],
which are forbidden by the typical momentum conservation rules for first order Raman
scattering in GaSb. Observation of the forbidden modes could be explained by Bi-induced
disorder in the lattice, leading to the relaxation of Raman selection rules, as proposed in
several previous works [24,27]. In the resonant condition (Figure 3), the appearance of the
GaSb-like TO(X or L) phonon mode in the GaSbBi Raman spectra could be associated
with Bi-induced mixing of the GaSbh valence band. A similar effect was observed for the
GaAsN semiconductor and attributed to the N-induced mixing of GaAs conduction bands
[28,29]. However, a possible contribution of the longitudinal-optical-plasmoncoupled mode
should also be considered. Therefore, further studies would be necessary for a complete

understanding of the nature of this Raman peak.

At the other end of the spectrum, the Raman peak around 136 cm™ has too low
frequency to be associated with any LO or TO GaBi modes. In fact, this Raman peak
is in the acoustic regime and is usually associated with disorder activated longitudinal
acoustic (DALA) modes induced by Bi [27]. On the other hand, it could also be attributed
to vibration modes of atomic Bi, clusters, consistent with the fact that Bi atoms are not
easily incorporated into the crystalline structure. The Bi incorporation into GaSbBi films
has been generally reported to be over 97% substitutional in the group-V sublattice [9,30],
translating to a low concentration of pure atomic Bi, clusters, where some Bi atoms occupy
other than substitutional sites. However, Punkkinen et al. [31] reported that Bi clustering
in GaAsBi is driven by the existence of Ga vacancies in the lattice. Moreover, Ga vacancies
in GaSbBi have been recently shown to contribute to large hole densities in GaSbBi [32].
Thus, there is a clear rationale for why such clusters would exist in these high Bi content
GaSbBi materials. Therefore, these results lead us to tentatively attribute this peak to a
combination of DALA and/or atomic Biy cluster modes, which have shown Raman peaks
near the observed peak around 136 cm™ [22]. Finally, the peak at 195 cm™ is not observed
in the large majority of literature studies related to Bi-containing materials. However, a
study on Bi-doped glasses [33] and a theoretical prediction [22] found a vibrational mode
around 195 cm™ related to the Biy dimer. Therefore, we suggest this Bi, mode as the origin
of the observed peak at 195 cm™. We do note that the higher Bi content as compared to
previous studies of other ITI-V bismides could favor the formation of Bi, dimers and, thus,

explain its absence in previous studies.

We have also measured Raman spectra using different excitation wavelengths of 532
and 633 nm. Figure 3 shows the Raman spectra of sample B1 (5.8%Bi) for all excitation
wavelengths. Again, the most intense Raman peak around 235.5 cm™ is the LO(T") GaSbh

mode and the small peak at 225 cm™ is associated with the TO(T') GaSb mode [23]. The
observation of the TO(I') GaSb mode evidences the presence of disorder induced by Bi
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Figure 3. Non-polarized Raman spectra of sample B1 with different excitation wavelengths.
The intensities have been normalized to the LO(I') GaSb mode.

atoms as the TO(I") peak is forbidden by the selection rules. The spectrum measured using
532 nm excitation shows the same features as those observed for the 785 nm excitation,
but with less distinct peaks and lower signal-to-noise ratios in the region of Bi-induced
modes. Conversely, the Raman spectrum for 633 nm excitation shows particularly distinct

peaks related to the Bi-induced modes.

Remarkably, the Raman peaks at 219, 185, and 136 cm™ are strongly enhanced
under 633 nm excitation. This can be explained by the resonant Raman effect as the
laser excitation at 1.96 eV (633 nm) is near an excited optical transition of the GaSbBi
material. Some theoretical studies on the band structure of GaSbBi [34-36] have used the
popular valence band anti-crossing model (VBAC) and have shown a transition between
the LH/HH- valence sub-band and the conduction band, which would be around the 633
nm laser excitation energy for 5.8%Bi. However, Polak et al. [37] showed that the VBAC
model is less valid for GaSbBi alloys, owing to the weaker chemical dissimilarity between
Sb and Bi, than, for example, As or P and Bi. In fact, theoretical calculations based on the
density functional theory show that an interband transition on the K-line has an energy

gap near the 633 nm laser energy (i.e., the E1 transition), particularly for a Bi content
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TABLE I. Summary of the observed Raman peaks and their properties.

Wavenumber Assignment Selection rule? Order Bi induced
(cm™) Z(XX)Z  Z(XY)Zz 1t o

114 2TA(X + %) Allowed  Forbidden X

136 DALA Forbidden Forbidden x X
162 2TA(W + Q) Allowed Forbidden X

185 LO(T') + TO(I') GaBi  Allowed Forbidden x X
195 Bi2 dimer Allowed Forbidden x X
219 TO(X)/TO(L) GaSb  Forbidden Forbidden x X
225 TO(I') GaSb Forbidden Forbidden x

235.5 LO(I") GaSb Allowed Forbidden x

269 TO(X) + TA(X) GaSb  Allowed Forbidden X

®For a perfect bulk crystal. Note that many forbidden modes are observed in the Raman
spectra by Bi-induced disorder and relaxation of the selection rules.

close to 5.8%Bi [38,39], which is more likely the resonant transition.

We find the resonant Raman results to be fully consistent with the above discussion

1 and 185 cm™ Raman peaks are

on the nature of observed peaks. Namely, the 136 cm”
extremely sensitive to the resonant condition, have the same polarization as the GaSb LO
mode, and are also observed in GaAsBi layers. Previously, we tentatively ascribed the 136
cm™ mode to DALA and/or Biy clusters based on earlier reports [22,27]. Considering that
this mode is sensitive to the resonant condition, we can now rule out the contribution
of atomic Biy clusters, as they are not expected to have a resonant optical transition
at the wavelength of 633 nm. Conversely, the modes at 185 cm™, TO(T') and LO(T) of
GaBi in the GaSbBi alloy, are resonant due to the E1 gap as expected. Interestingly, the
219 cm™ peak is also sensitive to the resonant condition, but has different polarization
from the LO(T") GaSb mode. Therefore, we suggest that the 219 cm™ Raman peak is
associated with other zone boundaries of GaSb Raman vibrational modes, such as TO(X)
and TO(L) [27], which could be allowed by increased disorder due to Bi incorporation.
Again, this interpretation is consistent with the polarized Raman spectra. Furthermore, it
is expected that this GaSb vibrational mode could be resonant to the E1 gap absorption
of the GaSbBi crystal. Finally, the 195 cm™ peak is not sensitive to the resonant condition.
In fact, our results indicate that the 195 cm™ peak has a different nature and could indeed
be associated with the vibration of the dimer Bi,, which is not coupled to vibrational
modes related to GaSb [22,33]. As a summary of the above discussion, all the observed

Raman peaks are compiled in Table I.

4. Conclusion

In conclusion, we have observed several distinct peaks in the Raman spectra (non-

polarized and polarized) of GaSbBi layers, which are not visible in GaSb grown under
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similar conditions. We have observed a resonant Raman effect in a GaSbBi layer with
5.8%Bi using 633 nm excitation, which enhanced some of the Bi-induced Raman peaks.
The resonant Raman effect and polarized Raman results were used to investigate and
characterize the nature of the observed Raman peaks. Particularly, the Raman peak
observed at 185 cm™ was associated with a convoluted LO(T') + TO(T') GaBi mode. The
Raman peaks observed at 136 cm™, 195 cm™, and 219 ecm™ were associated with DALA,
atomic Biy cluster, and TO(X)/TO(L) GaSb phonon modes, respectively.
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In this section, we present supplementary characterization results supporting the
analysis made in the manuscript. First, since the growth of III-V bismide materials are
highly susceptible to surface defects, such as the formation of droplets of different chemical
composition [1-3], that could influence the analysis of the Raman spectra, the sample
surfaces were characterized by atomic force microscopy (AFM). Fig. S1 shows a compilation
of the AFM micrographs, where all the samples exhibit droplet-free and smooth surfaces,
with root-mean-square roughnesses below 0.5 nm. Still, a clear distinction is seen in the
surface microstructure between the reference sample (Fig. S1 a) and the Bi containing
samples (Fig. S1 c¢-d). Namely, the Bi containing samples all share a similar surface
mounding pattern, which is consistent with earlier reports on GaSbBi [1, 3-5] and GaAsBi
[2, 6, 7], while the Bi-free sample shows a less distinct nm-scale islanding pattern. This
mounding pattern is commonly thought to arise from Ehrlich-Schwoebel (ES) barriers
on the step-edges in conjunction with anisotropic surface diffusion of the adatoms [8-10].
The mechanism for forming such clear mounds only on the Bi containing samples could
be explained by increased surface diffusion rates induced by Bi [11], which can enhance
the effects of the ES barriers. A side effect from the mounding are the slightly increased
surface roughness values in comparison to the Bi-free sample, although it has recently
been shown that by precise control of the V/III ratio the mounding amplitude can be

controlled and thus minimized for optimal surface quality [2].
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FIG. S1. AFM micrographs from samples R (a) and B1-B3 (b-d), respectively. The white
scale bars are 200 nm for all images and the vertical scale on the right-hand side is shared
by the images.

Fig. S2 shows the polarization dependent Raman spectra for all reported samples
in the study. They were measured using 785 nm excitation in quasi-backscattering Porto
geometries Z(XX)Z and Z(XY)Z with the basis X=[011], Y=[011] and Z=[100]. For all
samples, the Raman intensity is very low for the Z(XY)Z configuration as expected by
Raman selection rules. Particularly, the GaSb LO mode at 235.5 cm™ is not observed
for the reference sample in the Z(XY)Z configuration. On the other hand, it is clearly
observed in the aforementioned configuration for the Bi-containing samples, which clearly
indicates Bi-induced disorder. Moreover, additional Bi-related Raman features are clearly
observed for the B1-B3 samples. Their Raman intensity follows the expected trend of

increasing intensity as a function of Bi content as discussed in the manuscript.
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FIG. S2. Polarized room temperature Raman spectra for the reference sample R and for
samples with different Bi contents (B1-B3). The intensities are normalized to the GaSb
LO peak.

We also remark that all Raman peaks at the acoustic range and longer wavenumber
range features are consistent with previous results reported in literature for GaSb crystal.
Particularly, the Raman peaks at around 265-276 and ~440 cm™ range are ascribed to
second order Raman scattering and/or combinations of different Raman peaks as discussed
in the manuscript. In addition, a slight shift for GaSb LO Raman peak with increasing Bi
content, as shown in Fig. S3, was associated with an increase of strain, which is consistent
with our HR-XRD results.
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FIG. S3. Raman spectra for all samples in the region of GaSb LO mode using 785 nm
excitation. The data is interpolated by B-spline for clarity.
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FIG. S4. Raman spectra of R2 sample for different laser wavelengths.
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Figs. S4 and S5 show the Raman spectra for samples B2 and B3 respectively using
different laser wavelengths. We observed that the Raman resonant effect is less important

than for sample B3 because the excitation wavelength is far from the resonant condition.
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FIG. S5. Raman spectra for sample B3 using different laser wavelengths.
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Abstract

In this paper, we report on the structural and optical properties of n-type Si-doped and
p-type Be-doped GaAs(;.Bix thin films grown by molecular beam epitaxy on (311)B
GaAs substrates with nominal Bi content x = 5.4%. Similar samples without Bi were
also grown for comparison purposes (n-type GaAs and p-type GaAs). X-ray diffraction
(XRD), micro-Raman at room temperature, and photoluminescence measurements as a
function of temperature and laser excitation power (Pgrxc) were performed to investigate
their structural and optical properties. XRD results revealed that the Bi incorporation
in both n-type and p-type doped GaAsBi was similar, despite that the samples present

remarkable differences in the number of Bi related defects, non-radiative centers and alloy
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disorder. Particularly, our results evidence that the Bi-related defects in n- and p-doped

GaAsBi alloys have important impact on the differences of their optical properties.

Keywords: exciton localization, structural disorder, optical properties, doped semicon-

ductor,dilute bismides

1. Introduction

It is well known that dilute bismides materials such as GaAs(.Bix alloys are of
great interest due to the fact that they can extend the application of standard III-V
semiconductor devices to operate in the mid-infrared spectrum [1, 2|. The main features
for this interest are due to the important changes to the electronic properties such as
significant bandgap energy reduction (~84 meV/Bi%) [3] and an increase of the spin—orbit
band splitting associated with the incorporation of a small amount of Bi into the host
lattice of GaAs, which help reduce the non-radiative Auger recombination [4-6]. However,
the crystal quality of III-V alloys is profoundly affected by the growth temperature in
order to incorporate bismuth atoms into GaAs host lattice. The alloy must be grown near-
stoichiometric conditions and at much lower temperatures (below 400°C) as compared to
GaAs optimal growth conditions [7, 8]. The low growth temperature requirement together
with the large size of the Bi atom and thestrong tendency of Bi to surface segregate,
make the growth of GaAs(;_Bix challenging. In addition, although most investigations of
GaAs(1.x)Bix films and heterostructures were performed using the conventional (100) GaAs
substrates, there are few studies exploring the growth on high-index planes, which can
considerably influence the Bi incorporation and consequently their electrical and optical
properties [9-13]. Remarkably, it has been shown that enhancement of Bi incorporation in
GaAs(1.4Bix thin films could be obtained by using (311)B orientation [9]. On the other
hand, while optoelectronic devices require a controllable methodology for the doping of
alloys, there are relatively a very few studies addressing the doping process of only (100)
GaAs(1.4Bix [14-21]. These investigations have particularly concentrated on the effects
the doping has on the structural, electrical and optical properties. Therefore, it is worth
noting that the structural and optical properties of n-type and p-type GaAs(i_y)Biy alloys

and heterostructures using non-(100) GaAs substrates have not been investigated yet.

In this paper, we present a detailed study on the structural and optical properties
of n-type and p-type doped GaAs(_y)Bix layers grown on high index (311)B oriented
GaAs substrates. n-type and p-type GaAs control samples were also grown for comparison
purposed. The samples were grown by molecular beam epitaxy (MBE), and Bi compositions
were determined by high resolution x-ray diffraction (HR-XRD) measurements. Both n-
doped and pdoped GaAs(i4)Biy samples were found to have the same Bi composition,
meaning that the substitutional incorporation of Bi does not depend on the type of doping.

The optical properties were investigated using photoluminescence (PL) and micro-Raman
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spectroscopy. The obtained results, which revealed that the n and p GaAs(..)Biy samples
have remarkable differences in terms of the density of structural defects and non-radiative
centers, indicate that the density of Bi-related defects depend on the type of doping in
GaAs iy Biy.

2. Experimental details

The samples investigated in this work were grown in an MBE system (CNA, Russia)
equipped with standard effusion cells. For the evaporation of Bi a standard Ga furnace with
reduced screen insulation was used to improve temperature control. The samples consisted
of a 100 nm thick doped GaAs buffer layer (n and p = ~2-3 x 10'® cm™) followed by 1 ym
thick doped GaAs(Bix layer (Si-doped n-type = 2 x 10'® ¢cm™; and Be-doped p-type =
2 x 10'% ¢cm™) grown on (311)B oriented GaAs substrates. The respective control samples
do not contain Bi and are just doped GaAs with similar layer structures grown in the same
technological modes. For simplicity, the samples are labeled as n-GaAs, n-GaAsg.g4Big.06,
p-GaAs and p-GaAsg g4Big06. Doping of n- or p-type conductivity was carried out during
the growth of GaAs(;_Bix layers from standard molecular sources, which contained Si
and Be dopants at temperatures of 850°C or 652°C, respectively. The Si (n-type dopant)
and Be (p-type dopant) sources were calibrated by growing Si-doped and Be-doped GaAs
control samples and using Hall measurements to determine the free electron and hole
concentrations, respectively. In addition, secondary ion mass spectrometry depth profiling
measurements were carried out on p-i-n samples in order to obtain information about the

in-depth distribution of Si and Be elements.

GaAs (1.4 Biy layer was grown at a growth rate of 0.1 nm s and substrate temper-
ature of 280°C. Calibration of the substrate temperature at low temperature was carried
out using temperature reference points of the arsenic desorption and transition of surface
reconstruction on the (100) from (4 x 4) to (2 x 3) [22]. In the process of growing the
GaAs(Bi) layer, the Ga, Bi and As beam equivalent pressures as measured by an ion
gauge were 1.5 x 107 Torr, 6.4 x 10 Torr, and 1.3 x 107 Torr, respectively. It is worth
mentioning that when growing a GaAs(_4)Bix layer on (100) GaAs substrate, a (1 x 3) or

(4 x 3) reconstruction was observed.

X-ray diffraction (XRD) measurements were carried out in a Rigaku Smartlab
diffractometer using Cu Kal radiation [23, 24]. High quality double-crystal Ge (220)
was used as collimator. The XRD rocking curves were measured using 26-w scans with
a horizontal slit positioned in front of the detector in order to minimize diffuse and
background scattering. The x-ray spot on the sample’s surface was about 5 x 0.4 mm?.
For each sample symmetrical and two asymmetrical reflections were measured (with large
and small angles of incidence of x-ray beam). Asymmetrical (400) reflections were chosen

for the considered samples. Analysis of the symmetrical XRD curve allowed us to estimate
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the average lattice parameters of the Bi-containing layer in the vertical direction [25]. From
the calculated lattice parameters and the Vegard’s law [26], an average concentration of
Bi atoms incorporated into the epilayers was determined. The lattice parameter in lateral
direction with respect to the direction of the layer’s growth averaged over the x-ray spot
was obtained using a detailed analysis of the asymmetric reflections [25]. By using the
calculated lattice parameters, the tetragonal strain of the lattice of Ga(As,Bi) layers can
be reconstructed. In addition to HRXRD, the EDS method was used to control the Bi

concentration in the GaAs_y)Bix layers, which is described in more detail in [27].

The optical properties of GaAs(.Bix samples were investigated using PL and
micro-Raman techniques. PL. measurements were performed as a function of temperature,
between 15 and 200 K using a Janis closed-loop helium cryostat, and excitation power,
ranging from 0.5 mW to 50 mW. A 532 nm Nd:YAG solid state laser was used as an
excitation power (Pgxc) source and a 0.5 m Spex monochromator with a nitrogen-cooled
Ge detector and lock-in amplifier. Micro-Raman measurements were carried out using a
Lab RAM HR Horiba Jobin Yvon system having a 50x objective, a spectral resolution of
about 1 cm™ and a 633 nm laser excitation with laser power in the range from 0.3 mW to
30 mW.

3. Results and discussion
3.1. High-resolution z-ray diffraction (HR-XRD)

In order to determine the Bi content in the GaAs;_,Bi, epilayers, the experimental
XRD curves were simulated and are shown in figure 1. From the calculated lattice
parameters and the Vegard’s law, an average concentration of Bi atoms incorporated into
the epilayers’ lattice was determined. The simulations show that the lattice parameter
of GaAs(1.x)Biy is equal to 5.684 A and the Bi concentrations in both n-type and p-type
samples grown on (311)B substrates are 5.4%. The distortion of the lattice of the strained
GaAs(1Biy layers was determined by analyzing the asymmetric reflections. The biaxial
elastic strains of the lattice cell were estimated assuming a cubic lattice of Bi-containing
layer. The value of the lattice parameter of GaAs(y)Biy layer was calculated using the
Vegard law and lattice parameters of GaAs and GaBi [28]. For the present work it was
considered that GaBi has a zinc-blende cubic lattice with a lattice parameter a = 6.178 A.

The strain in the vertical (e,,) and lateral (e,) directions are given by equations

€7 :% and e = % , respectively, where a, is the lattice parameter in vertical
direction, a) -lattice parameter in the lateral direction and apgr-lattice parameter of fully

relaxed GaAs lattice.

Using the above equations, €,, and €, of both samples are found to be the same

and have values of 0.00035 and -0.018, respectively. One can therefore conclude that there
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is some residual strain in GaAs(.Bix layers [29]. It is important to point out that due
to the large size of the spot of x-rays impinging on the samples, the data presented here
represent only averaged values of strain. Particular features of the layer’s strains need
detailed analysis which is out of the scope of this paper. For the reference doped GaAs

samples no biaxial strain was found indicating that there is no second lattice parameter.
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Figure 1.Experimental symmetrical (311) (a) and two asymmetrical (400) (b), (¢) XRD
curves from the p-GaAsg.g4Biggs sample. The n-GaAsg 94Big o sample demonstrates similar
XRD curves. The asymmetrical XRD curves correspond to small (b) and large (c) incidence
angles of the x-rays.

3.2. Raman spectroscopy

Figure 2 shows typical room temperature Raman spectra for 3 mW laser power of
p-GaAs, n-GaAs, p-GaAsygsBigos and n-GaAsgg4Bigos samples. We have observed two
Raman peaks at around 289 cm™ and 266 cm™ for all samples. These peaks are associated
with the well-established longitudinal and transversal-optics phonons at the center of the

Brillouin zone, LO (I') and TO (I'), respectively. The Raman spectrum of crystalline zinc



48 Chapter 8. PUBLISHED ARTICLES

blende structure of GaAs (T4 symmetry) present only two first order peaks around 292
cm! LO (T) and 267 cm™ TO (T') [30-33] . We remark that these modes show a clear
redshift, which is associated with sample growth conditions, carriers—plasmons—phonons
coupling, and an increase of compressive strain with increased Bi content. The existence
of compressive strain in these samples is in agreement with the HR-XRD results. For
backscattering Raman configuration of (311)B face, both Raman LO (I') and TO (I

modes are allowed by selection rules.
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Figure 2. Room temperature Raman spectra of n-GaAs, p-GaAs, and n-GaAsg.g4Big g,
and p-GaAsgg4Big s (311)B samples obtained with a laser excitation and power of 633
nm and 3 mW, respectively.

The observed Bi related Raman peaks, around 181, 210, and 226 cm™, were
previously reported in the literature [13, 29, 34-43]. However, the interpretation of these
peaks is controversial [37, 40-43]. Usually, the 181 cm™ and 210 cm™ Raman peaks are
associated with the GaBi TO (I') mode and GaBi LO (I') mode, respectively. On the

I could be due to other zone boundaries

other hand, the Raman mode around 226 cm"
such as longitudinal-acoustics phonons: LA (X) and LA (L), which are not allowed due to
momentum conservation. These Raman modes can be induced by the increase of disorder
due to Bi incorporation in GaAs;_Bi, samples. Other possible interpretations for these
observed peaks were also reported in the literature. For example, the peak at around 181
cm! could not only be a TO (I") mode but it could be associated with the convoluted

LO (I') + TO (I') GaBi vibrational mode [41, 44]. However, it is well established that the
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181 cm™ peak is related to the GaBi Raman mode. In the following, we will focus our
discussion on the two different ranges of the Raman spectra: range I where we observe the

TO (T') and LO (T') GaAs modes (240-310 cm™) and range IT where Bi induced Raman

modes (140-240 cm™) were observed.
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Figure 3. Raman spectra of n-GaAs, p-GaAs, n-GaAsg4Big o5, and p-GaAsgg4Big g
(311)B samples in the range of Bi-related Raman modes (range I). The laser excitation
and power were 633 nm and 3 mW, respectively.

Figure 3 shows the Raman spectra for all samples in the range 140-240 cm™. It
is worth pointing out that no Raman peak was detected in this range for n-GaAs and
p-GaAs samples. On the other hand, the n-GaAsg ¢4Big.0s and p-GaAsggsBigos samples
show clearly Raman peaks. These Bi induced peaks are associated with GaBi Raman
modes and Bi-disorder-induced breakdown selection rules in the crystal structure. The
observation of Bi-induced peaks confirms that the Bi atom is incorporated in the GaAs
(311)B host lattice resulting in GaAs(;.Bix crystal.

For doped samples, it is necessary to consider the contribution of the longitudinal
optical phonon-plasmon coupled (LOPC) Raman modes, which usually change the shape
of the spectrum in the LO (I') and TO (I') region [45-51]. Actually, in doped samples the

carriers plasmons couple with LO phonon and result in L* and L~ Raman peaks, which
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depend on effective mass, mobility, and carrier concentration. Usually, the L- peak is
broader and has a frequency lower than TO (I') Raman mode. As the carrier concentration
increases, the I” peak becomes sharper and closer to the TO (I') Raman frequency. On
the other hand, the L* peak is usually sharp and close to the LO (I") Raman frequency,
presents a blueshift, and a broadening with increasing carrier concentration. For samples
with low mobility, usually only one LOPC Raman mode is observed, between LO (T") and
TO (I') frequencies, due to the strong plasmon damping. For low carrier concentration,
LOCP is close to LO (I') Raman frequency. If the carrier concentration is increased, the
LOPC has an initial blueshift, followed by a redshift up to the TO (I') Raman frequency,
with increase broadening. Usually, for GaAs, except for the LT for n > 10'® cm™, the
LOPC Raman peaks are not well resolved in the range of LO (I') and TO (I'). The LO (I")
and TO (I') Raman peaks are due to regions with reduced density of carriers (depletion

regions) where there is no effect of phonon-plasmon coupling.

We have also measured the effect of laser power on the LOPC modes. It is not
our intention to investigate the effect of photon-generated carriers. The main aim was to
determine the limit of laser power that does not introduce important changes due to the
photo-generated carriers. Depending on the laser power, the Raman spectra can have a
significant contribution from photo-generated carriers [52-58|, which can modify the LOPC
modes due to intrinsic doping. Figure 4 shows typical Raman spectra of p-GaAsg g4Big o6
and n-GaAs samples, and in figure S3 (see supplementary material) spectra of p-GaAs
and n-GaAsgg4Big og samples for different laser powers. We observed marked changes for

laser power in the range of 3 mW to 30 mW.

On the other hand, there is no significant change in Raman spectra for 0.3 mW
and 3 mW powers. The fitting of the spectra with two Lorentz functions shows that
the variations of parameters in this laser power range are less than 8%. However, we
remark that the LOCP modes induced by photongenerated carriers are dependent on
the type of intrinsic doping and it is different for n-GaAs, p-GaAs, n-GaAsgg4Big o6, and
p-GaAsg g4Big.06 samples. We conclude that the contribution of photon-generated carriers
can be disregarded for laser power less than 3 mW. Therefore, we have used 3 mW of laser

power for our Raman measurements.

Figure 5 shows the Raman spectra for all samples in the range 240-310 cm™ (range
IT). We have observed two sharp Raman peaks related to TO (I') and LO (I') GaAs
Raman modes for GaAs samples. We have not seen an evident effect of doping, probably
due to the low doping concentration of these samples: 2 x 10 ecm™, for n and p-doped.
Notably, the peak Lt was not observed in the range 290-1500 cm™ (not shown here),
which is usually expected for n-type samples. The Raman spectrum is well fitted with two
Lorentz functions. There is no clear contribution of LOCP modes in the range 260-300
cm™? (fitting parameters shown in table 1). In addition, the obtained full width at half
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Figure 4. Laser power dependence of Raman spectra for (a) p-GaAsggsBiges and (b)
n-GaAs (311)B samples using a laser excitation of 633 nm.



92 Chapter 8. PUBLISHED ARTICLES

maximum (FWHM) of about 3 ecm™ which is a typical value obtained for GaAs bulk
crystals also shows that there is no evidence of an important contribution of LOCP modes.
For the p-GaAs sample, a small effect in the width of LO (I') Raman mode was observed,

probably related to the small increased crystal disorder.
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Figure 5. Raman spectra of n-GaAs, p-GaAs, n-GaAsgg4Bigos, and p-GaAsggsBigos
(311)B samples for laser excitation and power of 633 nm and 3 mW, respectively, in the
range of GaAs Raman modes (range II).

Furthermore, for the n-GaAsg.g4Big ¢ samples, we have also not observed the L™
Raman mode. There is no evidence of a third peak in the range of 260-300 cm™, like for the
p-GaAsg 94Big o sample. These spectra can also be fitted by two Lorentz functions centered
at 265.4 and 265.6 cm™ next to the TO peak (266 cm™ TO(T') GaAs), and 287.5cm™ and
288.2 cm™ next to LO peak (292 cm™ LO(T") GaAs) (see table 1). It was also observed a
clear redshift and a broadening for Raman modes of n-GaAsg g4Big.06 and p-GaAsg.g4Big.o6
samples as compared to n-GaAs and p-GaAs. The redshift due to bismuth is different
for LO (') modes (for n-type Aw = 3.0 cm™ and for p-type Aw = 2.3 cm™) and TO (T')
modes (for ntype Aw = 1.6 cm™ and for p-type Aw = 1.4 cm™). This redshift, which
is usually associated with strain and the Bi incorporation, is given by AwLO or TO =
Awalloy + Awstrain [13, 59]. Similar behavior was reported previously in the literature for
undoped (100) and (311)B GaAs(1Bix samples [13, 29, 34, 36, 39, 40, 59]. Taking LO(I")
of bulk GaAs crystal at 292 cm™ as reference, the experimental value obtained for the
ratio Aw/Bi% for LO(I') GaAs mode, -86.5 (n-type) and -70.4 (p-type), and TO(I') GaAs
mode, -26.6 (n-type) and -5.9 (p-type), are consistent with values obtained in literature,
i.e. -68 to -120 and -20 to -30, respectively [13, 29,35, 37, 41].
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Table 1. Raman parameters for n-GaAs and p-GaAs reference samples, and n-
G&ASO.94B10.06 and p—GaAso,94Bio,06 samples

Sample n-GaAs n-GaAspos Bigos p-GaAs n-GaAsggs Bigos
Mode TO LO TO LO TO LO TO LO
Wpear(cm™) 2904 267.0 287.5 265.4 290.6 267.1 288.2 265.6
FWHM 2.7 3.0 2.8 7.0 3.0 3.0 3.8 8.3
Tpeal 1 015 1 0.15 1 025 1 0.16

It is well known that the crystal structure is affected by the incorporation of
Bi atom, which substitutes an As atom and, therefore, introduces strain and crystal
disorder [13, 29, 34, 36, 37, 39-41, 59]. The increase of disorder could explain the observed
broadening of the LO (T') GaAs mode, in the p-GaAsg¢4Big.s sample, and TO (I') GaAs
Raman modes. On the other hand, the incorporation of Bi atom could also contribute to
intrinsic p-doping, which increases with increasing Bi concentration with doping in the
range p = 10710 cm™ and could possibly play a part in the broadening of the peaks.
The observation of similar linewidth of LO (I") peaks for n-GaAsg¢4Big 06 as compared to
n-GaAs or p-GaAs, indicates a compensation effect of n-doping with the intrinsic p-doping

due to Bi incorporation in GaAs [37].

The LOCP for undoped GaAs(4)Biy samples is due to hole plasmons, which
usually contribute to the changes observed in the Raman spectra, particularly for x >
1% [13, 35, 40, 41, 59]. However, the observed differences between n-GaAsg g4Big o6 and
p-GaAsgg4Big s samples are not related to Bi concentrations which are 5.4% for both
samples, or to the effect of strain, also the same for the two samples, as the XRD results
indicate. The broadening and little blueshift of LO peak observed in the p-GaAg4Big g
sample as compared to n-GaAsg94Big o sample could be associated with the convoluted
LOCP and LO (I') Raman peaks. Other effects, such as increasing in disorder and defects
density could also contribute to these differences of Raman spectra for these samples.

These effects could also manifest themselves in the PL spectra as will be discussed below.

3.3. Photoluminescence

Figure 6 shows low-temperature (15 K) PL spectra for doped GaAsg¢4Big s and
GaAs samples. The PL peaks observed in doped GaAs samples at around 1.52 eV and
between 1.3 and 1.5 eV are associated with free exciton (FE) recombination (peaks with
high intensity and sharp profile), and impurities (n or p dopant) recombination, respectively.
The PL peaks of GaAsyg4Bigos samples show a strong redshift as compared to GaAs
samples, as expected due to Bi incorporation and consequent reduction of the band-gap
energy and formation of localized states [3, 60-63]. We observed that the redshift of the PL
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emission increases from n-GaAsg 94Big s (1.152 €V) to p-GaAsggsBig s (1.027 €V) samples,
which could indicate a higher Bi incorporation for p-doped samples. If we assume that
the substitutional Bi causes a band-gap reduction of 84 meV per % of Bi and compare
with the FE band-gap of GaAs, one could estimate the amount of effective substitutional
Bi incorporated in each GaAs(1-x)Bix sample (x = 5.8% for pdoped and x = 4.4% for
n-doped). On the other hand, both GaAsg¢4Bigp ¢ samples present the same estimated
value of Bi content (x = 5.4%) and similar residual strain values as estimated by HR-XRD
data. However, as mentioned above the PL emissions at low temperatures are observed in
an energy range distinct of the expected band-gap reduction. Therefore, other contributions
such as strain or Bi-defect level-band related transition could also contribute to explain the
observed differences in PL peak position for n- and p-doped GaAsBi samples. As discussed
previously, the giant reduction in the bandgap energy of GaAs(_y)Biy alloys has been
described using a valence band (VB) anti-crossing interaction between the Bi level and the
host GaAs VB. Additionally, the lowtemperature PL peak is also expected to present an
energy shift for samples under different strain conditions (compressive versus tensile), due
to changes in the structure of the band. In samples with compressive strain usually the PL
peak is redshifted with respect to the expected FE [6, 63] and, therefore, this effect should
happen with similar magnitude in both GaAsg4Big o samples as pointed by HR-XRD
strain estimation. On the other hand, the presence of Bi-related localized states close to
the VB edge also cause a redshift in the PL peak since the exciton localized recombination
changes the PL line shapes to exhibit an asymmetric characteristic with a low energy tail,
which usually dominates the excitonic recombination processes at low temperatures. The
origin of these localized states is attributed to the formation of Bi-related complexes and
to alloy disorder in Ga(As, Bi).

As pointed previously, there are few studies on optical and electrical properties of n-
and p-doped GaAs(_y)Biy alloys [14-21]. Particularly, it was shown that the incorporation
of Bi suppresses the formation of GaAs-like electron traps, thus reducing the total trap
concentration in dilute GaAs(;4)Bix layers as compared to GaAs grown under the same
growth conditions [18]. However, the Bi incorporation can also introduce Bi-related defects
which can be acceptor and donor levels [18]. For n-doped GaAs(;.Biyx samples it was
previously shown that the Bi-induced levels are mainly electron traps [18] while for p-doped
samples they are mainly hole traps [15]. These Biinduced traps can affect considerably
the optical properties of GaAs(_y)Biy layers [18]. In addition, the presence of different Bi
induced traps for n- or p-doped samples can affect differently the optical properties of n-
and p-doped GaAsBi layers with the same Bi-concentration. For n-doped GaAsg g4Big o6
layers it was previously shown that both band to band (B-B) and donor to VB (D-B)
optical recombination, can contribute to the PL spectrum [18]. The D-B emission was
attributed to the recombination of carriers from Bi-induced donor traps and VB [18].

The contribution of this D-B transition explains the observed lower red-shift of the PL
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Figure 6. Typical normalized PL spectra for n-GaAsg 94Big g, p-GaAsggsBigog, n-GaAs,
and p-GaAs samples at 15 K.

peak energy observed in our n-doped GaAsg g4Big.06 samples as compared to the standard
band-gap reduction (i.e. 84 meV per % of Bi). Actually, it is well known that the energy
position of Bi-induced donor trap level does change with the Bi incorporation while the
Birelated shift of the VB is typically 51 meV/%Bi [18]. As both emissions are not well
resolved at low temperature, the total PL peak energy has a smaller red shift than the
expected bandgap reduction for 5.4% Bi. A similar contribution of the D-B emission in

the PL spectra was previously observed for GaAsN layers [64].

On the other hand, for p-doped samples it was previously shown that the energy
red-shift of the PL peak as compared to p-GaAs sample could be associated with the
following optical transition: (a) conduction band (CB) to Bi-induced states and (b) CB to
shallow Be acceptor states (B-A) [19]. These contributions explain the temperature and
laser power dependence of our results. In addition, we observed that the PL spectrum of
our p-GaAsg g4Big o6 sample has much smaller optical efficiency (lower PL intensity and
higher signal-tonoise ratio) as compared to the n-GaAsg4Big ¢ sample. This behavior is
also consistent with the observed broadening of the LO Raman peak sample. This indicates
that higher density of non-radiative centers is present in p-GaAsgg4Big s as compared
to n-GaAs0.94Bi0.06 sample. The non-radiative centers do not contribute to effectively
change the band-gap energy in the electronic structure of the host lattice [65—67] but
affects the optical efficiency.
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In general, our results indicate that the density of nonradiative Bi related defects
are higher for the p-doped GaAs(;_4)Biy than for the n-doped GaAs(;_Biy. Particularly, the
contribution of different Bi-related traps in n- an p-type samples seems to have important

role on optical properties of these (311)B oriented alloys.
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Figure 7. Typical normalized PL spectra as a function of temperature for (a) n-type and
(b) p-type under 50 mW laser excitation power. (¢) PL energy peak and (d) PL FWHM
temperature dependences.

Figures 7(a) and (b) presents the temperature dependence of the PL spectra of
doped GaAs(i4)Bix samples. The PL energy peaks exhibit a monotonic redshift with
increasing temperature due to the decrease of the band-gap energy, and follow the Varshni
empirical dependence formalism [61, 65, 68]. The latter observation indicates the apparent
absence of the Bi localization effect which manifests itself as an S-shape profile typically
observed in N and Bi diluted III-V alloys. The temperature dependence of the PL peak
position and FWHM does not evidence an S-shape profile, which is usually observed for
GaAs(1x Bix samples [69-71]. This S-shape behavior could probably occur in our samples
at higher temperatures. However, for our samples the PL signal is only detected in the
range of 15-100 K, which is probably not enough to observe the S-shape behavior. On the
other hand, the laser excitation power of 50 mW could also be high enough to observe
the S-shape, since at this condition, the exciton localization regime can be lost already
and the radiative recombination are dominated by the FE regime. In order to avoid
a misinterpretation due to the saturation effect of the localized states at high power
excitation, PL measurements using lower laser power excitation (2 mW) were performed

for n-type samples (figure 7(c)). As clearly seen in figure 7(c) the temperature dependence
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of the PL peak shows the same trend for both laser excitation powers of 2 mW and 50 mW.
On the other hand, the p-GaAsg94Big 06 sample has no significant PL intensity at low laser
power excitation of 2 mW (not shown here). In addition, the PL signal is observed only
at higher laser excitation powers because its optical efficiency is lower than that of the
n-GaAsg.g4Big g6 sample. Moreover, the important PL quenching observed for the p-doped
sample with increasing temperature could be due to a higher density of non-radiative
Bi complexes and native defects related to GaAs host lattice. A similar effect has been
observed in nitrogen diluted III-V alloys [72].

As reported previously in the literature for p-doped (100) GaAs(1.)Bix samples [19],
this monotonic PL energy dependence as a function of temperature indicates a downward
shift of the Fermi level induced by p-type doping that modifies carrier occupation at
the localized states. As previously discussed, the incorporation of Bi atom could also
contribute to intrinsic p-doping, which increases the overall doping with increasing Bi
concentration [18]. Bi complexes or clusters involving two or more Bi atoms have been
experimentally evidenced as the most likely candidates to form such acceptor levels [21,73]

and can contribute to the B-A recombination.
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Figure 8. Arrhenius plot of PL intensity for p-GaAsg.g4Big.06 and n-GaAsg g4Big o samples.
Dashed lines illustrate the fitted lines using equation (1).

In order to further investigate the temperature dependence of PL intensity and
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activation energies of carriers involved in the radiative recombination, the PL data was
first fitted using a simple Arrhenius equation (not shown here). However, the fitting was
not satisfactory as two distinct exponential trends were observed, indicating two activation
energies,which describe the thermal activation of carriers in two temperature regimes.
Therefore, an additional energy term was included in the Arrhenius equation [12, 71, 73]

and was found to fit the data better, resulting in the below expression used to fit the data:

Ipp(T) 1
I

1+ A1€”BT + AQG“BT

Table 2. Arrhenius fitting parameters for n-GaAsg g4Big o and p-GaAsgg4Big o samples.

Samples Activation Parameter
energy A
(meV)
n— GGASO.94BZ'0.06 E1 19.89+3 Al 3.30%1
FE, 73.85+3 As 39.92+12
p— GGASO.94Bi0.06 E1 11.74+6 Al 243.8+£16
Es 41.32+1 A, 5.034+2

where Ipp, is the integrated PL intensity, A; and A, are constants related to the
density of non-radiative recombination centers, E; and E, are activation energies of these
centers, kg is the Boltzmann constant, T the temperature and I, the approximate PL
intensity when T — 0 [71, 74, 75].

As discussed previously, GaAs(;_x)Bi alloys tend to form localized pairs and clusters,
which have different configurations and binding energies [3, 6, 66, 76], alloy disorder, and
potential fluctuation. These states are usually associated with two groups with different
activation energies in undoped GaAs(i_y)Biy samples: one ranges from 8 to 17 meV and is
related to Bi clusters and Bi pairs [3, 71, 74, 75], and the other energy around 50 meV
is related to alloy disorder [69, 75, 77, 78]. For samples shown in figure 8(a), E; energies
ranging between 11 meV and 20 meV are attributed to Bi clusters and Bi pairs, while Es
values ranging from 41 to 73 meV are associated with alloy disorder (around 50 meV).
While Bi clusters and alloy disorder are present in both n- and p-doped GaAsBi samples,
the fitting results (table 2) indicate higher contribution of E; centers for p-GaAsg g4Big o6
(A1 > A,) and higher contribution of Ey centers for n-GaAsgg4Bigos (A1 < As). This
results indicate that the density of Bi related defects is higher for p-doped GaAs(_y)Biy
than for n-doped GaAs(_yBiy.

Figure 9 shows the PL spectra, PL peak energy and PL intensity as a function of
PEXC for both doped samples. As the excitation power increases the PL peak blueshifts
as shown in figure 9(c), which evidences the filing of localized states. The lowest PL peak

energy observed at 5 mW excitation is attributed to localized exciton (LE) recombination,
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while the highest energy emission observed at 40 mW excitation is assigned to FE. On the
other hand, it is expected that PL peak energy for the impurity related recombination
remains constant irrespective of the laser excitation intensity. We have observed that the
PL spectra of n- and p-doped GaAsg¢4Big 06 samples are relatively less sensitive to laser
power excitation, i.e. show a relatively small appreciable energy shift as a function of
excitation power. This effect is particularly more important in p-doped GaAsBi sample.
These results can be attributed to the contribution of different recombination mechanisms

for both samples, as reported previously [18, 19].

The integrated PL intensity (Ip,) as a function of laser excitation power (Pgxc) is
shown in figures 9(d) and (e) and their respective fitting curves using the power-law Ip;, =
B(Pexc)® [79], where 3 and k are fitting parameters. The exponent k = 1 for excitonic
recombination (whether radiative or nonradiative recombination dominates) and k = 2 for
free carrier recombination, assuming that non-radiative recombination dominates. The
value of k is approximately unity at 15 K for both samples, which indicates the dominance
of excitonic recombination. However, k > 1 for p-doped sample, indicating that FEs and
free carriers (as B-A recombination) contribute to the recombination, and it is limited
by non-radiative centers, while k < 1 for n-doped sample indicate that the emission is

governed by LEs.

4.Conclusion

Structural and optical properties of n- and p-doped GaAs(;_)Biy thin films grown
by MBE on (311)B GaAs substrates reveal the same effective amount of Bi incorporation
and strain in both types of doped GaAs(_y)Biy samples. However, the samples present
remarkable differences in terms of density of Bi-related defects. Particularly, these defects
have important contribution in the presence of non-radiative centers and also contribute to
different radiative recombination such as acceptor (donor) to band transition. Our results
also indicate that the density of Bi related defects depend on the type of doping (n-or
p-doping) of GaAs(1.4)Bix and have different effects on the PL properties of n- and p-doped

GaBiAs layers grown on (311)B substrate orientation.
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Abstract

Current-Voltage (I-V), Capacitance-Voltage (C-V), Deep Level Transient Spectroscopy
(DLTS), Laplace DLTS, Photoluminescence (PL) and Micro-Raman techniques have been
employed to investigate the effect of the orientation of the substrates on the structural,
electrically and optically active defects in dilute GaAs(;.,)Biy epilayers structures having a
Bi composition x = ~5.4%, grown by Molecular Beam Epitaxy (MBE) on (100) and (311)B
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GaAs planes. X-ray diffraction results revealed that the in-plane strain in the Ga(As,Bi)
layer of the samples grown on (100)-oriented substrate (-0.0484) is significantly larger
than that of the samples grown on (311)B-oriented substrate. The substrate orientation is
found to have a noticeable impact on the Bi incorporation and the electrical properties
of dilute GaAsBi Schottky diodes. The I-V characteristics showed that (100) Schottky
diodes exhibited a larger ideality factor and higher barrier height compared with (311)B
samples. The DLTS measurements showed that the number of electrically active traps were
different for the two GaAs substrate orientations. In particular, three and two electron
traps are detected in samples grown on (100) and (311)B GaAs substrates, respectively,
with activation energies ranging from 0.12 to 0.41 eV. Additionally, one hole trap was
observed only in sample grown on (100) substrates with activation energy 0.24 eV. The
observed traps with small activation energies are attributed to Bi pair defects. The
photoluminescence (PL) and Raman spectra have evidenced different compressive strain
which affects considerably the optical properties. Furthermore, the PL spectra were also
affected by different contributions of Bi-related traps which are different for different

substrate orientation in agreement with DLTS results.

1. Introduction

Dilute III-V bismide semiconductors materials such as GaAsBi alloys display strong
reduction in the band gap when only a small percentage of bismuth atoms is incorporated
into the lattice of the ost material like GaAs which has a band gap energy of 1.424 eV
at 300 K. Particularly, a few percent of Bi incorporated into GaAs, i.e. GaAs(_y)Bix
with x being the Bi composition, leads to a giant bowing in the band gap energy (~88
meV/%Bi) [1], as well as an increase in spin-orbit splitting energy [2,3]. These remarkable
properties such as reduction of the band gap make GaAsBi a suitable material for several
device applications such as multi-junction solar cells [4], photonic devices [1] and in

long-wavelength optoelectronic devices [5].

It is well known that the growth temperature of III-V alloys can significantly
influence their crystalline quality. In fact, substitutional incorporation of Bi into the host
lattice of I11I-V compounds requires low temperature growth (< 400 °C). However, low
growth temperature of GaAs causes an increased density of defects as well as leads to
degradation of the optical quality of alloys [6]. For instance, growing GaAs at temperatures
lower than the optimal growth temperatures (~580-600 °C leads to the creation of many
point defects, such as As-antisities (Asga), As-interstitials ( Ag;) and Ga vacancies [7-9].
Additionally, it is found that as the growth temperature decreases deep level defects are
generated in GaAs and their concentrations is enhanced [7,10]. Nevertheless, using Bi
as a surfactant during the growth of GaAs at low temperatures has proven to enhance

surface migration, to reduce the density of defects and to suppress the formation of traps in
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GaAs. However, in GaAsBi epilayers where Bi is substituting an arsenic atom, Bi related
defects are created. Recently, deep level transient spectroscopy (DLTS) and Laplace DLTS
(LDLTS) studies of n-type GaAs(_y)Bix layers grown by Molecular Beam Epitaxy (MBE)
on n+ GaAs substrates with 0 < x > 0.012 [11] have shown that a significant reduction of
the total traps concentration by a factor of ~20, in contrast to GaAs layers grown at similar
temperature (~330 °C'). Furthermore, as anticipated for MBE growth at this temperature,
the dominant deep level defect in these layers were proposed to be an Asg,-related complex
defect, with a deep level energy of about 0.65 eV [11]. More recently, .. Gelczuk et al. [7]
employed DLTS to investigate the electron deep level defects in ntype GaAs(_y)Biy alloys
having 0 < x < 0.023 grown by MBE on conventional (100) n+ GaAs substrates. They
found that the incorporation of Bi into GaAs suppresses the formation of GaAs electron
traps by reducing their total trap concentration to more than two order of magnitude
compared to trap concentration in GaAs grown at similar conditions. Additionally, they
reported that the two levels with activation energies ranging from 0.07 to 0.19 eV in
GaAsBi with Bi compositions of 0.8-2.3%, are Bi- related traps. They suggested the origin
of these defects to be related to Bi pair defects. [7].

Although most investigations of GaAs;.Biy thin films and devices were performed
using the conventional (100) GaAs substrates, there are few studies exploring the growth on
high-index planes, which can considerably affect the Bi incorporation, and the structural,
electrical and optical properties [12-16]. Remarkably, Henini et al. have shown that Bi
incorporation in GaAs(;.Biy thin films can be more enhanced by using (311)B GaAs
orientation [12]. In addition, there are relatively very few researches which addressed the
doping process of only (100) GaAs.y)Bix [7,10,11,17-20]. Therefore, it isworth noting
that the structural and optical properties of n-type GaAs(.Biy alloys and devices using
non-(100) GaAs substrates have not been investigated yet.

In this work the effects of substrate orientation on the structural, optical and
the electrical properties of a n-type dilute GaAs(Biy epilayer structures grown at
low temperature by MBE on conventional (100) and non-conventional (311)B n+ GaAs
substrates were investigated using Current-Voltage (I-V), Capacitance-Voltage (C-V), deep
level defects spectroscopy (DLTS), Laplace DLTS (LDLTS), Photoluminescence (PL) and

Micro-Raman techniques.

2. Experimental details

The samples studied in this work were silicon-doped n-type GaAs;_)Biy epilayers
grown on highly doped (100) and (311)B n+GaAs substrates by MBE at low temperature
(~400 °C). Figure 1 shows the growth of the epitaxial layers which consisted of 0.1 ym
thick GaAs buffer layer heavily doped with Si with a concentration 2 x 10'® cm™. This
was followed by 1 pm thick Si doped GaAsBi layer with a Si concentration of 2 x 10'°



76 Chapter 8. PUBLISHED ARTICLES

cm™. Additionally, similar structures (control samples) consisting of a 1 ym thick n-type
GaAs layer (not containing Bi) were grown on (100) and (311)B GaAs substrates at
similar conditions, for comparison purposes. Two n-type GaAs(i_4)Bix epitaxial layers with
roughly 5.4% of Bi were examined (see Table 1). The compositions of the GaAs(_y)Bix
epilayer were measured by X-ray diffraction (XRD). For electrical characterization of these
devices, all samples have been fabricated in form of circular mesas. Ge/Au/Ni/Au Ohmic
contacts were thermally evaporated on the back side of the wafer, with thickness (10, 20,
20 and 150) nm, respectively. Then rapid thermal annealing (RTA) in an Ar atmosphere
was performed at 380 °C for 30 s. This was followed by Au deposition through a shadow
mask to form circular mesas Schottky contacts with different diameters on the top side
of the sample. PL spectra of (100) and (311)B GaAs(;.Bix samples were investigated
as a function of laser power and temperature using a Janis closed-loop helium cryostat.
The samples were excited with a 532 nm Nd:YAG solid state laser. The PL signal was
collected in a 0.5 m Spex monochromator coupled with a nitrogen-cooled Ge detector.
MicroRaman measurements were carried out with a 633 nm laser excitation. The Raman
signal was measured in a Lab RAM HR Horiba Jobin Yvon system with 50x objective

with spectral resolution of about 1 cm™.

Au [schottky Contacts)
- >
1pm GaAsBi (Si-doped
2x10'® cm3)

0.1pm buffer layer
Highly doped (2-3x10'% cm™3)

n+ GaAs Substrate

—

GeSAu/MifAu ([ehmic Contacts)

Figure 1. Schematic diagram of n-GaAsBi grown on (100) and (311)B n+ GaAs substrates.
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Table 1 samples details: substrate orientation, Bi content obtained from XRD and doping
concentration as determined from C-V measurements.

Sample | Substrate Bi contend Doping
orientation | (from XRD), % | concentration Ny
n-GaAs (100) 0 3.80x10'" cm™
n-GaAs (311)B 0 3.40x10*" ¢cm™
n-GaAs (100) 5.4 1.03x10'¢ cm™
n-GaAs (311)B 5.4 1.14x10'7 cm™

3. Results and discussion
3.1. Structural characteristics

X-ray diffraction measurements were carried out on a Rigaku Smartlab laboratory
diffractometer in the 26-w mode using Cu-Kal radiation and a double-crystal Ge (220)
monochromator with a horizontal slit positioned in front of the detector in order to
reduce diffuse and background scattering. XRD curves were measured in 6-20 scanning
mode [21]. The X-ray spot on the sample’s surface was about 5 mm x 0.4 mm. The
structure parameters were determined from XRD curves using different (symmetrical and
asymmetrical) experimental schemes. Typical XRD curves are shown in Figure 2 where
symmetrical (311) and two asymmetrical (400) diffraction patterns are presented for the
(311)B GaAsBi samples. Out-of-plane lattice parameter was obtained from the analysis
of symmetrical XRD curves. For (100) GaAs and (311)B GaAs oriented surfaces, the
asymmetric reflections (311) and (400) were measured, respectively. Asymmetrical reflexes
were chosen based on the relative intensity (relationship between incident X-ray radiation
and the reflected one). Asymmetrical reflections were measured from a set of planes with
an angle less than the Bragg angle (0p) for these planes. The incidence angles 0y, for
these reflections are given by Oqgym = 0p £ ¢, where ¢ is the angle between asymmetrical
planes and surface of the sample. Knowing the out-of-plane lattice parameter and the
angle between asymmetrical reflected plane and the planes parallel to the surface of the
sample, the in-plane lattice parameter of epitaxial layer a| can be calculated from simple

geometric considerations [22].

Bi concentration was calculated from the lattice parameter of GaAs_Biy layer
determined from symmetrical XRD using Vegard’s law [23] with the assumption of diluted
alloy of GaAs and GaBi. The drawback of such approach is that there are no reports of
growth of bulk GaBi, and therefore one can only consider the theoretical calculation of
GaBi lattice [24]. For the present work it was considered that GaBi has a zinc-blend cubic
lattice with the lattice parameter a = 6.178 A. It was found that Bi concentration is equal
to 5.4% for both samples grown on (100) and (311)B-oriented surfaces. Residual strains

(€2» and €,,) in GaAs(Bix layer were determined from the analysis of asymmetrical
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Figure 2. XRD curves of (311)B GaAsBi samples (a) symmetrical (311) diffraction
pattern; (b) and (c) asymmetrical (400) diffraction patterns. Asymmetrical patterns were
obtained with (b) g - ¢ and (c) 05 + ¢ incidence angles, where 05 is the Bragg angle for
the given set of crystallographic planes, and ¢ is the angle between (100) planes and the
(311)- oriented surface.

XRD. Out-of-plane a; and in-plane strain a| were used to calculate the deformation of

layer’s lattice by using the following formulas for strains:

)] — AafRr
€, = — ¢ (3.2)
aFR
_ 4 —arr
exac -
arFR

where a, is the out-of-plane lattice parameter, a| is the in-plane lattice parameter,
and apg is lattice parameter of fully relaxed GaAs lattice. It was found that €., is equal
0.00035 for both samples while €,, for the sample grown on (311)B-oriented surface is
2.64 times less than for (100)-oriented sample, namely -0.0484 and -0.0183 for (100) and

(311)B-oriented samples, respectively.
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3.2. Electrical properties
3.2.1. I- Current-voltage characteristics

In order to select suitable diodes for DLTS and LDLTS measurements for both
samples, I-V characteristics were obtained at room temperature. The reverse bias current
density (J) for all samples over the voltage bias range -1V to 0 is of the order of few
pA /em?. Typical room temperature semi-logarithmic J-V characteristics are shown in
Figure 3 for all samples. It can be seen from Fig. 3 that all samples display a relatively
low leakage current density. In particular, the reverse current density for samples grown
on (100) is larger than that grown on (311)B. The reverse current density at bias -1 V
for (100) GaAs, (311)B GaAs, (100) GaAsBi and (311)B GaAsBi are 1.06 x 10* A/cm™2,
8.26 x 10® A/em™, 7.5 x 10° A/em™ and 6.2 x 10°% A/cm™, respectively. The reason
for the higher reverse current density in samples grown on (100) can be explained by the
higher trap concentrations and more defects in (100) than (311)B [25]. Similar behaviour
was observed in previous studies on n-type GaAs grown on conventional (100) and non-
conventional substrate orientations (nll) [26] where the reverse current was found to

decrease with increasing the index of the plane n.
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Figure 3. J-V plot for n-type (100) GaAs, (311)B GaAs, (100) GaAsBi and (311)B

GaAsBi at room temperature.

Since these devices are Schottky diodes, the I-V characteristics of the diodes can
be described by the thermionic emission model [27] as follows:

I = Iferp (W—””> =)

nKT
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where q is the electronic charge, V is the applied voltage, K is the Boltzmann’s
constant, n is the ideality factor of the diode, T is the absolute temperature in Kelvin,
IRs is the series resistance of the effective diode, andl is the saturation current which is

given by:

I = AA*T?exp (;{CI?) (3.4)

where A is the diode area, A* is the effective Richardson’s constant (A*= 8.16
Acm™ K2), and b is the barrier height [28].

The characteristics parameters of these devices such as (n, Rg,b and Iy) were

calculated by using the Werner’s method [29].

Series resistance, ideality factors and barrier height for all the samples are ob-
tained from the forward I-V characteristics at room temperature. These parameters are
summarized in Table 2.

Table 2 Experimental data of ideality factor, barrier height and series resistance, obtained

from I-V characteristics at room temperature for n-type (100) GaAs, (311)B GaAs, (100)
(GaAsBi) and (311)B GaAsBi.

Sample \ n \ op (eV) \ kQ

n-GaAs (100) 1.5040.02 | 0.74+0.03 | 0.2340.02
n-GaAs (311)B 1.4940.02 | 0.6940.02 | 1.3240.03
n-GaAsBi (100) 2.3310.01 | 0.67£0.01 | 36.30£0.01
n-GaAsBi (311)B | 1.614+0.01 | 0.62£0.01 | 2.304+0.03

Figure 4 shows the temperature dependence of (a) the ideality factor (n) and (b)
barrier height (B) of all samples over the temperature range 200-340 K.

As can be seen from Table 2, the ideality factor of all devices in forward bias
deviates from unity, where n is nearly 2, which suggests that there is significant generation-
recombination in depletion region, which is the dominant current mechanism [4,30]. It is
worth noting that such deviation of the ideality factor from the thermionic emission can
be attributed to several effects, such as inhomogeneity of Schottky barrier height, series
resistance, interface states and nonuniformly of interfacial charges [31-33]. As shown in
Figure 4(a) and (b) the values of n decrease with increasing temperature, where as the
values of ( ¢p) increase as temperature is increased. This behaviour is due to inhomogeneous
metal/semiconductor (MS) contacts. At high temperatures, the current flows through
the interface states in the regions with a lower barrier height and larger ideality factor,
where as at low temperature the carriers are frozen, and therefore, the current does not
follow the thermionic emission mechanism. Note that at low temperature, carriers can
overcome the lower barriers, and the transmission mechanism will be dominated by the

current flowing through the regions with the lower barrier height. As the temperature
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increases, the carriers gain enough energy to overcome the higher potential barrier, which
causes the barrier height to increase with temperature. As a result, the barrier height
will increase, while the ideality factor will decrease with increasing temperatures, due to
barrier inhomogeneity in MS contacts [34]. However, (100) GaAsBi has larger ideality
factors over all temperatures compared to other diodes, whereas the (311)B GaAs has
the smallest values. It is worth noting that, and as to our knowledge, no previous reports
have explained the Schottky diodes behaviour in GaAsBi grown on different substrate
orientations in the literature. Therefore, the results will be discussed in context with dilute
nitride GaAsN instead. Furthermore, from Table 2 it can also be seen that the barrier
height at room temperature for (100) GaAsBi and (311)B GaAsBi are reduced compared
with reference samples. In particular, (100) GaAs has relatively larger barrier height, while
the (311)B GaAsBi diodes have the lowest values. This reduction in barrier height was
observed also by Chen et al. [35] in their study using Cu Schottky contacts to n-type
GaAsN grown on (100) and (311)A/B GaAs substrates grown by Chemical beam epitaxy
(CBE). They found that samples grown on (311)B exhibited lower barrier height than
(100). They attributed this reduction to the polarity of growth surface. On the other hand,
Narayanamurti et al. [36] observed in their study using the ballistic electron emission
microscopy (BEEM) technique, that the barrier height at room temperature decreases as
the nitrogen content increases. They attributed the reduction in the barrier height to the
reduction of the band gap, with increasing incorporation of nitrogen. It is well-known that
Bi incorporation is more enhanced in (311)B than in (100) GaAs substrates. This results
in an enhancement of the reduction of the energy band gap of (311)B with respect to the
(100) samples, as reported previously [12,37]. This fact could explain the larger reduction
of the barrier height observed in the (311)B samples.

3.2.2. II-Capacitance-voltage characteristics

The capacitance-voltage (C-V) measurements were carried out at room temperature
with a frequency of 1 MHz in order to determine the free carrier concentration (Ng). Figure.
5(a) shows the experimental net carrier concentration N4 obtained from the slope of 1/C?
as a function of V (reverse voltage) for all samples. The free carrier concentration was
found to be homogeneous for all samples. In particular, the free carrier concentrations of
(100) GaAs, (311)B GaAs, (100) GaAsBi and (311)B GaAsBi, are ~ 3.8 x 10'7 cm™, 3.4
x 10Y7 ecm™®, ~ 1.03 x 10'% em™ and ~ 1.14 x 10% cm™, respectively. Figure. 5(b) shows
Capacitance/Area (C/A) versus V plot for (100) and (311)B GaAsBi samples. As can be
seen from Figure. 5(b), the value of the C/A of sample grown on (311)B has lower C/A
than the one grown on (100). This reduction of C/A of (311)B sample could possibly be
due to the growth orientation, which was found to affect the shallow donor concentration

Nq, as confirmed previously by Hall measurement [35,38,39].
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3.2.8. III- DLTS and Laplace (DLTS) measurements

In order to study the electrically active defects with energies within the forbidden
band gap of these n-type (100) GaAs, (311)B GaAs, (100) GaAsBi and (311)B GaAsBi
devices, DLTS technique has been employed [40]. As can be seen in Figure 6, the measure-
ments were carried out over a temperature range from 100 K up to 450 K. The experimental
parameters used are: reverse bias (Vg) of -1 V, filling pulse voltage (V,,) of 0 V with filling

pulse time (tp) of 1 msec and rate window set to be at 200 s for all investigated samples.
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Figure 6. Typical DLTS spectra scans for n-type (100) GaAs, (100) GaAsBi and (311)B
GaAsBi samples.

The standard DLTS spectra in Figure 6 of (100) GaAs and (100) GaAsBi samples
show three positive peaks corresponding to three majority electron traps. In addition
to the electron traps, a hole traps (negative peaks) were also observed in (100) GaAsBi
and (100) GaAs, respectively. While for GaAsBi sample grown on (311)B (Figure 6), a
very broad peak is detected over the temperature range ~ 325 K to ~450 K. For control
sample (311)B GaAs no defects were detected by DLTS as their concentrations could be
too low and are outside the detection limit of DLTS. In order to resolve the broad peaks
obtained by DLTS measurements, as well for a better resolution of DLTS spectra observed

in the investigated samples, Laplace DLTS (LDLTS) measurements were performed [41]
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on all samples, under same conditions as those used in DLTS experiments. Laplace DLTS
revealed the presence of the following traps: (i) (100) GaAs and (100) GaAsBi: three
electron traps labelled as (AE1, AE2 and AE3) and (BE1, BE2 and BE3), one hole trap
(AH1) and (BH1), respectively; (ii) (311)B GaAsBi: two electron traps namely (LE1 and
LE2). The activation energies of each defect were determined from the Arrhenius plot of

the emission rates as a function of inverse temperature as illustrated in Figures 7.
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Figure 7. Arrhenius plots obtained from Laplace DLTS for n-GaAsBi grown oncrosssection
(a) (100) and, (b) (311)B GaAs substrate, with reverse voltage Vg = -1, filling pulse height
V,= 0V, and filling pulse time t, = 1 msec.

The traps activation energies, apparent cross section and trap concentrations are
calculated from the slope and intercept of the Arrhenius plot. The traps parameters are

summarized in Table 3.

It can be seen from Table 3, that the number of traps detected in sample grown on
(100) are higher than sample grown on (311)B. In fact, R. Mari [26] observed that the
substrate orientations of GaAs have a significant impact on the incorporation of impurities
and traps into the structure. It was reported that impurities are more susceptible to be

incorporated in (100) plane than in other high index planes. This result correlated with
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Table 3. Traps parameters for n-(100) GaAs and n- (100) GaAsBi and (311)B GaAsBi.

Sample Trap  Activation  Apparent capture Trap concentration

Label energy (eV) crosssection (cm?) (cm?)

n-GaAs (100) AE1 0.28 £ 0.03 4.3 x 1077 8.2 x 101

AE2  0.54 4+ 0.02 2.1 x 10713 7.2 x 10%

AH1 0.53 & 0.02 4.8 x 10716 8.1 x 101

AE3 0.61 £0.01 1.8 x 107 5.1 x 10%

n-GaAsBi (100) BE1  0.12 4+ 0.01 1.1 x 1078 1.2 x 103

BH1 0.24 + 0.01 9.8 x 10718 5.1 x 10'3

BE2 0.27 &+ 0.01 9.3 x 1071 7.7 x 10M

BE3 0.41 £+ 0.04 6.3 x 10718 9.7 x 101

n-GaAsBi (311)B LE1  0.19 £ 0.01 5.1 x 10720 1.4 x 103

LE1T 0.29 £ 0.01 1.8 x 10° 1.9 x 10"

[-V characterization discussed above, where sample grown on (100) has higher reverse

current than sample grown on (311)B due to higher number of traps.

It can be seen from Table 3, that the number of traps detected in sample grown on
(100) are higher than sample grown on (311)B. In fact, R. Mari [26] observed that the
substrate orientations of GaAs have a significant impact on the incorporation of impurities
and traps into the structure. It was reported that impurities are more susceptible to be
incorporated in (100) plane than in other high index planes. This result correlated with
[-V characterization discussed above, where sample grown on (100) has higher reverse

current than sample grown on (311)B due to higher number of traps.

The best way to identify these active traps created as a result of substrate orienta-
tions are to compare their activation energies to each other and/or their DLTS signals.

The obtained results are also discussed and compared with previous works.

The traps BE1 (0.12 + 0.01 e¢V) and LE1 (0.19 £ 0.01) observed in (100) GaAsBi
and (311)B GaAsBi, respectively, are likely to correspond to the same traps ETy and ET,
with activation energies ranging from 0.07 to 0.19 eV [7] and A with activation energy of

0.12 eV [11] reported previously. These were assigned to traps involving Bi as a constituent.

Traps AE1, BE2, and LE2 with similar activation energies in the range 0.27-0.29
eV could be of the same origin. This trap, labelled as ETy with an activation energy in the
range 0.29-0.33 eV, was observed also in both GaAs and GaAsBi grown by MBE at low
temperature by Gelczuk et al. [7]. This deep level can be attributed to the well-known M3
trap (E.-0.34 V) [42,43], which has same signature as EL6 trap reported in ref.[43]. The
EL6 trap is generally related to complex pair defects involving arsenic antisite (Asg,) and
arsenic vacancy (Vas) [43] or to divacancy complex defect (Vga - Vas) [44]. On the other
hand, using theoretical calculations by density functional theory (DFT method) [45] a
trap with energy of 0.36 €V (similar to BE2) was found. The authors attributed its origin

to a complex defect involving Bi.
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Furthermore, the traps AE2 and BE3 with activation energies 0.54 4+ 0.02 eV
and 0.41 + 0.04 eV and trap concentrations of 7.2 x 10 cm™ and 9.7 x 10" cm™,
were observed only in n-type (100) GaAs and GaAsBi samples, respectively. Similar deep
defect was detected in n-type GaAsBi samples grown at temperatures 330 °C and 390 °C,
respectively, labelled as trap C [11] and trap ET3 [7] with activation energies varying in
the range from 0.45 to 0.52 eV [7]. This trap most likely correspond to the trap level M4.
The origin of this trap was attributed to an arsenic vacancy (V,s) complex involving an
impurity [46].

In addition, the trap level AE3 with activation energy of 0.61 + 0.01 eV and

3 was detected only in the n-(100) GaAs control sample

concentration 5.1 x 10 cm-
(without Bi). This trap was observed also in GaAs and GaAsBi as the dominant electron
trap [7]. It was suggested that the origin of this deep level trap could possibly be attributed
to trap M6, whose activation energy is (0.62 eV) [47]. It is interesting to note that M6 trap
is a unique trap in GaAs layers grown by MBE [42]. The origin of this trap might be related
to gallium and arsenic vacancies (Vas-Vga) or impurity related complexes (Vag-X-Vaa),

where X refers to the impurity or interstitial [47].

As seen in Table 3, hole traps were also observed in (100) GaAs and (100) GaAsBi
labelled as (AH1) and (BH1), with activation energies (0.53 £ 0.02) eV, (0.24 + 0.01)
eV, respectively. Minority hole trap AH1 appears to have a similar activation energy as
that of trap AH2 [48], and the trap with activation 0.54 £ 0.02 eV observed in ref. [49].
This trap was suggested to be likely attributed to donor level of the arsenic antisite Asg,
complexes defect [48]. Trap BH1 has similar DLTS spectra as those observed in p-type
GaAsBi grown by MBE [50] and labelled as HT2 and HT3 with activation energies over a

range (0.23-0.43 eV). These traps were assigned to AsGa or its relevant cluster.

3.3. Optical properties
3.3.1. IV- Raman spectroscopy

Figure. 8 shows the Raman spectra for all samples, i.e., (100) GaAs and (311)B
GaAs (control samples) and (100) GaAsBi and (311)B GaAsBi, in the ranges (i) 150-245
cm™ and (ii) 250-300 cm™.

Two intense peaks in the range of 260-300 cm™* were observed in all samples. These
Raman peaks are associated with the GaAs optical phonons at the Brillouin zone centre
[51,52]. Particularly, the transverse optical mode (TO(T)) is observed at around 267 cm™
and the longitudinal optical mode (LO(T)) at around 291 cm™. Furthermore, the GaAs
TO (I') Raman peak is forbidden by Raman selection rules for the (100) samples, while
for the (311)B samples this peak is allowed [53,54]. A broad TO (I') Raman peak was
observed for the (100) GaAsBi sample, which can be explained by a breakdown of Raman
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selection rules due to Bi-induced disorder.
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Figure 8. Raman spectra of GaAs and GaAsBi samples grown on GaAs (100) and GaAs
(311)B substrates at 300 K.

For the GaAsBi samples, additional Raman peaks were detected in the range
150-240 cm™. The observation of these peaks was reported previously for GaAsBi samples
[54-60]. Although the nature of the peaks is not well established, it is well known that

these peaks are Bi-induced.

Our Raman spectra in the range 250-300 cm™ were well fitted by two Lorentz
functions (the fitting parameters are shown in Table 4). Although these samples are doped,
we have observed no evidence of the presence of the peak due to plasmons-phonons coupling
(LOCP). In general, our results show that the contribution of the LOCP is probably small
and that this peak is not well resolved from GaAs LO (I') and TO (I') Raman modes.
In addition, a red-shift of the LO (I') Raman peak for GaAsBi samples was observed as
compared to the reference GaAs samples. It is expected that the incorporation of bismuth
atoms will result in significant changes of the mechanical properties of GaAs(_x)Biy alloys.
Particularly, the Bi incorporation will change the frequency of phonon vibration modes of
the crystalline matrix. It was previously observed that the GaAs LO(T") position changes
linearly with the Bi concentration (x) [54,61]. On the other hand, the phonon frequencies
can also be dependent on the presence of strain in the alloys [54,61]. Such stress-induced
shifts can basically be described by the phonon deformation potentials (PDPs). Therefore,
the total frequency shift could be associated with two different contributions: (i) the

changes in the alloying composition (x) of the ternary material (Awqoy,) and (ii) changes
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of the strain field in the alloy (Awsirqin). The total shift of the optical phonon modes can
then be quantitatively expressed as Aw= Awstrain + Awaioy [54,61]. As the Bi content
is 5.4% for both (100) and (311)B samples, the different shifts observed for the Raman
modes must be due to the strain effect. Particularly for the (311)B sample, the observed
shift is - 60 cm™ /xBi which is consistent with previous works [16,55,56,60,61]. On the other
hand, for the (100) GaAsBi sample a lower shift was observed probably due to a blue-shift
originated by compressive strain (-Awsirqin), in agreement with the shift reported by E.
Tisbi et al. [55]. Furthermore, the HRXRD results have shown that the strain for the (100)
GaAsBi sample is 2.7 times higher than that of (311)B sample. In addition, a broadening
of the LO (I') Raman peak was observed for the GaAsBi samples, a disordering effect for
these samples which is particularly higher in the (100) GaAsBi sample. Similar broadening
was also observed for the TO (I') Raman mode, but more important the observation
of this peak in (100) GaAsBi sample is probably due to Bi induced disorder. A smaller
red-shift of the TO (I') Raman peak was observed as compared to the red-shift observed
for the LO (I') Raman peak for GaAsBi samples, which were similarly reported previously
in the literature. In general, our results indicate that the introduction of Bi in the (100)
samples results in a higher compressive strain and higher crystal disorder as compared to
the GaAsBi (311)B samples. These differences have an important impact on the optical

emission of these samples as will be discussed below.

Table 4. Lorentzian fitting parameters.

(100) GaAs  (100) (311)B GaAs (311)B
GaAsBi GaAsBi

LO(T)
Wpeak cm! 290.5+0.51  290.24+0.51 290.340.5} 287.540.5¢
FWHM —Aw(cm'l) 2.6+0.5¢1 3.7+0.5% 2.5+0.5¢ 2.8+0.5¢
Peak relative intensity TO(I') 1.0040.01 0.984+0.01  1.0040.01 0.9740.01
Wpeak €O 262.4+0.51  266.7£0.51 266.940.51 265.540.5¢
FWHM —Aw(cm'l) 22.940.57 10.6£0.51  2.7+0.57 6.7+0.5¢
Peak relative intensity 0.007*4+0.01 0.04£0.01  0.16£0.01 0.13%£0.01
Reduced chi-square 2.59 107 1.77 104 3.26 107 9.14 107
Residual Sum of Squares 0.00411 0.02807 0.00518 0.01453
R-Square 0.9992 0.9957 0.9990 0.9971

* Less than the noise level ~ 0.01.
T The experimental error is bigger than the statistic error related to the fit processes. In
these cases, we utilize the experimental error.

3.3.2. V- Photoluminescence

Figure 9 shows the photoluminescence spectra of GaAs (100), GaAs (311) B,
GaAsBi (100) and GaAsBi (311)B layers. A sharp emission is clearly seen at around 1.52

eV for both GaAs layers as expected. In addition, other PL peaks were also observed: one
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Figure 9. Normalized PL spectra of GaAs and GaAsBi layers at 15 K.

around 1.508 eV and a broad band in the range of 1.3-0.49 eV which were mainly associated
to transitions related to GaAs-like traps/impurities due to the growth conditions. On
the other hand, the PL spectra of both (100) and (311)B GaAsgg4Bigo5 layers show a
redshift as compared to GaAs samples, as expected [62-64]. The observed redshift of PL
peak position was associated with Bi incorporation which induces a band gap reduction.
Although both samples have the same Bi concentration, we have observed that the PL
peak position of both samples are different and do not show the standard red shift of 89
meV /Bi% previously reported in the literature for GaAsBi layers [1,62,64]. Actually, for
our samples this red shift is lower than previously reported. This effect is particularly
more important for the (100) GaAsBi sample. It was previously shown a similar behavior
for n-doped (100) GaAsBi samples [7] which was associated with the contribution of Bi
induced donor traps next to the conduction band which could also induce an additional
emission in the spectrum due to a donor traps (DT)-valence band (VB) transition and
therefore could result in a reduced red shift. Particularly, our results show that the PL red
shift of (100) GaAsBi layer is much lower than for (311)B GaAsBi sample although both
samples have the same Bi concentration of 5.4%. The obtained values of PL peak position
for the (100) and (311)B samples are different and could be due to the other contributions
such as different Bi induced traps in these samples. However, the XRD results for these
samples show that the samples also have different strain which could affect considerably
their optical properties. Particularly, we notice that the DLTS results have shown higher
number of carrier traps for the (100) GaAsBi sample as compared to the (311)B GaAsBi
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sample which certainly could affect significantly its optical properties. However, the XRD
results have also shown that the compressive strain for the (100) sample is 2.7 times higher
than for the (311) B sample. An increase of compressive strain will certainly result in
important changes in the band structure resulting in blue shift of PL peak position as

shown previously [55].
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Figure 10. Temperature dependence of (a) PL spectra and of (b) PL peak position and
linewidth (c) Arrhenius Plot and activation energies for (100) and (311)B GaAsBi samples.

Figure 10(a) shows the temperature dependence of the PL spectra, peak energy and
FWHM of the doped GaAs;_y)Biy samples. We observed that the PL energy peaks (Figure.

10(b)) exhibit a monotonic redshift with increasing temperature due to the decrease of
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the band-gap energy with increasing temperature as expected. We have analyzed the

temperature dependence of PL intensity with a modified Arrhenius equation [15]:

Ipp(T) 1
I

= —5 —5 (3.5)
14+ AjersT + AsersT
where Ipy, is the integrated PL intensity, A; and A, are constants related to the density of
non-radiative recombination centers, E; and E, are activation energies, kg is the Boltzmann
constant, T the temperature and Iy the approximate PL intensity when T—0. Figure. 10(c)
shows the obtained results of Arrhenius fitting and the activation energy values for both
GaAsBi (100) and (311)B samples. The obtained E; and E5 values for (100) and (311)B
samples are 20+3 meV and 95+4 meV, and 2843 mV and 74+3 meV, respectively. These
values evidence the presence of Bi clusters and alloy disorder in both samples. Actually, it
was previously reported that the GaAs(;_Biy layers usually have localized Bi pairs and
clusters, which have diferent configurations and binding energies, and also alloy disorder,
and potential fluctuation [15]. Particularly, it was previously reported that the presence of
defects/disorder results in two different activation energies: one in the range of 8-17 meV
which is usually related to Bi clusters and Bi pairs and another around 50 meV which is
usually related to GaAsBi alloy disorder [15,65]. Therefore our experimental values are

fully consistent to this interpretation.

The laser power dependence of PL spectra for both samples was also investigated.
Figure 11 (a), (b) and (c) shows the PL spectra versus laser power, the laser power
dependence of PL peak position, and integrated PL, respectively at 10 K. We observed
that there is a clear blue shift of PL peak energy with increasing laser power. However,
this effect seems to be different for (311)B and (100) GaAsBi samples. Particularly, for the
(100) samples we have observed a blue shift of about 25 meV with increasing laser power,
while for the (311)B sample we have observed a blue shift of about 43 meV for a laser
power of 50 mW (Figure 11(a) and (b)). Figure 11(c) shows the laser power dependence
of integrated PL intensity also at 10 K. The laser power dependence was fitted by using
the power law which is a standard procedure to investigate the nature of the PL band in
semiconductor materials and is given by the following expression: I = a (P)¥, where 1 is
the integrated PL intensity, P is the laser power, « and k are fitting parameters [15,62]. It
is well known for free exciton emission it is expected to obtain k ~ 1 [15,62]. However,
for our samples we have obtained a value slightly lower than k = 1, i.e., k & 0.8 for the
higher laser power range of 1-50 mW. Our results indicate some exciton localization which
is similar to several previous results reported in the literature for GaAsBi layers [15,62,65].
Therefore, we have sociated our results with the emission of localized excitons by the
presence of Bi clusters/ alloy disorder, which manifests in a clear blue shift of the PL peak
with increasing laser power and is sistent with the obtained values for E; and E, activation
energies [15,62,65]. We also remark that the DLTS results for the (100) sample have shown
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a larger number of traps as compared to the (311)B sample. As mention above, it was
previously reported for n-doped (100) GaAsBi sample that the PL spectra have also a
contribution of optical transition related to Bi induced traps close to the conduction band
(donor band) which could also affect the laser power dependence and the PL peak position
[7]. Therefore, our PL results are consistent with the DLT'S results of these samples that
have shown that the number of Bi induced traps are more important for (100) GaAsBi
samples and therefore these traps affect more the PL of (100) samples as compared with
the (311)B sample. On the other hand, as mentioned previously the higher compressive
strain observed for (100) GaAsBi sample could also affect its optical properties resulting
in the observation of PL peak position at higher energy as compared to GaAsBi (311)B

sample with the same amount of Bi%.

Conclusion

We have investigated structural, electrical and optical properties of n-type GaBiAs
layers grown under similar conditions on GaAs (100) and (311)B planes. It was found that
although these samples have the same Bi concentration of 5.4%, they have shown different
compressive strain which has important impact on their optical properties. Furthermore,
it was observed that the introduction of Bi reduces the GaAs like electron traps but
also induces Bi-related donor traps which are different for GaAsBi samples grown on
(100) and (311)B planes. Particularly, the DLTS results have shown that Bi traps are
reduced considerably for (311)B samples. Finally, the observed differences in the optical
properties of (100) and (311)B GaAsBi samples can be explained by the presence of different
compressive strain and by the presence of Bi-induced traps which affect considerably the

optical properties of GaAsBi layers.
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4 Conclusion

We have investigated the optical and structural properties of films of I1I-V Bi-diluted
alloys. Particularly, we have investigated GaSbBi alloys with different Bi concentrations
grown by MBE on (100) GaSb substrates and n- and p-type GaAsBi alloys grown on
(100) GaAs and (311)B substrates. The samples were investigated by HRXRD, Raman

spectroscopy, AFM and low temperature photoluminescence.

For the the GaSbBi layers, we have observed several Raman modes, which were
not observed for the GaSbh films grown under similar conditions. In addition, we have
observed a resonant Raman effect for a GaSbBi layer with 5.8%Bi using 633 nm excitation,
which showed an enhancement of the Bi-induced Raman peaks. The resonant Raman
effect and polarized Raman results were used to investigate in detail the nature of the
Raman peaks. Specifically, the Raman mode observed at 185 cm™ was associated with a
convoluted LO(T") + TO(T") GaBi mode. The Raman modes observed at 136 cm™, 195
cm, and 219 cm™ were associated with DALA, atomic Bi, cluster, and TO(X)/TO(L)
GaSb phonon modes, respectively. In general, we have observed that the GaSbBi samples
present additional Raman peaks as compared to the GaSb reference sample. This is so
because the bismuth atoms create a significant disorder in the (GaSb) matrix, relaxing
the Raman selection rules, thus allowing the emergence of these additional peaks, which

were mainly associated with the presence of Bi clusters.

For the n- and p-doped GaAs(1.,Bix thin films grown by MBE on (311)B GaAs
substrates, we have observed the same effective amount of Bi incorporation and strain in
both types of doped GaAs(i_y)Biy samples. However, these samples have shown remarkable
differences in terms of density of Bi-related defects. Particularly, these defects have
important contributions in the presence of non-radiative centers, also contribute to different
radiative recombination such as acceptor (donor) -to-band transition. Particularly, our
results also indicate that the density of Bi related defects depend on the type of doping
(n-or p-doping) of GaAs(;.Bix Bi-related defects on the PL properties of n- and p-doped

GaBiAs layers grown on (311)B substrate orientation.

Furthermore, the n-doped samples grown on the crystalline planes (100) and (311)
have the same concentration of Bi (5.4%), but have a different compressive strain, which
has an important impact on the optical properties of these materials. Photoluminescence
results of the n- and p-type doped samples in the (311)B crystalline plane have shown
remarkable differences in terms of the density of defects associated with Bi. In particular,
it was observed that the introduction of Bi reduces the GaAs-like electron traps but

also induces Bi. The observed differences in the optical properties of (100) and (311)B
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GaAsBi samples can be explained by the presence of different compressive strain and
by the presence of Bi-induced traps, which affect considerably the optical properties of
GaAsBi layer.
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