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Herbert S. Mączko ,1 Robert Kudrawiec ,2
and Marta Gladysiewicz 1

1Department of Experimental Physics, Faculty of Fundamental Problems of Technology,
Wroclaw University of Science and Technology, Wrocław 50-370, Poland

2Department of Semiconductor Materials Engineering, Faculty of Fundamental Problems of
Technology, Wroclaw University of Science and Technology, Wrocław 50-370, Poland

DOI:10.1109/JPHOT.2020.3006624
This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see

https://creativecommons.org/licenses/by/4.0/

Manuscript received April 7, 2020; revised June 24, 2020; accepted June 29, 2020. Date of publication
July 2, 2020; date of current version July 17, 2020. This work was supported in part by National
Science Center under Grant SONATA BIS 3 no. 2013/10/E/ST3/00520. The work of Robert Kudrawiec
was supported by NCBiR within the Polish-China Grant WPC/130/NIR-Si/2018. Corresponding author:
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Abstract: Light emitters integrated with Si platform are highly desirable for photonic
integrated circuits, however, manufacturing them remains difficult. In this work, BGaAs/GaP
quantum well (QW) structures are proposed as a promising solution of the challenge.
These QWs can be grown on GaP/Si templates, which are intensively developed for
recent years. An 8-band k·p model, envelope function approximation, self-consistency in
solving of Schrödinger and Poisson equations with parabolic approximations of the indirect
valleys and Fermi golden rule are used to calculate and analyze the material optical gain
spectra of the QWs. A positive material gain is found for the QWs with 10–35% BAs mole
fraction, with zinc-blende BGaAs epilayers grown on the GaP(001) substrates as direct gap
semiconductors. It is predicted that such structures emit red light with wavelengths from
the range of 730–690 nm. Optimal QWs widths for maximal TE and TM gain polarizations
are below the critical thickness of BGaAs grown on the GaP(001). Presented results clearly
indicate that BGaAs/GaP QW system is a very promising gain medium for Si-compatible
photonic integrated circuits.

Index Terms: BGaAs, optical gain, modeling, quantum well, amplifying material, visible light
source.

1. Introduction
The topic of light-emitting and lasing devices grown on Si wafers is of great interest among
research groups focused on a silicon technology, because it can potentially allow production of
new optoelectronic circuits with integrated light sources. Various approaches of manufacturing
Si-integrated light-emitting devices have been already presented and gathered in reviews [1]–[4].
Recent and particularly interesting studies utilize GeSn alloys for which successful observations
of photoluminescence and electroluminescence in the bulk crystals, thin epilayers, diodes and
QWs all epitaxially grown on the Si substrates have been reported in experimental works [5], [6],
[15], [7]–[14]. Furthermore, lasing actions of bulk crystals or QWs inside various micro resonators
integrated with the Si technology have been demonstrated in recent studies [16]–[21]. Simultane-
ously with the advances in the technology, many theoretical researches predicted and analyzed
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Fig. 1. (a) Schematics of the epitaxial structure with the modeled thin film forming single
GaP/BxGa1-xAs/GaP QW, (b) BGaAs lattice parameter dependency on BAs fraction in BGaAs (black
solid line), lattice matching to GaP fraction (black dotted line), GaP, and Si lattice parameters (horizontal
lines).

the optical gain of GeSn-based low-dimensional structures [22]–[29] to set up new possibilities in
further development of the system. Other popular approaches are based either on silicon itself (Er
doping, stimulated Raman scattering, Si nanoparticles) [3], [4], [30] or III-V semiconductor alloys
that are already widely used in the light emitting applications (hybrid structures, heteroepitaxy of
nanopillars or nanoneedles) [2], [3], [30]–[32].

Even though the topic of the Si-integrated light emitters is extensively researched, there still
seems to be another new approach available. Despite the considerable difference in the lattice
parameters between most of III-V binary compounds and Si, GaP crystal is characterized by the
lattice parameter very similar to the one of Si [33], therefore allowing it to grow on Si with a good
quality [34]–[36]. GaP for itself is not a suitable material to be an optical gain medium because
it is an indirect-gap semiconductor [33]. Nonetheless, its wide gap creates a possibility for the
manufacturing of quantum wells (QWs). In such QWs, GaP would form high barriers for electrons
at the � point of the first Brillouin zone (BZ), and the thin film material additionally would have
its conduction band minimum (CBM) at the � point below all of the CBMs of the GaP. Therefore,
the material in search needs to fulfill these requirements. Recent advances in growth technology
allow to produce new materials containing boron atoms, such as BGaAs, BGaP, BGaAsP, BGaInP,
BGaInAs, BGaAsBi, BAsBi, on GaAs, Si and GaP substrates [37]–[40]. Before, these materials
were often impossible to grow with a satisfying quality. From the group of materials considered,
a BGaAs alloy is selected for this theoretical analysis as it consists of GaAs, a material that is
well-known for its suitability for light applications and is one of the most developed semiconductors.
Moreover, the alloy requires fewer mole fractions to be described compared to the quaternary alloys
such as BGaAsP and BGaAsBi. The choice of BGaAs alloy for the QWs allows modelling a simple
novel system that may be systematically extended to more complicated cases in further theoretical
works. Similar quantum wells based on BGaAs already can be made on a GaAs substrate mostly.
These types of quantum wells already have been explored experimentally [41]–[45]. A scheme
illustrating BGaAs/GaP QWs is shown in Fig. 1(a). BGaAs alloys are characterized by the direct
gaps in some BAs fraction range [46]–[49]. Their lattice parameter can be tuned to be close or
equal to the one of GaP [33], [47], what is demonstrated in the Fig. 1(b). The investigated alloys
form type I band offset with GaP [47], [48].

This research presents a new interesting material system for further experimental studies. It
is based on theoretical calculations and prediction of material optical gain performed for the
BGaAs/GaP QWs integrated with the GaP/Si virtual substrates at room temperature (300 K). We
present and discuss estimations of characteristic features of these QWs including: band edge
composition dependencies, an effect of partial carrier delocalization, an induced electric field
effect on the optical gain values, and dependencies of the optical gain on the values of carrier
concentration, BAs fraction, and QWs widths.
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TABLE I

The Set of Material Parameters Used in the Calculations

2. Methods
2.1 Material Parameters

All material parameters critical for the calculations conducted are listed in the Table I, with names
of parameters’ groups and symbols of the parameters listed in the first column. In most cases, the
interpolation of the parameters is held within Vegard’s law. In case of spin-orbit splitting and energy
gap at the � point, interpolation includes non-zero bowing parameters according to a well-known
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phenomenological interpolation scheme (1),

P (AB)C (x ) = x · PAC + (1 − x ) · PBC − x · (1 − x ) · b(AB)C (1)

where P(AB)C(x) is a given parameter of the alloy with a fraction x in an AxB1−xC alloy, PAC and PBC

are parameters for proper binary compounds, and b(AB)C is the bowing parameter for the alloy.
Parameters of GaP and GaAs are listed in the second and the third columns of the Table I.

The majority of parameters is taken from the review publication of Vurgaftman et al. [47] except
for parameters of and in connection to effective masses. For Luttinger parameters and all effective
masses Adachi [46] seems to be the most accurate source of reference. The permittivity for both
materials are taken from Madelung [33]. Hydrostatic deformation potentials of band extrema at
the � point for GaAs are taken from experimental work of Nolte et al. [50], whereas deformation
potentials for L and � valleys are taken from Adachi [46]. Deformation potentials and strain related
parameters for GaP are not required for the purpose of this study and therefore are not presented
in the Table I. There are no Varshni parameters given for GaP bandgap at the � point because its
temperature dependence is properly described by (2) [47].

E �,T
g = E �,0

g + 0.1081 ·
(

1 − coth
164
T

)
(2)

Parameters of BAs are listed in the fourth column of the Table I. Lattice parameter for BAs is
taken from Madelung [33]. The bandgap energies are taken from calculations reported by Hart &
Zunger [48], similarly to the valence band offsets (VBO) for BAs/GaAs interface. The VBOs of GaP
and GaAs, unlike the VBO of BAs, are taken from the work of Vurgaftman et al. [47], therefore
the VBO of BAs needs to be shifted so that it is consistent with the description of the remaining
materials. In this study, the shift to VBO of BAs is implemented in such a way that the VBOs of
GaAs reported in both works are equal. Luttinger coefficients and hydrostatic deformation potential
for �1c – �4v direct gap together with elastic constants and permittivity are reported in theoretical
work of Chimot et al. [49]. And finally, Shear deformation potential b is taken from Adachi [46].

BGaAs alloys are still under development, therefore some of their material parameters are yet
not available (N.A.), well established or available calculations require further experimental confir-
mation [51], [52]. Since hydrostatic deformation potentials of BAs are not yet known separately for
conduction �1c and valence �4v bands, the hydrostatic deformation potential for the top valence
band is 0 eV and the gap deformation potential [49] describes only the conduction band for the
purpose of this study. An effective mass of electrons at the �1c band (characterized by the same
symmetry as the first conduction band in GaAs) is estimated by fitting a parabola to the band
structure published by Hart & Zunger [48]. Despite of the lack of the remaining few parameters, we
conducted our simulations approximating them to the ones of GaAs. The choice seems justified as
the calculations concern lower BAs fractions in BGaAs alloys and are regarded as the preliminary
predictions for the QWs.

A bowing parameter for the spin-orbit splitting energy 0.06 eV is taken from DFT calculations
performed by Polak et al. [52] and for the energy gap at the � point 3.5 eV we quote Hart & Zunger
[48]. The valence band offset (VBO) for the BGaAs alloys is interpolated linearly as its bowing
parameter is not yet established.

2.2 Critical Thickness

We use (3), in accordance with Mathew-Blackslee model [53], to estimate the critical thickness of
the thin BGaAs film grown on the GaP(100) virtual substrate and caped with another GaP crystal.

hc = af ilm

2
√

2 · π · f
· 1 − 0.25 · ν

1 + ν
·
(

ln

√
2 · hc

af ilm
+ 1

)

f = |asub − af ilm|
af ilm

, ν = C12

C11 + C12
(3)
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The dislocation angles and the burger vector are already substituted with he values specific for
III-V alloys, hc is the critical thickness, asub is the lattice parameter of the GaP substrate, af ilm is the
lattice parameter of the BGaAs thin film, C11 and C12 are elastic parameters of the BGaAs thin film.
It is worth noting that this model underestimates the critical thickness, which can be larger in real
structures. Real critical thickness is ruled by kinetic limitation of growth temperature and deposition
rate [54].

2.3 Gain Calculation Procedure

Similarly to our previous works [22], [23], [55], [56], band-structures of bulk crystals are obtained
within the 8-band k·p model for zinc-blende symmetry including the Bir-Pikus Hamiltonian for strain
effects [57]. Here, the strain in the thin layer is homogenous with the unstrained substrate as its
source. To calculate the band-structures of QWs, we used the above model including the envelope-
function approximation [58]. The envelopes are expanded in a planewave basis, so the calculations
are performed within periodic boundary conditions.

The bulk DOS functions of the L and � valleys are calculated within the effective mass approxi-
mation [59] using (4), where D(E) is the DOS function, E is the energy, and m∗ is the DOS effective
mas of the given valley including the number of its equivalent minima. For the BGaAs thin film,
both L and � valleys are shifted hydrostatically but only � valleys are additionally split into two
groups due to simulation of the growth on the (100) plane. This effect is included in accordance to
the model-solid theory [60]. Therefore, (4) is multiplied by the proper coefficient 1/3 or 2/3 and the
energies are properly shifted for � valleys. A histogram based on 8-band k·p band structures is
calculated to obtain DOS function, including states from the proximity of the � point. Local density
of states (LDOS) of free carriers, which is included in the simulated structures, is described by
band structures around �, � and L points for GaP, and around � and L points for strained BGaAs
thin films. BGaAs bands around the � point are not included in the LDOS since their contribution
will be added via confined states. A LDOS function describing the states confined in the QWs
is determined by the calculation of the histogram in the energy space, that is weighted by the
squared envelope functions of each found state. Both considered LDOS functions of free carriers
and confined states are added to each other, then used in following calculations of the quasi-Fermi
levels of conduction and valence bands with 2-dimensional carrier concentrations defined for whole
period of the structure taken as parameters.

D (E ) = 1
π2

·
(

2 · m∗

�2

) 3
2

· E
1
2 (4)

The carrier distributions are found with the quasi-Fermi levels and LDOS functions. Then, an
induced electric field is calculated by solving the Poisson equation with Newton-Raphson method.
Using the predictor-corrector based method [61], [62], Schrödinger and Poisson equations are self-
consistently solved to properly include � valleys effect on the charge distribution in the structure
and to find adequate final quasi-Fermi levels for the electrons. Next, the QWs band-structures are
applied to the calculation of the material optical gain spectra of the QWs. The spectra are calculated
within the standard approach based on the Fermi’s golden rule [63], as in our previous works [22],
[23], [55], [56].

3. Results and Discussion
3.1 Basic System Characterization

In the conceptual heterostructure, that is shown in the Fig. 1(a), the modelled single QW is formed
by the BxGa1-xAs thin layer surrounded by the strain free GaP barriers. At the � point of the BZ, the
system is characterized by type I band offset forming more than 0.5 eV deep quantum confinement
for both holes and electrons. Because of the indirect nature of GaP crystal, the confining effect of
holes in the system is much stronger than the one of electrons. Strain free GaAs is well known for
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Fig. 2. Electron and hole energies at the � point (solid lines), electron energies in in L (dotted lines)
and � (dashed lines) valleys minima as function of BAs mole fraction in BxGa1-xAs alloy at room
temperature. Horizontal lines refer to the strain-free bulk GaP crystal while black lines refer to (a)
the strain-free bulk BxGa1-xAs crystal, (b) the bulk BxGa1-xAs crystal strained to the GaP substrate.
Vertical lines mark the fraction for which the alloy has the lattice parameter equal to the GaP one. The
region colored in light yellow corresponds to the direct-gap BxGa1-xAs mole fractions for the strained
crystal.

being a direct semiconductor, where the conduction band minima at the L point of BZ and at �

line are around 0.3 eV and 0.5 eV above the � minimum. Whereas adding B to GaAs opens the
bandgap, it also reduces the difference between indirect and direct conduction band minima. As a
result, it creates an indirect semiconductor at the BAs mole fraction around 30%. The main reason
to create such an alloy in this system is to reduce the elastic strain build-up in the BxGa1-xAs
layers grown on the GaP substrate. There are two main benefits arising from this strain reduction.
Firstly, a higher critical thickness is obtained. And secondly, the direct nature of the alloy is restored.
GaAs strained to GaP when grown on the (100) plane acts as an indirect semiconductor with the
low-energy group of � valleys around 0.1 eV below the � conduction band minimum. Addition of B
in this case is necessary to reduce the effect of uniaxial deformations on the � valleys. Therefore,
this alloying is necessary to have some electrons confined in the QW close to the � point instead
of allowing all of them to leak into the � valleys.

The interpolations of the band extrema in Fig. 2 indicate that conduction band minima energy
dependences on the BAs mole fraction are the most crucial for the system. As shown in Fig. 2(a), if
the BxGa1-xAs alloy is a strain free material, there is potentially a wide range of mole fraction x for
which a good confinement for electrons at the � point and a direct-gap character of semiconductor
are present in the material. The situation changes noticeably when the strain effects are included,
as shown in Fig. 2(b). At first, due to hydrostatic deformation the energy of electrons at the �

point increases more than at the L point. In this way both energies for GaAs strained to GaP are
almost equal. However, the energies of the � valleys are more important for the system than the
energies of the L valleys. They would have similar importance as in unstrained case if only the
hydrostatic deformation effect were present in GaAs. However, since the modeled structure is to
be grown on the (100) plane, the significant � valleys splitting occurs and additionally limits the
direct-bandgap fraction range. Hence, the most advantageous BAs mole fraction range, for QWs
gain media, seems to span from 10 to 35%. For such BAs mole fraction range there is a direct gap
in the BxGa1-xAs alloy. The indirect gap in GaP does not limit the applicable fraction range. The
strain effect on the QWs depth at the � point for holes is insignificant for the confining ability. Still,
its presence is easily visible in the fundamental optical transition energies and in the kind of holes
forming the top valence band. Therefore, the strain only selects the radiation polarization for which
optical gain takes positive values.
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Fig. 3. Estimated critical thickness (thick black line) of the thin BxGa1-xAs film as grown on and covered
by the GaP crystals, marked the 10 nm QWs with various BAs factions in the thin film that are chosen
as most representatives for the optical gain analysis (black bordered white dots), other representative
QWs (black dots). The region colored in light yellow corresponds to the direct-gap BxGa1-xAs mole
fractions as in Fig. 2.

Another important parameter of the system is the critical thickness of the BxGa1-xAs grown on
GaP. Its value limits the technological development of the thin-film growth and hence marks the
range of QW widths that can be considered during the modeling. Fig. 3 shows the critical thickness
within the fraction range corresponding to the direct-gap alloy with values beginning at around 8 nm
for around 10% and increase with BAs fraction due to the decrease of the lattice mismatch between
the alloy and the substrate. After exceeding around 23% it decreases and reaches around 10 nm
for 35%, which is an estimated fraction of high fraction direct-indirect transition in strained BGaAs.
There are 7 plotted points at 10 nm for various fractions. These are representative QWs chosen for
further analysis of the gain spectra. Points corresponding to the fractions of 20, 23 and 26% are
considered to be the most representative QWs, since they are characterized by three distinct kinds
of strain incorporated into the thin films.

The first part of the analysis focuses on the most representative QWs, beginning with a presen-
tation of main features connected to the carrier confinement and the QW positive charging effect
and followed by the gain spectra characteristics with their dependence on two-dimension carrier
concentration n2D. Next, we focus on analyzing the gain spectra for all representative QWs with
the peak gain and conclude with peak gain maps in function of BAs fraction from 10 to 35% and
the QWs width from 5 to 20 nm. The fraction range is marked by the yellow region in Figs. 2 and 3,
and in most cases the QWs width does not exceed the estimated critical thickness limitations.

3.2 BGaAs/GaP/Si Quantum Wells Characteristics

A typical energy profile at the � point of the considered QWs is shown in Fig. 4(a), where an
induced electric field corresponds to a positive charging effect of the thin film in reference to the
surrounding material. This effect is caused by the higher localization ability of holes than the one
of electrons. Local densities of carriers (LDOC) calculated with the carrier density n2D = 1013 cm−2

for most representative QWs are shown in Fig. 4(b). According to them, higher concentrations of
confined holes than of confined electrons are present in the thin film. In all three cases, the energy
confinement around � point is highly favorable for both kinds of carriers. However, the existence of
� valleys causes leakages of electrons such that while three of hole sub-bands are already filled,
only one electron sub-band around � point is. The electrons that occupy the � valleys can be found
in the thin layer and its proximity with the higher density, and in the barriers with the lower one. That
is because these valleys in the whole structure have similar energies. The carrier density, in and
around the thin layer, is much higher for the holes than for the electrons because many electrons

Vol. 12, No. 4, August 2020 6101013



IEEE Photonics Journal Optical Gain Characteristics

Fig. 4. (a) A typical GaP/BxGa1-xAs/GaP single-QW energy profile with induced electric field, the
energy and the position ranges of (b) figures (red patterned region). (b) most representative QWs �

energy profiles (black solid lines), � energies of two first electron and two first hole states (black dashed
vertical lines), LDOC (sea blue strikes) of both confined and free carriers in the system.

are distributed along the whole structure via the � valleys. It results in positive charging of the QWs
surrounded by equivalent negatively charged barriers. This electric field allows a greater filling of
the confined electron states, therefore favoring the positive gain values. So, additional characteristic
features of this QW system are: a considerably smaller number of the electrons available for the
radiative transitions than the holes and the induced electric field.

Concerning the relative energies of the � and the � valleys, the unstrained QWs are the most
advantageous because there is no splitting of � valleys that would additionally lower its energy.
Moreover, since the QW with the fraction 20% BAs is compressed by the GaP and the QW with the
fraction 26% BAs is tensed, there is twice as many states available in the lowest � valley in the first
QW. It makes higher fractions more attractive for light generation applications. However, because
LDOC connected with the confined electrons are similar in shapes and in values in both cases, this
effect is relatively small.

Some electrons from � valleys should be localized on the interfaces as an effect of the valleys
energy position and the field induced in the QWs, what is visible in the LDOC charts. It is worth
noting that carrier confinement or delocalization effects connected with � valleys are calculated
with neglection of quantization effects in these valleys. Therefore, in a real device the leakage
effects should be lower.

Many valence states are filled with holes while there is only one important conduction sub-band
in the discussed QWs. The conduction sub-band always generates LDOC of the same shape and
has almost constant electron filling level in all cases if the � valley is high enough. On the other
hand, valence top sub-bands generate LDOS with shapes dependent on the BAs fraction, what
induces different filling levels in each case. It is easy to notice, that for the most representative
QWs the biggest ground-state hole density takes place in the strain-free QW. That is because the
extrema of heavy-hole and light-hole sub-bands are closer in energy in this QW compared to the
strained ones. However, it does not necessarily mean, that the highest gain values will appear in
the case of the strain-free QW. The fraction of heavy and light holes included in the given LDOC is
important for all cases when concerning the gain polarization. For example, the number of heavy
holes close to the band edge is much smaller in the QWs with 20% of BAs in the film than the
number of respective light holes in the QW with 26% of BAs. This is identified as the main reason
of differences between the TE and the TM gain peak values of these QWs, which are presented in
the following section.

3.3 Material Optical Gain Spectra Analysis

Figs. 5(a)–(c) shows that both polarizations, TE and TM, can dominate the gain spectra for two-
dimensional carrier concentrations up to 12.0 × 1012 cm−2 for the most representative QWs. This
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Fig. 5. Gain spectra of most representative QWs for TE (black solid lines) and TM (sea blue solid lines)
radiation polarization. Gain spectra are calculated for 2-dimensional carrier concentrations n2D up to
12.0 × 1012 cm−2 at room temperature. Neighboring lines are calculated for the concentrations differing
by 0.4 × 1012 cm−2.

Fig. 6. Gain peak values of most representative QWs in function of 2-dimensional carrier concentration
n2D for TE (black solid lines) and TM (sea blue solid lines) radiation polarization.

is possible because various kinds of the hole sub-bands can become the top band for these QWs.
In the case of the compressed QW (20% BAs), the top valence band can be filed with heavy holes
that contribute only to the TE gain, as shown in Fig. 5(a). The gain spectra of both polarizations
have positive values in case of the strain-free QW (23%), as shown in Fig. 5(b). It is apparent that
the spectra for TE polarization of strain-free QW are similar in shapes and values to the spectra
for the compressed QWs, however, their positive values begin at a higher carrier concentration. As
presented in the previous section, the valence band LDOC close to the band edge is much higher
for the unstrained QW than for the compressed one. Therefore, similar shapes of the TE gain
spectra at higher concentrations mean that LDOC connected to the first heavy-hole sub-bands are
very similar in these two QWs. The most apparent difference between these cases is connected to
the light-hole sub-band present close to the top valence band in the strain-free QW. The minimal
concentration of carriers for which positive values of the TE gain appear in the strain-free QW has
a higher value than in the case of the compressed QW. This effect takes place as a result of a
simultaneous filling of heavy and light-hole states instead of just the heavy ones. That is because
the light-hole states are energetically close to the heavy-hole states. The TM gain values in the
strain-free QW relate to the first light-hole sub-band and, as shown in Fig. 5(c), the TM radiation
polarization dominates in the tensed QW. That is due to the high values of LDOC which appear
close to the bands edge and their light-hole character.

To summarize the above discussion about the gain dependence on the carrier concentration,
the peak gain is shown in Fig. 6. A first apparent feature when analyzing Fig. 6. is that the
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Fig. 7. Gain spectra (solid lines) of all representative QWs at room temperature for TE (black) and TM
(sea blue) radiation polarizations, peak values and positions (open circles connected with thick solid
lines) of 10 nm QWs with BAs mole fractions range covering the fractions of all representative QWs
incremented by 1%.

Fig. 8. Gain peak values (sea blue map) of QWs at room temperature in function of the QWs width and
BAs mole fraction. For reference, critical thickness (solid black line), lattice match fraction (vertical line),
representative QWs points (dots as in Fig. 3).

threshold carrier concentrations have an opposite dependency on BAs fraction for the TE and
the TM polarizations. Consequently, the smallest carrier thresholds for TE polarization should be
expected at lower fractions and for TM polarization at the higher ones. It is determined by the order
in which valence sub-bands are filled with holes. It is difficult to precisely identify the source of the
QWs fractions and polarization slope dependencies. Its cause may be either the first conduction
state filling rate moderated by the � valley existence or the shapes of the hole LDOS functions. It
is also worth noting that filling the second confined state does not contribute to the gain intensity
since the optical transition between the first electron and the second hole level is not allowed.

Gain spectra of all representative QWs for the carrier concentration n2D cover energy range from
approximately 1.7 eV to 1.8 eV, as shown in Fig. 7. Consistently with the previous observations,
the highest possible values of the gain can be obtained for TM polarization. However, the TE
gain spectra covers wider energy range than the TM spectra. The same applies to the gain peak
energies which vary from 1.71 to 1.79 eV for TE, and from 1.74 to 1.79 eV for TM polarizations.
Moreover, TE gain spectra covers wider fraction range than TM spectra. Furthermore, an addition
of B shifts the TE gain spectra toward higher energies while shifting the TM gain spectra toward
the lower energies. It is related to the previously described strain effects on the valence bands.

Finally, the peak gain in function of the mole fraction and in the widths are exhibited in Fig. 8,
where the parameters of optimal QWs for TE or TM polarizations can be predicted. It is visible
that the peak values have their maxima separated by a fraction of around 8% while the width
is comparable in both cases. Moreover, positive TM gain values appear at greater QW widths
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because they are related to light-hole states. The fraction ranges of positive TE alone, TM alone
and TE mixed with TM gain values are estimated to be respectively 14-24%, 23-31% and 23-24%
BAs. A promising prediction is that both obtained optimal sets of parameters for TE and TM gain
are found below the estimated critical thickness.

4. Conclusion
In this study, BGaAs/GaP QWs grown on the GaP/Si virtual substrates are proposed as a promising
optical gain media for light emitters and carefully theoretically analyzed within the multiband k·p
method. The band edge composition dependencies including the strain effect show that BGaAs
grown on GaP(100) substrates is a direct-gap material in the reasonable range of BAs fraction
that can be used for the QW growth. In addition, this paper highlights the importance of � valleys
in generating electric field around the QWs. It is shown that for various BAs fractions in BGaAs
diverse carrier concentrations are necessary to obtain positive values of the gain, affecting the
threshold currents. Optimal BAs fractions in QWs are predicted to range from 14% to 31% and
optimal widths are likely to be lower than the critical thickness. Red light (730–690 nm) emission
from such structures may be expected. Therefore, it is explicit that the positive material gain can
be achieved in the BGaAs/GaP QWs within the reasonable thickness and BAs fraction ranges.
Consequently, this material system is very promising for Si-compatible photonic integrated circuits.
Since the growth of BGaAs QWs is under development it is challenging to compare the obtained
results to experimental data. Even more, this study is among pioneer works investigating BGaAs
QWs and therefore have no other theoretical predictions to compare with. In other words, the
presented results are the first road map for the development of BGaAs/GaP quantum wells for
laser applications.
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