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ABSTRACT

In this study, we systematically design and simulate a series of GaAs-based superlattice configurations aimed at enhancing heavy-hole–light-
hole band splitting while simultaneously optimizing band alignment to reduce the conduction band barrier, thereby facilitating efficient
electron transport. These combined effects are crucial for achieving high electron spin polarization and high quantum efficiency, the two
key performance metrics of next-generation spin-polarized electron sources. We investigated three types of superlattice architectures:
(1) compressively strained GaAs wells on GaInP barriers, yielding a maximum band splitting of 140 meV, (2) lattice-matched GaAs/GaInP
structures, resulting in the maximum band splitting of 75 meV, and (3) tensile strained GaAs wells on GaInP barriers, with a maximum
band splitting of 40 meV. The results demonstrate the tunability of heavy-hole–light-hole band splitting and establish a design framework
for high-performance spin-polarized photocathodes based on a combination of strain engineering, quantum confinement, and optimized
heterostructure design.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0300193

I. INTRODUCTION

Spin-polarized electron sources have found widespread appli-
cations across various fields, particularly in accelerator-based
research.1 These sources have been integral components at several
accelerator facilities, including the Stanford Linear Accelerator
Center (SLAC),2–4 Mainz Microtron (MAMI),5 and the Continuous
Electron Beam Accelerator Facility (CEBAF) at Jefferson Lab.6 In
the context of high-energy and nuclear physics, spin-polarized elec-
tron beams have enabled a number of high-impact experiments,
such as precision measurements of the strangeness content in the
nucleon,7 stringent tests of the Standard Model,8 and determina-
tions of the neutron radius in heavy nuclei such as 208Pb.9

Looking ahead, spin-polarized electron sources are expected to
play an even more critical role in the MOLLER experiment10 and
future experiments at next-generation facilities such as the

Electron-Ion Collider (EIC).11 These experiments demand stringent
beam parameters, including electron spin polarization (ESP) of at
least 85% and luminosities as high as 1034 cm�2 s�1.12 To meet
these challenges, polarized electron sources must offer not only
high ESP but also high quantum efficiency (QE) to maximize the
product ESP2 �QE, a commonly used figure of merit for evaluating
the performance of such sources.13,14 Furthermore, for parity-
violation experiments, even a modest QE anisotropy—where the
photoemission yield depends on the polarization or orientation of
the incident light15—of the order of 4%–5% can introduce signifi-
cant systematic errors. Therefore, reducing the QE anisotropy
further could have a significant impact on the experimental
accuracy.10

The underlying mechanism for spin-polarized photoemission
from photocathodes relies on three key mechanisms: (1) optical
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absorption using circularly polarized photons to selectively excite
electrons, (2) transport of excited electrons to the photocathode-
vacuum interface, and (3) efficient emission of these electrons into
the vacuum via a negative electron affinity (NEA) surface. For
several decades, gallium arsenide (GaAs) is the only practical mate-
rial used for high-polarization spin-polarized electron sources. As a
direct bandgap semiconductor, bulk GaAs features degenerate
heavy-hole (HH) and light-hole (LH) valence bands at the
Brillouin zone center (the Γ point). However, due to the degeneracy
and mixing of HH and LH states during optical excitation, the the-
oretical maximum ESP from bulk GaAs is limited to approximately
50%.16–18

To surpass this limit, modern photocathode designs employ
strained-layer structures where GaAs is deposited on a lattice-
mismatched wider bandgap III–V semiconductor. The in-plane
strain experienced by GaAs can be either tensile or compressive,
depending on the lattice constant of the underlying substrate.
Compressive strain arises when the substrate has a smaller lattice
constant than GaAs, forcing the GaAs layer to compress laterally.
Conversely, tensile strain occurs when the substrate has a larger
lattice constant, stretching the GaAs layer in-plane. In compres-
sively strained GaAs photocathodes, such as those grown on
gallium arsenide phosphide (GaAsP) substrates, the lattice mis-
match introduces strain in the GaAs that lifts the degeneracy
between the HH and LH bands, leading to valence band splitting,
defined as the energy difference between the light-hole and heavy-
hole bandgaps, with HH having a smaller bandgap as compared to
LH. This strain-induced splitting allows selective excitation of only
the HH band in the GaAs well, reducing LH excitation contamina-
tion and theoretically allowing ESP values of 100% with experimen-
tal values reported to be around 80% with QE around 0.1%.19,20

Even greater control over spin polarization is achieved using
superlattice structures.20,21 These multi-quantum well designs
consist of alternating layers of GaAs as the quantum well and a
wider-bandgap barrier material, which serve to enhance the separa-
tion between HH and LH valence bands through a combination of
strain and quantum confinement effects.22 The resulting periodic
potential can further increase the HH–LH splitting, thereby leading
to high ESP and QE during photoexcitation.23 The superlattice
structure further preserves the built-in strain and thus the ESP over
a larger volume, unlike a single thick GaAs layer where the strain
tends to relax beyond a critical thickness as described by the
Matthews–Blakeslee model.24

For example, in a GaAs/GaAs0:65P0:35 superlattice structure
with 1% compressive strain applied to the GaAs wells, the HH–LH
energy splitting can reach approximately 80 meV, due to strain and
quantum confinement.25,26 However, this material system typically
exhibits an unfavorable band alignment: nearly 60% of the bandgap
difference between GaAs and GaAs0:65P0:35 contributes to the con-
duction band offset (CBO), leaving a smaller portion for the
valence band offset (VBO). This configuration with a smaller VBO
results in reduced splitting between HH and LH bands due to
quantum confinement effects. In addition, the larger CBO can also
impede efficient conduction band electron transport, reducing
overall quantum efficiency despite relatively higher spin polariza-
tion. Furthermore, the compressive strain used to achieve the
desired band splitting can introduce crystal defects in the

superlattice structure. These defects, intersecting with the electron
transport path, can act as spin-flip scattering centers, leading to
additional spin depolarization and further lowering the maximum
achievable ESP.27,28

In contrast, a GaAs/Al0:35Ga0:65As superlattice typically expe-
riences 0.2% tensile strain on the GaAs layers, leading to an HH–
LH splitting of approximately 40 meV, primarily driven by
quantum confinement.23 Furthermore, the defects introduced in
the crystal due to tensile strain are located parallel to the electron
transport path and have negligible effect on the ESP.28 However,
the CBO at the GaAs/Al0:35Ga0:65As interface is relatively large, of
the order of 300 meV. This offset accounts for approximately 65%
of the total bandgap difference between the two materials.
Furthermore, the interface exhibits a higher conduction band mass
discontinuity factor, defined as the ratio of the conduction band
effective mass in the barrier to that in the well. This increased dis-
continuity along with larger CBO impedes the transport of elec-
trons in the conduction band across the superlattice
structure.23,29–31

To enable efficient spin-polarized electron emission at room
temperature, a total HH-LH splitting of 40 meV or greater is gener-
ally considered necessary, as it suppresses thermal population of
the LH band and ensures high polarization.32 Moreover, to
enhance quantum confinement effects along with promoting effi-
cient electron transport across the superlattice, it is critical that the
majority of the bandgap difference between the well and barrier
materials be associated to the VBO, with only a minimal portion
relating to the CBO. This band alignment strategy maximizes hole
confinement without impeding conduction band electron trans-
port, optimizing both polarization and quantum efficiency. In addi-
tion, a minimized conduction band mass discontinuity factor can
further lead to improved electron tunneling across the superlattice
photocathode.31 Furthermore, in strained superlattice structures, it
is desirable to have tensile strain over compressive strain as it can
potentially lead to fewer defect-induced spin-flip scattering events,
thereby enabling the achievement of higher ESP.

In this work, we investigate various combinations of well and
barrier materials to achieve HH–LH band splitting exceeding
40 meV by engineering splitting due to strain as well as quantum
confinement. We selected GaAs as the well material due to its
direct bandgap, favorable optical properties, and mature epitaxial
growth technology. We chose the barrier material based on three
key criteria: (1) a favorable band alignment with GaAs that ensures
strong hole confinement, enhancing splitting through quantum
confinement without impeding conduction band electron trans-
port; (2) a minimized conduction band mass discontinuity factor—
defined as the ratio of the conduction band effective mass in the
barrier to that in the well—to improve electron tunneling across the
superlattice;31 and (3) a ternary alloy composition with a bandgap
larger than GaAs to facilitate epitaxial growth and avoid the fabri-
cation complexities associated with quaternary or higher-order
alloys. Based on these considerations, we identified gallium indium
phosphide (GaInP) as an optimal barrier material. In this study, we
designed and simulated three distinct superlattice configurations:
(1) 1% compressively strained GaAs wells on GaInP barriers,
(2) lattice-matched GaAs/GaInP superlattices, and (3) 1% tensile
strained GaAs wells on GaInP barriers. For the case of compressive
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strain, increasing the Ga fraction (x) in GaxIn1�xP barriers beyond
x ¼ 0:65 enhances heavy-hole/light-hole splitting due to both
increased strain and stronger quantum confinement resulting from
a larger VBO. However, for x . 0:70, GaxIn1�xP becomes an indi-
rect bandgap material, leading to significantly longer tunneling life-
times33,34 that can reduce the quantum efficiency of the superlattice
photocathode. Therefore, in our simulations, we limited our analy-
sis to structures with 1% compressive strain, and for comparison,
also considered structures with 1% tensile strain. Figure 1 summa-
rizes the relevant lattice constants and bandgap energies of GaAs
and the corresponding barrier compositions explored in this work.

II. MODELING APPROACH AND MATERIAL
PARAMETERS

Strain-induced modifications to the band structure of crystal-
line semiconductors have been extensively investigated, both theo-
retically and experimentally.35 When a sufficiently thin epitaxial
layer of GaAs is grown on a barrier material with a different lattice
constant, it experiences biaxial compressive or tensile strain in the
plane of the interface, depending on the lattice mismatch. Full
pseudomorphic strain is achieved when the GaAs layer adapts to
the in-plane lattice constant of the barrier without introducing sig-
nificant dislocations.

This strain alters the band structure of GaAs, resulting in both
a shift and splitting of the valence band states. To calculate the
strain-dependent band edge energies of the HH and the LH bands
with respect to the conduction bands in GaAs, we employed the
following expressions:36

EC
HH ¼ Eg(GaAs)þ ΔEH � ΔES, (1)

EC
LH ¼ Eg(GaAs)þ ΔEH þ ΔES � (ΔES)

2

Δ0
: (2)

Here, Eg(GaAs) denotes the bandgap of fully relaxed GaAs and Δ0

is the spin–orbit splitting energy. The terms ΔEH and ΔES represent
the hydrostatic shift of the center of gravity of the P3=2 valence mul-
tiplet and the linear splitting of that multiplet, respectively. These
are expressed in terms of the in-plane biaxial strain ε as

ΔEH ¼ 2a
C11 � C12

C11

� �
ε, (3)

ΔES ¼ b
C11 þ 2C12

C11

� �
ε: (4)

In these expressions, a (ac for the conduction band and av for
the valence band) and b are the hydrostatic and uniaxial deforma-
tion potentials, respectively, and Cij are the elastic stiffness con-
stants of GaAs. The strain ε in the GaAs layer is given by

ε ¼ abarrier � aGaAs
aGaAs

: (5)

Here, abarrier and aGaAs denote in-plane lattice constants of
barrier and GaAs, respectively. Under biaxial compressive strain,
the degeneracy between the HH and LH valence bands is lifted,
resulting in an upward shift of the HH band and a downward shift
of the LH band relative to their positions in the unstrained case.
Conversely, under tensile strain, the LH band moves upward and
the HH band shifts downward.

Due to quantum confinement, the HH and the LH bands
experience a downward shift in energy as a result of hole confine-
ment in the quantum well. However, because the LH band has a
smaller effective mass than the HH band, it undergoes a larger
confinement-induced energy shift. As a result, the LH band shifts
downward more significantly than the HH band, introducing a
band splitting that is independent of strain effects. This
confinement-induced splitting can either complement or counter-
act the band splitting arising from strain, depending on the nature
of the applied strain.

The band splitting due to quantum confinement for each well
and barrier material combination was evaluated using the envelope
function approximation37 to solve the Schrödinger equation for
electron and hole wavefunctions within the quantum-confined
semiconductor superlattice using Schrödinger Equation interface
available in COMSOL Multiphysics.38 The equation was solved in
one dimension, using a position-dependent effective mass approxi-
mation. The potential profile was constructed from the conduction
and valence band offsets between GaAs and GaxIn1�xP, including
strain-induced band edge shifts where applicable. The CBO and
VBO were determined using Anderson’s rule which provides a
first-order approximation based on electron affinities and
bandgaps.30,39–41 Notably, the calculated conduction band offset
slightly overestimates experimental values for GaAs/GaxIn1�xP het-
erostructures from scanning tunneling spectroscopy, implying a
lower valence band offset and thus a conservative estimate of the

FIG. 1. The lattice constants and bandgap energies for GaAs well and the cor-
responding barrier materials. The orange dashed line indicates the lattice cons-
tant of GaAs, serving as a reference for lattice-matched conditions. The solid
black line represents the direct bandgap, and the dashed black line represents
the indirect bandgap of Gax In1�xP barrier materials.30
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valence band splitting in our model.42 The effective masses for the
conduction band, HH band, and LH band were taken from
Refs. 30 and 39. To accurately capture the electronic structure,
strain-induced valence band splitting, calculated using Eqs. (1)–(5)
was included in the model, allowing for the calculation of the total
HH–LH energy separation specific to each superlattice configura-
tion. The Linear Algebra PACKage (LAPACK) based eigenvalue
solver implemented in COMSOL computes all eigenstates for the
defined finite potential profile, allowing us to accurately capture the
confinement-induced band edge shifts. The simulations were per-
formed using periodic boundary conditions to represent a repeating
heterostructure. This approach is valid as the number of periods in
experimental structures is large enough to render edge effects
negligible.

Simulations were performed across a range of well and barrier
thicknesses, varying from 2 to 5 nm, to evaluate the influence of
layer dimensions on band splitting and confinement effects. The
effective masses used for calculation for wells and the barriers are
summarized in Table I. The effective masses used in the simulation
were assumed to be isotropic. This simplification is commonly
adopted in 1D quantum confinement models, particularly for the
conduction band where the effective mass is nearly isotropic. For the
valence band, although the heavy-hole and light-hole bands are
inherently anisotropic, we used direction-specific scalar values along
the [100] direction to capture the confinement effects while main-
taining computational efficiency. The mixing of electron wavefunc-
tions in adjacent quantum wells leads to energy level splitting and
hence the formation of mini-bands instead of discrete energy levels.
The first eigenvalue of the mini-bands for each HH and LH band
was selected forming the basis for evaluating the HH–LH splitting in
each superlattice design as discussed in the following sections.

III. RESULTS AND DISCUSSION

A. Compressively strained GaAs wells with GaInP
barriers

Figures 2(a) and 2(d) present the simulation results for the
HH and LH bandgaps as a function of the well and barrier thick-
ness for GaAs/Ga0:65In0:35P superlattice structures. Figure 3(a)
depicts the band splitting. The simulation was performed using the
envelope function approximation to solve for the electron and hole
wavefunctions in the quantum-confined semiconductor system as
described in Sec. II. Strain-induced valence band splitting (with 1%
compressive strain) was included in the model to accurately
compute the total HH–LH separation for each superlattice
configuration.

As shown in Fig. 3(a), the band splitting reaches approxi-
mately 140 meV for the smallest well thickness (2 nm) combined
with the largest barrier thickness (5 nm), while it decreases to
about 108 meV for the largest well (5 nm) and smallest barrier
(2 nm) configuration—consistent with expectations from quantum
confinement theory. Notably, even the smallest band splitting
observed exceeds that of the GaAs/GaAs0:65P0:35 system when
strain effects are included. This enhanced splitting ensures access to
a wider energy separation and should lead to higher spin polariza-
tion, resulting from a greater density of states in the heavy-hole
band. Consequently, this contributes to an increase in QE at ele-
vated ESP, thereby improving the overall figure of merit
(ESP2 �QE).

Figure 4(a) illustrates the band alignment of the GaAs/
Ga0:65In0:35P heterostructure. For gallium-rich alloys of GaxIn1�xP
such as Ga0:65In35P, approximately 50% of the bandgap difference
of Ga0:65In35P with GaAs is attributed to the CBO. Consequently,
the conduction band edge of Ga0:65In65P lies about 0.35 eV above,
while the valence band edge is positioned approximately 0.35 eV
below that of GaAs as represented by CBO and VBO, respectively.
Furthermore, due to compressive strain, the conduction band
moves up by δC,S � 0:07 eV due to the hydrostatic component of
the strain which further reduces the CBO and is comparable to that
of the GaAs/GaAs0:65P0:35 system. Although the conduction band
mass discontinuity factor of 1.63 for the GaAs/Ga0:65In0:35P system
is slightly higher than that of the GaAs/GaAs0:65P0:35 system (1.30),
the enhanced HH–LH band splitting in the GaAs/Ga0:65In0:35P
superlattice enables access to higher-energy electrons originating
from the heavy-hole band. This should facilitate more efficient elec-
tron transport across the barrier layers. This should, in turn, con-
tribute to improved QE from the photocathode, while maintaining
high electron spin polarization, thereby improving the overall
figure of merit (ESP2 � QE).

B. Lattice-matched GaAs wells with GaInP barriers

Figures 2(b) and 2(e) present the simulation results for the
HH and LH bandgaps, while Fig. 3(b) depicts the band splitting as
a function of the well and barrier thickness for GaAs/Ga0:51In0:49P
superlattice structures.

As shown in Fig. 3(b), the band splitting reaches approxi-
mately 75 meV for the smallest well thickness (2 nm) combined
with the largest barrier thickness (5 nm). Conversely, the splitting

TABLE I. Material parameters used in the simulation.

Parameter GaAs GaxIn1−xP

m�
cb (in units of m0) 0.06230,39 0.101 (x = 0.65)30,39

0.094 (x = 0.51)30,39

0.088 (x = 0.39)30,39

m�
HH (in units of m0) 0.35030,39,43,44 0.397 (x = 0.65)30,39

0.427 (x = 0.51)30,39

0.452 (x = 0.39)30,39

m�
LH (in units of m0) 0.09030,39 0.172 (x = 0.65)30,39

0.160 (x = 0.51)30,39

0.151 (x = 0.39)30,39

Eg (eV), unstrained 1.42430,39 2.135 (x = 0.65)30,39

1.917 (x = 0.51)30,39

1.751 (x = 0.39)30,39

C11 (N/m
2) 1.221 × 101130,39 …

C12 (N/m
2) 5.660 × 101030,39 …

ac (eV) −7.170030,39 …
av (eV) −1.160030,39 …
b (eV) −2.000030,39 …

Δ0 (eV) 0.34130,39 …
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FIG. 2. Heavy-hole (HH) and light-hole (LH) bandgaps incorporating both strain and quantum confinement effects as functions of well and barrier thickness. (a) HH and
(d) LH bandgap for a GaAs quantum well with Ga0:65In0:35P barriers, which impose in-plane compressive strain on GaAs. (b) HH and (e) LH bandgap for a GaAs well with
lattice-matched Ga0:51In0:49P barriers. (c) HH and (f ) LH bandgap for a GaAs well with Ga0:39In0:61P barriers, introducing in-plane tensile strain on GaAs.

FIG. 3. Band split (heavy-hole to light-hole valence band splitting) as a function of well and barrier thicknesses for (a) Compressively strained GaAs well with
Ga0:65In0:35P barriers (b) GaAs well with lattice-matched Ga0:51In0:49P barriers and (c) Tensile strained GaAs well with Ga0:39In0:61P barriers. The solid contour lines show
the band splitting when Eg,HH , Eg,LH whereas the dotted contour lines show the band splitting when Eg,HH . Eg,LH. Here, Eg,HH and Eg,LH are HH and LH bandg-
aps after accounting for strain and quantum confinement effects.
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decreases to about 40 meV for the largest well thickness (5 nm) and
smallest barrier thickness (2 nm). In both the cases, the HH band
lies above the LH band. Quantum confinement causes both HH
and LH bands to shift downward due to carrier localization in the
well, with the LH band experiencing a larger shift due to its lower
effective mass. The resulting band splitting observed here is compa-
rable to that observed in the compressively strained GaAs/
GaAs0:65P0:35 system, where strain effects are also included and is

comparable or higher than the one observed in GaAs/
Al0:35Ga0:65As systems.

For lattice-matched alloy of GaxIn1�xP with GaAs, approxi-
mately 20%–25% of the bandgap difference with GaAs is attributed
to the CBO.30,39 Consequently, the conduction band edge of
Ga0:51In49P lies about 0.18 eV above, that of GaAs with some
reports even indicating lower CBO of 0.12 eV,45 while the valence
band edge is positioned approximately 0.31 eV below as

FIG. 4. The band shift due to the effects of strain and quantum confinement. (a) shows the band shifts due to compressive strain (b) the band shifts due to lattice
matched and (c) the band shifts due to tensile strain on GaAs well sandwiched between Gax In1�xP barriers. Here, Eg,b and Eg,w denote the bandgap of bulk barriers and
wells, respectively. CBO and VBO represent the conduction band and valence band offsets, respectively. δC,S, δH,S and δL,S represent the conduction band, HH band and
LH band shifts due to in-plane strain on GaAs, respectively. δC,QC , δH,QC and δL,QC represent the conduction band, HH band and LH band shifts due to quantum confine-
ment, respectively.
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represented by CBO and VBO, respectively, in Figure 4(b). The
conduction band mass discontinuity factor for the GaAs/
Ga0:51In0:49P system is 1.51. This relatively small mass discontinuity
factor, combined with the lower CBO, should facilitate more effi-
cient electron transport across the barrier layers, thereby enhancing
the QE of the photocathode.

Additionally, at the point of band splitting, electron emission
predominantly occurs from the HH band, which possesses a higher
density of states compared to the LH band. This should contribute
to an enhancement in the overall QE of the superlattice photocath-
ode. Moreover, the pronounced heavy-hole–light-hole band split-
ting in the lattice-matched GaAs/Ga0:51In0:49P superlattice structure
provides access to higher-energy electrons originating from the HH
band, enabling more efficient transport across the barrier layers.

Since this configuration is lattice-matched, a large number of
superlattice periods can be grown without introducing significant
strain-induced defects, which could otherwise lead to spin-flip scat-
tering and degradation of ESP. These combined advantages should
result in improved QE while preserving high ESP.

Another key advantage of the lattice-matched configuration is
the elimination of shear strain within the superlattice structure. In
non-lattice-matched systems, lattice mismatch induces shear strain
components that lead to in-plane asymmetries in the electronic
band structure. These asymmetries manifest as anisotropic optical
transition probabilities, resulting in QE anisotropy—where the pho-
toemission yield depends on the polarization or orientation of the
incident light. By ensuring lattice matching between the well and
barrier materials, the shear strain is effectively suppressed, preserv-
ing in-plane symmetry and thereby minimizing or eliminating QE
anisotropy.

C. Tensile strained GaAs wells with GaInP barriers

Figures 2(c) and 2(f ) present the simulation results for the
HH and LH bandgaps, while Fig. 3(c) depicts the band splitting as
a function of the well and barrier thickness for GaAs/Ga0:39In0:61P
superlattice structures. Strain-induced valence band splitting (with
1% tensile strain) was included in the model to accurately compute
the total HH–LH separation for each superlattice configuration.

As shown in Fig. 3(c), the band splitting reaches approxi-
mately 10 meV for the smallest well thickness (2 nm) combined
with the largest barrier thickness (5 nm), with the HH band lying
above the LH band. Conversely, the splitting increases to about
40 meV for the largest well thickness (5 nm) and smallest barrier
thickness (2 nm), where the LH band lies above the HH band.
Under tensile strain, the LH band shifts upward while the HH
band moves downward in energy. In contrast, quantum confine-
ment causes both HH and LH bands to shift downward due to
carrier localization in the well, with the LH band experiencing a
larger shift due to its lower effective mass. Therefore, in tensile-
strained, quantum-confined superlattices, the effects of strain and
confinement act in opposition with respect to the HH–LH band
splitting.

For indium-rich alloys of GaxIn1�xP such as Ga0:39In0:61P
approximately 13%–18% of the bandgap difference with GaAs is
attributed to the CBO.39 Consequently, the conduction band edge
of Ga0:61In39P lies about 0.06 eV above while the valence band edge

is positioned approximately 0.27 eV below that of GaAs as repre-
sented by CBO and VBO, respectively, in Figure 4(c). Although,
due to tensile strain, the conduction band moves down by
δC,S � 0:07 eV which increases the CBO, the resulting CBO is still
approximately three times smaller than that of the
GaAs/Al0:35Ga0:65As system. The conduction band mass disconti-
nuity factor for the GaAs/Ga0:39In0:61P system is 1.42. This rela-
tively small mass discontinuity factor, combined with the lower
CBO, should facilitate more efficient electron transport across the
barrier layers, thereby enhancing the QE of the photocathode.

It is worth noting that although emission occurs from the LH
band—which has a lower density of states compared to the HH
band—the use of wider wells should compensate for this by
enabling more electrons to be excited across the bandgap, thereby
enhancing the overall QE of the superlattice photocathode.
Additionally, defects arising from tensile strain are typically ori-
ented parallel to the direction of electron transport and thus exert
minimal influence on the spin-flip mechanism for the case of
ESP.28 Together, these effects should potentially allow for simulta-
neous optimization of QE and ESP, thereby improving the overall
figure of merit for spin-polarized electron sources.

IV. CONCLUSION AND FUTURE OUTLOOK

In this study, we have systematically designed and simulated
various superlattice configurations to enhance HH–LH band split-
ting beyond 40meV, while optimizing band alignment to maximize
hole confinement and maintain efficient electron transport. This
dual optimization is critical for achieving both high ESP and high
QE—key performance metrics for next-generation spin-polarized
electron sources.

Three superlattice architectures were investigated: (1) com-
pressively strained GaAs wells on Ga0:65In0:35P barriers,
(2) quantum-confined, lattice-matched GaAs/Ga0:51In0:49P struc-
tures, and (2) tensile strained GaAs wells on Ga0:39In0:61P barriers.
For each configuration, the envelope function approximation was
employed to compute the electron and hole wavefunctions under
quantum confinement, with strain-induced valence band splitting
included in the simulations.

Our work establishes a framework for engineering spin-
polarized photocathodes that may enhance the merit by leveraging
strain, quantum confinement, and optimized material interfaces.
Among the configurations, the compressively strained GaAs/
Ga0:65In0:35P superlattice yielded the highest band splitting of
approximately 140 meV. The quantum-confined GaAs/
Ga0:51In0:49P superlattice achieved up to 75 meV of HH–LH separa-
tion, while the tensile strained GaAs/Ga0:39In0:61P system exhibited
a maximum splitting of approximately 40 meV. These results dem-
onstrate the tunability of band splitting through careful control of
strain and layer dimensions, as well as the importance of proper
band alignment to avoid impeding conduction band electron trans-
port. Although maximizing band splitting is desirable for enhanc-
ing spin polarization, it is not the sole determinant of a
photocathode’s figure of merit. The transport properties of elec-
trons through the superlattice, along with the presence of defects
within the photocathode structure, play a critical role in its practical
performance. Therefore, a more comprehensive theoretical and
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computational analysis is essential to quantitatively predict both
the QE and ESP. Such analysis is crucial for the rational design and
engineering of advanced photocathodes, particularly in preparation
for the next generation of high-precision nuclear physics
experiments.10,11,46

As a next step, we plan to fabricate the proposed superlattice
structures using either Molecular Beam Epitaxy (MBE)47,48 or
Metal-Organic Chemical Vapor Deposition (MOCVD),49 both of
which offer the precision necessary for engineering well-defined
quantum-confined heterostructures. The fabricated samples will be
characterized using a MicroMott polarimeter to experimentally
evaluate their ESP and QE.50 These measurements will serve to val-
idate our simulation results and assess the practical viability of the
designs for use in next-generation spin-polarized electron sources.
In addition, we also plan to study GaAs/GaAs1�xPx and GaAs/
AlxGa1�xAs superlattice structures. Through this combined theo-
retical and experimental approach, we aim to advance the develop-
ment of high-QE, high-ESP photocathodes for accelerator-based
applications.
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