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ABSTRACT

Spin polarized photocathodes are key to the future operation of electron accelerators such as the ones at Thomas Jefferson National
Accelerator Facility and Brookhaven National Laboratory. Currently, these photocathodes come in short supply due to limited production by
molecular beam epitaxy. By developing a process to implement similar structures using metal organic chemical vapor deposition, the
availability of these devices can be increased. In this paper, we detail the implementation of recent photocathode advancements via metal
organic chemical vapor deposition process and show an improvement in both polarization and quantum efficiency of our devices compared
to those fabricated via molecular beam epitaxy, with devices reaching 82% polarization and 2.9% quantum efficiency.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0170106

Spin polarized electron sources have been integral to electron
accelerators performing spin-physics studies. Since the first demon-
stration of spin polarized photoemission in 1976, significant efforts
have been put into developing these photocathodes for accelerator
applications.1 For that reason, their development has gone hand in
hand with accelerator development. Initial spin polarized photocatho-
des were created using commercially available p-type GaAs wafers,
which can provide very high quantum efficiency (QE: ratio of electrons
emitted to incident photons) in the range of 10% but spin polarization
(degree to which the spin is aligned in a given direction) of only
�35%. With such low polarization, considerably more beam time
would be required to achieve the desired level of statistical uncertainty,
and so a solution needed to be developed. Spin polarized electron sour-
ces have been integral to many high impact experiments performed at
electron accelerators, including measurements of the strangeness dis-
tribution in the nucleon,2,3 precision tests of the standard model,4 a
measurement of the neutron radius of 208Pb,5 and the accurate deter-
mination of the ratio GE/GM for the proton6 using the polarization
transfer technique, and is an essential component to the future
electron–ion collider7 to explain how the mass of a proton originates.
Due to its band structure, GaAs is inherently limited to 50%

polarization8 except if modified by compressive strain, allowing the
heavy hole and light hole bands to split into two discrete bands,
which offers a theoretical polarization up to 100%. This band splitting
scheme was first proven using an InGaAs layer on a GaAs wafer, with
polarization reaching 70%.9 One of the main challenges of this pro-
cess was the fact that the strain will begin to relax for layers beyond a
critical thickness, resulting in misfit defects and poor optical and elec-
trical film quality. Another issue is the lower quantum efficiency
achieved by these devices1 due in part to these defects, the lattice mis-
match, and gradient in the orbital splitting energy.10 To address this,
superlattices were then grown, whereby a thin layer of the strained
emitting material is sandwiched between a buffer material. Initial
InGaAs/GaAs superlattice structures resulted in polarizations of 82%
with quantum efficiencies near 0.015%.11 While the quantum effi-
ciency was still low, both the spin polarization and quantum effi-
ciency showed notable increase over a strained epi-layer InGaAs on
GaAs. Much similar to the strained epilayer system, when the materi-
als were changed from the compressive InGaAs/GaAs system to ten-
sile GaAsP/GaAs, both the spin polarization and quantum efficiency
were improved. This improvement continued until photocathodes
were developed with polarizations of 92% and quantum efficiencies
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of 1.6%.8 While this high degree of polarization is excellent, it would
be better if quantum efficiency was higher, thus enabling experiments
at much higher current.6 Quantum efficiency is limited by multiple fac-
tors. First, while the superlattice does facilitate uniform strain through
the emitting material, this barrier material in the superlattice does not
emit spin polarized electrons. This means approximately half of the
superlattice thickness emits no electrons. Furthermore, carefully con-
trolling the barrier thickness is integral to prevent depolarization.
Transport from within the photocathode to the surface itself can cause
depolarization, so a balance must be made between the thickness of
both the buffer layer and the number of periods in the superlattice.8 To
increase the thickness of the strained superlattice without changing its
spatial dimensions, a distributed Bragg reflector (DBR) can be imple-
mented. A DBR is a special type of a dielectric mirror where materials
of alternating refractive indices are used to create a high degree of
reflectivity over a range of optical wavelengths.12 This results in a sig-
nificant portion of the light that is not absorbed by the superlattice to
be reflected back into the optical cavity formed between the DBR and
the top surface, allowing for potentially several passes of laser light
without actually increasing the active layer thickness. With the imple-
mentation of a DBR, our team has fabricated photocathodes with spin
polarization of 84% and a QE of 6.4%.8 The fabrication process used at
the time was molecular beam epitaxy (MBE), which allows for the pre-
cise control of the strained superlattice photocathode, where layers are
only 3–4 nm thick.

There are two common methods of photocathode fabrication:
metal organic chemical vapor deposition (MOCVD) and MBE. As
mentioned previously, for the photocathodes with spin polarizations
of 84% and a QE of 6.4%, our team used MBE, which allows for precise
control of the strain and thickness of the layers. However, some other
studies have shown that the quality of the MOCVD grown photocath-
odes might be better due to the fact that the carrier build-up near the
photocathode surface in the MOCVD device is more efficient com-
pared to the MBE device.13 It is also known that MBE is an expensive
and slow fabrication tool, unlike MOCVD systems, which have higher
growth rates and enhanced safety when growing phosphorus contain-
ing materials. The goal of this paper is, therefore, to demonstrate the
use of MOCVD as a process for the fabrication of spin polarized elec-
tron devices with strained superlattice and DBR and compare them
with similar devices fabricated via MBE.

The structure of the devices we fabricated is described in detail
below and depicted in Fig. 1. It starts with a GaAs wafer p-doped with
Zn at a concentration of nominally 1.1� 1019 cm�3 and resistivity of
7� 10�3 X cm. Substrate orientations of (100) on-axis, (100) 2� h110i,
and (100) 2� h111i A were investigated. First, a metamorphic graded
buffer layer is deposited, with an initial composition of GaAs and an
end composition of GaAs0.65P0.35. This grade used a step function to
increase the phosphorus content by 2.5% per a 500 nm thick layer,
including an overshoot layer (OSL) of GaAs0.625P0.375 and ending with
a 2500 nm thick fallback layer of GaAs0.65P0.35, all nominally p-doped
to 5� 1018 cm�3.

The next layer is the DBR, which is a type of the superlattice
structure, where materials of alternating refractive indices are depos-
ited to create a highly reflective mirror.12,14 The wavelength of peak
reflectivity and the width of the resonance can be controlled through
the thickness of each layer and the number of periods. In order to
maintain lattice matching to GaAs0.65P0.35, we considered two ternary

semiconductor compounds to contrast with GaAs0.65P0.35 in the DBR:
AlAs0.61P0.39 and In0.30Al0.70P. The AlAs0.61P0.39 compound has been
used in the past to construct a similar DBR.8 However, in a MOCVD
system, AlAs0.61P0.39 has further complications due to its chemical
instability. Indeed, if AlAs0.61P0.39 comes in contact with water vapor,
it spontaneously and rapidly decomposes into Al2O3 and PH3.

15

Another issue with AlAs0.61P0.39 is the non-linearity of PH3 and AsH3

incorporation. For these reasons, we opted for In0.30Al0.70P instead,
which due to the very similar dielectric functionality at the target cen-
tral DBR wavelength should perform the same as AlAs0.61P0.39. The
DBR was, therefore, composed of 12 pairs of GaAs0.65P0.35 and
In0.30Al0.70P with nominal thicknesses of 54 and 64nm, respectively,
and p-type Zn doping of 5� 1018 cm�3.

After the DBR, another unstrained GaAs0.65P0.35 buffer layer with
p-type Zn doping of 5� 1018 cm�3 was deposited with a thickness of
0.75lm. The next layer is the active layer of the photocathode. The
superlattice is composed of alternative layers of strained GaAs and
unstrained GaAs0.65P0.35, with nominal thicknesses of 3.8 and 2.8 nm,
respectively, and p-type Zn doping of 5� 1017 cm�3. Finally, 5 nm of
strained GaAs was deposited with p-type C doping of 5� 1019 cm�3.

Another photocathode was fabricated without a DBR, whereby
the intermediate buffer layer is 2.75lm. This will allow for the specific
effect of the DBR to be measured.

These growths were performed in an Axitron close-coupled
shower head MOCVD reactor. The key precursors used for these
growths were trimethylgallium (TMGa), trimethylindium (TMIn),
and trimethylaluminum (TMAl) for the group III elements, arsine and
phosphine for the group V elements, and diethylzinc and carbon tetra-
chloride as the p-type doping agent. TMGa, AsH3, and PH3 were used
as the main components in both the metamorphic graded buffer and

FIG. 1. Structure of the strained superlattice photocathode with DBR (not to scale).
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the strained superlattice. TMIn and TMAl were used to create the
compounds of the distributed Bragg reflector.

During the fabrication runs, multiple parameters and substrates
were used to obtain a fully relaxed metamorphic grading, which is nec-
essary to grow defect-free DBR and superlattice structures. Three differ-
ent (100) GaAs substrates were used: on-axis and 2� offcuts in the (110)
and (111)A directions. While higher angle offcuts can improve relaxa-
tion, higher offcuts are detrimental to the final strained superlattice.16

In situ measurements (growth rate, temperature, and reflectivity) were
performed using a LayTec EpiCurveTT system. High-resolution x-ray
diffraction (XRD) was used to corroborate film thickness as well as
determine lattice constant and material composition. Hall effect mea-
surements using the Van der Pauw method were used to determine the
doping concentration. Nomarski microscopy was used to analyze the
surface topography of grown samples. Transmission electron micros-
copy measurements were performed to evaluate crystalline quality, film
thickness, and composition.

Every layer in the entire device structure is important, but the
metamorphic graded layer has a special role as it is the one that will
allow for low defect density strained GaAs layers to be grown on top of
unstrained GaAs0.65P0.35 layers. This requires precise control of the
metamorphic graded layer composition and lattice relaxation, which
were controlled using growth temperature and precursor gas partial
pressures. Temperature has two distinct impacts on the growth prop-
erties. As temperature rises, the deposited film will have more thermal
energy potentially facilitating relaxation. Also, depending on the tem-
perature, AsH3 and PH3 will incorporate differently because the rate of
pyrolyzation of the hydrides is highly temperature dependent. At lower
temperatures, AsH3 will thermally decompose much faster than PH3,
leaving growth films that are significantly arsenic rich. The incorpora-
tion of phosphorous in the final film was, therefore, measured as a
function of inlet gas compositions for various substrate temperatures,
using reciprocal space mapping plots generated from XRD data. These
data were fit using a Langmuir adsorption model and used for further
precise control of GaAsP composition.

Once the composition was controlled (for a particular substrate
temperature), the other key parameter to study was the effect of the

wafer substrate orientation on the metamorphic graded layer relaxa-
tion. To ensure proper lattice relaxation within this metamorphic grad-
ing, the buffer layers were analyzed via high resolution x-ray
diffraction techniques. In particular, asymmetrical (224) glancing exit
(GE) reciprocal space maps were used. The first type of wafers we used
was (100) GaAs with specific offcuts. The initial offcut was h110i, but
full relaxation was not obtained. To improve relaxation further, the off-
cut of the wafer was changed from the h110i direction to the h111i
direction. This was done because the h111i step aligns better with the
glide angle of defects within GaAs.17 A reciprocal space mapping plot
for the (100) GaAs substrate with 2� h111i A offcut is shown in Fig. 2
(left). As one can see, the metamorphic graded layer is nearly fully
relaxed (99.8% relaxed, with a phosphorus composition of 36.2%). In
contrast, the (100) on-axis wafers (Fig. 2, right) showed 90.1% relaxa-
tion at a composition of 41.2% phosphorus. Nomarski microscopy
images indicated that both types of wafer orientation lead to smooth
and uniform surfaces. Thus, there were two reasonable choices in
terms of substrate orientation.

After the completion of the metamorphic graded layer, where the
appropriate composition of GaAs0.65P0.35 and proper strain relaxation
were obtained, the focus shifted to the growth of the DBR, where we
chose In0.30Al0.70P as the optical partner for this reflector, as discussed
previously. To allow for a better comparison with the devices fabri-
cated with molecular beam epitaxy, the choice was also made to keep
the thicknesses of each layer and the total number of layers identical to
our previous work.8 It is, therefore, understood that the DBR is not yet
optimized for the devices fabricated in this work. As can be seen from
Fig. 3 (left), the transmission electron microscopy image indicates that
the overall structure seems strain free, which is a requirement to grow
a functional superlattice with unstrained GaAs0.65P0.35 and strained
GaAs. Approximate thicknesses extracted from these images indicate
that each of the GaAs0.65P0.35 and In0.30Al0.70P layers is of the order of
51 and 62nm, respectively, compared to targeted thicknesses of 54 and
64nm. Energy dispersive x-ray spectroscopy measurements were done
on the full structure and contrast images were generated (Fig. 3, center
and right). Composition for each layer was found in good agreement
with the targeted value and was confirmed with XRD, while mapping

FIG. 2. (224) Glancing exit reciprocal space map for metamorphic graded layers grown on (100) GaAs wafer 2� h111i A offcut (left) and (100) on axis (right). Markers are
shown for the substrate (black circle), overshoot layer (red triangle), and fallback layer (blue square), with the material relaxation line shown as dashed lines with endpoints of
fully strained (vertical of the substrate) and fully relaxed (near the fallback layer) GaAsP on GaAs.
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indicates no inter-diffusion among the elements. Finally, reciprocal
space mapping measurements were made and confirmed the proper
relaxation of all the layers.

Once the distributed Bragg reflector was grown with the appro-
priate composition, thickness, and relaxation, the main task remaining
was the growth of the spin emitter superlattice. This superlattice, which
is the core spin polarized electrons generator for the entire structure, is
nominally composed of 12 pairs of strained GaAs and unstrained
GaAs0.65P0.35, of thicknesses 3.8 and 2.8 nm, respectively. Two types of
wafers were used for this last study, based on the metamorphic graded
layer results: (100) GaAs wafers with 2� h111i A offcut and on-axis
(100) GaAs wafers.

The effect of the wafer orientation was studied by transmission
electron microscopy (Fig. 4). As one can see, there is a significant

impact on the fidelity of the superlattice. Specifically, for the (100)
GaAs wafers with 2� h111i A offcut, the thicknesses of each layer are
of the correct order of magnitude, but there are lateral non-
uniformities occurring (the left image). This is likely caused by interfa-
cial strain buildup at step edges, leading to step bunching and
increased morphology.18 On the other hand, for the on-axis (100)
GaAs wafer, the layers are uniform in thickness throughout the width,
with thicknesses for strained GaAs and unstrained GaAs0.65P0.35 of the
order 4.2 and 3.1 nm, respectively, near the target values within the
degree of measurement uncertainty (the right image).

Based on the results described above, we chose to deposit the full
device on (100) on axis GaAs wafer. Photocathode samples were evalu-
ated using a low voltage retarding-field Mott polarimeter.19 Samples
were attached to sample holders and installed within the vacuum
chamber, which was baked under vacuum at 250 �C for 36 h and
allowed to cool to room temperature. A negative electron affinity con-
dition was obtained using the standard yo–yo activation procedure
with cesium and NF3.

20 This procedure was repeated twice (labeled
first and second activation). A broadly tunable super-continuum laser
(NKT Photonics, SuperK) provided the milli-Watts of output power
over the wavelength range from 400 to 800nm. Optical waveplates
(quarter and halfwave) were used to generate the left and right circu-
larly polarized light required to obtain spin polarized electrons.

Measured values of QE and electron-spin polarization (ESP) as a
function of wavelength, for photocathodes with and without DBR, are
shown in Fig. 5. For the non-DBR photocathode, the peak polarization
is around 79% and the QE around 0.4% at a wavelength of 780 nm.
This is lower than previous results for a similar structure and indicates
that further refinement of the layer thicknesses and composition/strain
in the superlattice is possible. However, as seen Fig. 5, the quantum
efficiency for the sample with the distributed Bragg reflector is signifi-
cantly higher than that for the one without, with values reaching as
high as 2.9%. This is the second highest reported quantum efficiency
for a strained superlattice photocathode.

These results are compared to results from other photocathodes
listed in Table I, showing QE, polarization (P), and photocathode fig-
ure of merit, calculated by multiplying the square of the polarization
by the quantum efficiency (P2QE). The figure of merit of our photo-
cathode is the second highest value reported overall and the highest
value reported for a photocathode grown by MOCVD.

FIG. 4. Transmission electron microscopy images for the spin emitter superlattice layers grown on (100) GaAs wafer 2� h111i A offcut (left) and on axis (right).

FIG. 3. Transmission electron microscopy image (left) and energy dispersive x-ray
spectroscopy images (center and right) of the distributed Bragg reflector, composed
of a sequence of GaAs0.65P0.35 and In0.30Al0.70P layers.
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As Table I shows, our devices’ polarization, with or without DBR,
is lower than that for the devices grown by MBE reported here.8,22,23

However, previous experiments have shown that devices grown by
MOCVD can reach polarization as high as 92%.21 When adding the
DBR, the devices described here have the second highest figure of
merit reported but are still behind devices our team grew by MBE by a
factor of around 2.3.8 Further optimization of the growth process with
the help of device modeling should lead to higher QE and polarization
values approaching the best values from superlattice photocathodes
grown by MBE.

This material is based upon the work supported by the U.S.
Department of Energy, Office of Science, Office of Nuclear Physics
under Contract Nos. DE-AC05-06OR23177 and DE-SC0023369.
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