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Abstract

We report on the quantum efficiency (QE) and mean
transverse energy (MTE) of photoemitted electrons from
cadmium arsenide (CdsAs;), a three-dimensional Dirac
semimetal (3D DSM) of interest for photocathode appli-
cations due to its unique electronic band structure, character-
ized by a 3D linear dispersion relation at the Fermi energy.
Samples were synthesized at the National Renewable En-
ergy Laboratory (NREL) and transferred under ultra-high
vacuum to Arizona State University (ASU) for measurement
using a photoemission electron microscope (PEEM). The
maximum QE was measured to be 3.37-107* at 230 nm, and
the minimum MTE was 55.8 meV at 250 nm. These findings
represent the first reported QE and MTE measurements of
CdsAs; and are an important step in evaluating the viability
of 3D DSMs as low-MTE photocathodes. Such photocath-
odes, constrained to lower MTEs by the electronic band
structure, may prove effective in advancing beam brightness
in next-generation instruments and techniques.

INTRODUCTION

Minimizing the mean transverse energy (MTE) of pho-
toemitted electrons and maximizing the quantum efficiency
(QE) are both essential for the generation of bright elec-
tron beams. Existing x-ray free electron lasers (XFELs) and
emerging concepts for compact XFELs will directly ben-
efit from higher beam brightness which enables stronger
lasing gain, shorter pulse durations, and improved tempo-
ral coherence [1-3]. Brighter beams can also alleviate the
need for larger accelerator footprints, reducing both opera-
tional costs and the complexity of beamline components [4].
Additionally, methods like ultrafast electron diffraction and
microscopy (UED/UEM) will benefit from enhanced bright-
ness in terms of higher-contrast imaging and improved tem-
poral resolution [5-8]. Achieving low MTEs and high QEs
in photocathodes can thus drive significant advances in the
design of next-generation instruments and methods where
both performance and scalability are critical considerations.
However, finding robust photocathodes that meet these cri-
teria is ongoing.

Three-dimensional Dirac semimetals (3D DSMs) are a
novel class of materials which are bulk electronic analogues
to graphene (a 2D DSM). 3D DSMs exhibit a distinct elec-
tronic structure at the Fermi energy in which the dispersion
relation is linear in all three momentum directions around
the Dirac point thus resulting in several unique phenomena
including massless fermions [9].
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It has been shown previously that emission from bands
with low effective mass can theoretically constrain the trans-
verse momentum of emitted electrons [10, 11]. Likewise,
electrons that are photoemitted from near the Dirac point
can have exceptionally small transverse energies resulting in
MTE:s potentially below 5 meV, even at room temperature [2].
Consequently, a robust 3D DSM photocathode is of signifi-
cant interest for the development of brighter electron beams.
Cadmium arsenide (Cd3As;), which has attracted significant
attention following the experimental observation of its 3D
DSM phase via angle-resolved photoemission spectroscopy
(ARPES) in 2014, is one candidate for such a photocath-
ode [9, 12, 13]. In this proceeding, we present experimental
measurements of QE and MTE from Cd3As,, address the
experimental dispersion relation at room temperature, and
investigate the merits of the interstate transport process used
for in-vacuum transfer of the Cd;As; photocathode.

EXPERIMENTAL METHODS

Samples were grown on n-type Si:GaAs[001] substrates
with a 4 degree miscut toward (111)A. Following desorption
of the surface oxide, a 500 nm Si:GaAs buffer was grown,
after which samples were capped and moved to a separate
II-VI chamber. A thin ZnTe nucleation layer was then grown
after decapping, followed by lattice-matched Zn,Cd;_4Te
(approximately 20 and 100 nm thick, respectively). Cd3As;
was then grown from a Cd effusion source and an As valved
cracker cell as described elsewhere [14]. The growth was
performed under As-rich conditions and at a temperature of
approximately 115 °C. This layer was grown to a thickness
of ~200 nm before the samples were transferred into an ultra-
high vacuum (UHV) "suitcase" with a baseline pressure of
10719 Torr.

The UHV suitcase included an ion pump and power supply
which provided continual active pumping throughout the
duration of the ~12-hour interstate transfer process from
NREL to ASU. Upon arrival, the suitcase was connected
to the UHV transfer line in the Photoemission and Bright
Beams Lab (PBBL) [15]. The junction was flushed with an
inert gas during the connection procedure to minimize air
contamination. A bakeout was then performed overnight
to bring the vacuum level in the connecting junction down
to the high 107! Torr range before the vacuum suitcase
was opened and the samples were transported into PBBL’s
UHV transfer line via the magnetically coupled transfer arm
installed on the suitcase.

After completing the in-vacuum transfer process, the QE
and MTE measurements were performed using a photoemis-
sion electron microscope (PEEM) [16]. The pressure in the
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Figure 1: Theoretical band structure of Cd3As; in the longi-
tudinal (I" — Z) direction, calculated using VASP. The Dirac
point is observed as a linear dispersion at the Fermi energy.
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Figure 2: Theoretical band structure of Cd3As; in the trans-
verse directions at the Dirac point, calculated using VASP.

PEEM chamber was in the 10~!! Torr range throughout the
duration of the measurement process. In total, ~48 hours
elapsed between growth and measurement.

All measurements were conducted using a 500 kHz repeti-
tion rate, 150 femtosecond pulsed LASER source generated
by a Light Conversion Orpheus optical parametric ampli-
fier (OPA) pumped by a Light Conversion Pharos. A more
detailed description of the QE and MTE measurement proce-
dure can be found in Ref. [17] along with more information
regarding the instrumentation.

The LASER was incident on the (001) surface of the
Cd3zAs; photocathode. This orientation was chosen to align
the Dirac point with the longitudinal photoemission direction
as the Dirac point is located along the I"' — Z high symmetry
line (see Fig. 1) [13, 18].

Knowing the location of the Dirac point, we can estimate
the MTE of photoemitted electrons by considering the en-
ergy dispersion in the transverse momentum directions at
that location. Using the relation:

hZ

E =
+ 2m,

Figure 2 demonstrates that emission close to the Fermi en-
ergy can result in transverse energies on the order of 5 meV.
This prediction is in agreement with theory and ARPES
experimental data as reported by Neupane et al. [13].
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Figure 3: Cd3As; spectral response (top). The QE reaches
a peak of 3.37 - 107* at 230 nm. The purple line has a
slope of 40 eV~! (1/kgT at room temperature). The average
MTE as a function of photon energy (bottom). The green
line shows the Dowell-Schmerge model prediction in which
the MTE increases above the work function with a slope of
1/3 - Excess Energy. Here, we have used a work function
of 4.5 eV as reported in Ref. [22] and in agreement with the
spectral response data.

RESULTS AND DISCUSSION

The spectral response in Fig. 3 indicates a maximum
quantum efficiency of 3.37 - 10* at a photon wavelength
of 230nm. This value is much lower than state-of-the-art
alkali-antimonide photocathodes which can have QEs on
the order of 1% in the visible range [19]. However, it is
comparable to generic copper photocathodes which tend to
operate with QEs around 107> to 10~# in the UV range and
under optimal conditions [20].

The MTE displays a minimum of 55.8 meV at a photon
wavelength of 250 nm. This value is roughly one order of
magnitude higher than expected. Thermal effects could be
responsible for this behavior and cryogenic techniques will
be utilized to reduce these effects in a future study. Addi-
tionally, other research has shown that adsorbates and other
surface non-uniformities can play a critical role in increasing
MTE by the order of magnitude observed here [21].

Previous work by Huang et al. reported a work function
of 4.5 eV [22]. This is in good agreement with our data
as indicated by the spectral response (see the purple dot-
ted line in Fig. 3). However, the Dowell-Schmerge (D-S)
model predicts a linear rise in MTE with respect to excess
energy for ideal photocathodes [23,24]. Here we observe
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Figure 4: Kinetic energy of photoemitted electrons as a
function of radial wavevector for photoemission with 230
nm wavelength photons. The white dashed curve indicates
the dispersion of the free electron parabola.

a non-monotonic behavior in the MTE with respect to in-
creasing photon energy, evidenced by the elbow feature at
260 nm. Further evidence of this elbow feature can be seen
in the change of slope in the spectral response at that same
wavelength.

Pierce et al. encountered a similar non-monotonicity in
Cs-Te photocathodes [25]. They showed that this behavior
can be credibly attributed to a compounded distribution
of multiple photoemitting materials or surface orientations
where the MTE is given by a weighted sum of the individual
MTE:s:

2 wiQE; (hw)MTE,; (hw)
i wiQE; (hw)

Here, MTE; and QE, are the MTE and QE of the i-th
material (or surface orientation) in the compound, w; is the
weight of that material (or orientation) within the compound,
and 7w is the incident photon energy.

In our case, the Cd3Asy samples were prepared to be
atomically well-ordered and single-crystalline. However, it
is possible that adsorbate patches could have formed during
the extended transfer period and acted as the multiple pho-
toemitting materials described by Pierce et al. We estimate
a sample exposure of ~15 L (langmuir) due to the prolonged
transfer period. Even with a low sticking coefficient, this
exposure could be enough to explain the formation of ad-
sorbate patches in UHV conditions. More data are needed
to determine the validity of this theory. It is also possible
that this elbow feature could be a property of the material’s
density of states near the Fermi level in which case it should
be easily reproduced in future studies.

We also observe that all emitted electrons occupy a free
electron parabola as shown in Fig. 4. However, this oc-
cupation is not uniform as would be expected in a D-S
scheme [24]. Instead, there is a high intensity region
that is maximized around 0.2 — 0.3 eV at k, = 0 Al

MTE (fiw) =
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(ky = \Jk% + k2). Similar high intensity regions are seen
for every photon wavelength. It is possible that this non-
uniformity is a feature related to the anticipated Dirac cone
structure, but there is no obvious Dirac cone discerned at
any of the photon wavelengths. The lack of a Dirac cone
feature may be explained by the temperature broadening
of the electron energies due to the sample being analyzed
without any cryogenic cooling, in contrast with the existing
ARPES literature on Cd3As,.

It is also possible that the previously theorized adsorbate
monolayer could be resulting in photoemission populating
the usual parabolic dispersion, overlapping with and obscur-
ing the Dirac cone structure. In this scenario, it would likely
be necessary to maintain vacuum pressures of ~10~'! Torr
or lower for the entire duration of the experiment in order to
prevent such monolayer formation.

CONCLUSION

In this proceeding, we have reported on the quantum ef-
ficiency and mean transverse energy of cadmium arsenide
(CdzAs;) photocathodes. Such Dirac semimetal photocath-
odes are theoretically capable of MTEs lower than 5 meV
due to transverse momentum constraints resulting from the
unique electronic band structure of these materials. How-
ever, the MTEs observed here were an order of magnitude
higher than expected, likely due to thermal effects or surface
adsorbate patches that formed during the prolonged transfer
process.

Future research will focus on implementing a more robust
and expedited in-vacuum transfer process along with cryo-
genic measurements in order for Cds;As; to achieve MTEs
low enough to be considered viable for next-generation in-
struments and techniques. Such improvements may also
help resolve the Dirac cone structure which was not directly
observed here.
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