Superlattice Photocathode
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We report electron spin polarization of 95.0+0.8 (stat) £2.4 (sys)% from a strained GaAs/GaAsP
superlattice photocathode grown by metalorganic chemical vapor deposition (MOCVD) and cooled
to dry-ice temperature (195K). We achieved this polarization with 97.8% circularly polarized ex-
citation light and a quantum efficiency of 0.7% at the peak polarization wavelength. This mea-
surement exceeds the values of previously reported GaAs-based photocathode polarizations, which
have clustered near 92% for two decades. We vary the temperature of the cathode and measure
the polarization and quantume-efficiency spectra at 295 K, 273 K, 195K, and 77 K. The polarization
rises from 91.2(1)% at 295K to its maximum at 195 K, while the spectral peak shifts from 775 nm
to 739nm (78 meV) over the full temperature range, tracking the widening band gap. The spec-
tra probe two depolarization mechanisms: a thermalized transport channel that is suppressed on
cooling, and energy-dependent hot-electron relaxation that persists and sets the low-temperature
saturation. The polarization recovers after a full cooling and warmup cycle and is stable while the
quantum efficiency decays, which disfavors surface energy filtering as the origin of the gain. These
results indicate that modest cooling to 195K, for which dry ice suffices, is a practical route to
higher-polarization GaAs-based electron sources.
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Introduction.—High polarization electron beams are
central to parity-violating electron scattering [1-5], to
measurements of nucleon spin structure [6] and elastic
form factors by polarization transfer [7, 8], to polarized-
positron production [9], and to future collider experi-
ments, notably the Electron-Ion Collider (EIC) [10-13],
where the statistical reach at fixed beam current scales
quadratically in the beam polarization. GaAs-based pho-
tocathodes activated to negative electron affinity (NEA)
are the standard for high-current high-polarization elec-
tron sources [14, 15]. Strained GaAs epilayers lift the de-
generacy between heavy-hole (HH) and light-hole (LH)
valence bands that limits bulk GaAs to 50% polariza-
tion [16, 17], and strained superlattices (SLs) combine
strain with quantum confinement to push the emitted
polarization toward unity [18-20]. The measured spin
polarization from strained-layer and strained-superlattice
cathodes has remained near 90-92% for two decades:
92 + 6% [21], 91-92% [22, 23], and 92% with 1.6% quan-
tum efficiency (QE) [24]. Over the same period, QE and
operational lifetime have improved substantially [13, 25—
29].

The gap between measured polarization and the the-
oretical limit comes from depolarization of the electrons
during the excitation, transport, and emission processes.
These mechanisms all depend strongly on temperature:
thermally broadened LH leakage into the HH excita-
tion window [20, 30], spin relaxation of thermalized elec-
trons during transport to the NEA surface, dominated
by exchange scattering from holes in heavily p-doped
material [31-34], and spin relaxation during the hot-

electron cascade [35, 36]. For strained-superlattice photo-
cathodes, changing temperature lets us probe these de-
polarization channels and distinguish polarization gain
in the bulk or during transport from surface energy-
filtering artifacts [37]. Cooling bulk GaAs to 77K is
known to recover its full 50% selection-rule value [33],
but low-temperature photoemission studies have other-
wise been confined to bulk GaAs or surface-physics con-
texts [15, 38], and to our knowledge no temperature-
dependent measurement of the emitted-electron polar-
ization of a strained-superlattice photocathode has been
reported.

Here we use temperature to explore and suppress
electron spin depolarization in an MOCVD-grown
strained GaAs/GaAsP superlattice, measuring the spin-
polarization spectra shown in Fig. 1 and QE spectra at
nominal cathode temperatures of 295K, 273K, 195K,
and 77TK. The peak polarization rises from 91.2(1)%
at room temperature to 95.0 &+ 0.8 (stat) + 2.4 (sys)% at
195K, while the QE at the polarization peak remains
near 1%. Correcting for the measured circular polar-
ization of the excitation gives helicity-normalized polar-
izations of 97.1(0.8)% at 195K and 94.3(1.3)% at 77K;
their respective laser-calibration uncertainties are 0.3 and
1.2 percentage points, in addition to Sherman-function
uncertainties of 2.4 and 2.3 percentage points. Even
the bare measured value exceeds the central values of
the prior benchmark measurements, which cluster near
92% [21, 23, 24], and the largest delivered value is reached
at dry-ice temperature. The temperature dependence of
the peak wavelength tests the calculated band-structure
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FIG. 1. Delivered beam polarization versus excitation wave-
length at 295K, 273K, 195K, and 77K (filled points; er-
ror bars are the counting error and a 1.5-percentage-point
scan-to-scan repeatability uncertainty, added in quadrature),
with the empirical description of the spectra multiplied by
the measured laser circular polarization (solid curves). The
model uses the peak-shift-inferred cathode temperatures, the
cold-saturation transport ceiling, thermal edge smearing, and
the LO-occupation onset law described in the text. Open
diamonds mark the quoted peak values, the error-weighted
means of all production-spectrum measurements within 3 nm
of each peak. A 2.49% relative Sherman-function uncertainty
applies to all points; the separate laser-calibration uncer-
tainty applies only to helicity-normalized quantities and is
not shown.

shift, the temperature dependence of the peak polariza-
tion constrains an effective transport-depolarization con-
tribution, and stability and reversibility measurements of
the QE and polarization test for surface energy-filtering
artifacts, in which an evolving activation layer raises the
measured polarization without improving the source ma-
terial [37].

Ezxperiment.—The photocathode is a strained
GaAs/GaAsP superlattice grown by MOCVD following
Refs. [27, 28]. The superlattice comprises 30 pairs of
3.8nm strained GaAs wells and 2.8nm GaAsgg5P0.35
barriers, Zn doped at a concentration of 5 x 1017 cm™3.
All layer thicknesses are growth targets. The superlat-
tice sits inside an optical cavity between a 5nm GaAs
surface layer carbon-doped at 5 x 10 cm™2 and a
distributed Bragg reflector (DBR) formed by 12 pairs
of GaAsO,65P0.35 and In0‘30A10,70P layers. A 338nm
GaAsg.g5Po.35 spacer separates the superlattice from the
DBR. The p-GaAs substrate, metamorphic buffer, DBR,
and spacer are Zn doped at 5 x 10'® cm™3. Reflectance
measurements at normal incidence confirm the DBR
stopband at the operating wavelengths. We initially

heat cleaned the sample at 550°C for 1.5h to remove
surface oxides. Before each subsequent test we heated it
at 350°C to reset the NEA condition, then reactivated
it with cesium and NF3. Each activation required 6-10
Cs/NF3 yo-yo cycles and ended when an additional cycle
increased the photocurrent by less than 5%. During
measurements, the chamber pressure was approximately
3 x 10712 Torr to 1 x 107! Torr; during activation it
rose as high as 1 x 1072 Torr.

The sample holder is a hollow stainless-steel reser-
voir terminated by a thin molybdenum end plate. We
mounted the GaAs photocathode against the end plate
with indium foil and retained it with a tantalum cup,
leaving a circular active area 12.9mm in diameter. We
filled the reservoir successively with ice water, dry ice,
and liquid nitrogen [33]. Direct cathode thermometry
was not available, so we report the nominal coolant tem-
peratures of 273K, 195K, and 77 K. We measured the
polarization and quantum efficiency spectra with excita-
tion light from a broadly tunable supercontinuum light
source (NKT Photonics SuperK) covering a wavelength
range of 600 nm to 810 nm. We prepared circularly polar-
ized light using a linear polarizer and a zero-order 780 nm
quarter-wave plate, and reversed the helicity by inserting
a half-wave plate during measurement to cancel instru-
mental asymmetries. We characterized the wavelength-
dependent circular polarization of the excitation light at
the cathode to be 89-100% over the polarization scans.
We report two quantities: the electron spin polarization
delivered to the polarimeter Ppeam(A), measured with
the actual circular polarization of the excitation, and
the polarization corrected for the laser circular polariza-
tion, Peorr(A) = Poeam (A)/C(A), where C is the measured
circular polarization of the light at the cathode. The
measurement of C(\) used a rotating zero-order 780 nm
half-wave plate and a fixed Glan polarizer, calibrated for
the plate’s wavelength-dependent retardance (SM). The
corrected value is the quantity we use to compare depo-
larization across temperatures and with prior work. We
obtained the QE from the photocurrent and the incident
power at each wavelength. We measured polarization
with a retarding-field micro-Mott polarimeter [39, 40] op-
erated at 20kV with effective Sherman function S.g =
0.201(5), calibrated by comparison with the CEBAF
5MeV Mott polarimeter [28, 40, 41]. The Supplemental
Material (SM) [42] gives the full layer structure and de-
tails the polarimeter operation and calibration. We quote
the statistical uncertainty of the helicity-pair asymmetry
on each polarization point; where repeated measurements
within the peak window scatter beyond counting statis-
tics, we inflate the uncertainty by \/E . We quote peak
polarizations as the weighted mean of all measurements
within 3 nm of the peak wavelength; the \/973 inflation of
the peak uncertainty reaches a factor of 11 at 77 K, where
successive scans scatter by several percentage points. For
helicity-normalized values we propagate the local uncer-



tainty of C'()\) as a separate laser-calibration compo-
nent. We also add a 2.49% relative Sherman-function
uncertainty, common to all polarization points. We ex-
clude both correlated calibration components from the
spectral-fit weights and include them when comparing
absolute peak polarizations with published benchmarks.
A high measured polarization can also be a surface ar-
tifact. As the activation layer degrades, the surface can
shift from negative to positive electron affinity, which
filters the emitted electrons in energy and raises the
measured polarization of bulk GaAs without any change
in the material itself [37]. Two controls address this
concern. First, the polarization is reversible. After
the full cooling sequence and warmup, we recovered the
room-temperature peak polarization within uncertainty
(+1.1(2.1) percentage points relative to the pre-cooling
value); three same-day 775nm checks span 89.1-92.5%,
with the largest difference of 4+3.4(2.4) percentage points
(counting plus repeatability uncertainty). Second, the
polarization does not track activation decay. At 77K
the QE at the operating wavelength decreased by 43%
over the measurement day, while the polarization mea-
surements showed no systematic increase. A repeat dry-
ice cooldown late in the campaign, after substantial QE
decay, gave a lower helicity-normalized peak polariza-
tion (90.1(1.1)%), the opposite of the energy-filtering sig-
nature. These observations strongly disfavor activation
degradation or energy filtering as the origin of the high-
polarization state; they do not imply that the activation
layer is unchanged, but they show that the polarization
gain is not correlated with activation aging.
Polarization spectra.—At 295 K the spectrum has the
form characteristic of high-quality strained SLs [19, 21,
24], with a delivered peak polarization of 91.2(1)% at
775 nm, or 91.6(1)% when corrected for the 99.5% circu-
lar polarization at that wavelength. Cooling the sample
produces three correlated changes. The delivered peak
polarization rises to 93.0(2.6)% at 273 K and 95.0(0.8)%
at 195K, corresponding to helicity-normalized values of
94.7(2.6)% and 97.1(0.8)% with C' = 98.1% and 97.8%
circular polarization at the respective peaks. At 77K
the delivered peak of 90.8(1.3)% is lower largely because
the laser circular polarization at the 739 nm peak drops
to 96.3%; the helicity-normalized value, 94.3(1.3)%, has
a lower central value but remains consistent with the
195 K result within the combined statistical and laser-
calibration uncertainties (a difference of 1.4 standard de-
viations). The data therefore do not resolve a further po-
larization increase below 195 K. The quoted peaks use all
production-spectrum measurements within 3nm of each
peak, and their uncertainties include the observed point-
to-point scatter. The highest individual scan points at
273K, 195K, and 77K reach helicity-normalized val-
ues statistically consistent with complete spin polariza-
tion. The absence of a resolved further increase is con-
sistent with the dominant temperature-dependent depo-
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FIG. 2. Quantum efficiency versus excitation wavelength at
each temperature, from the scans taken closest in time to the
polarization runs. Arrows mark the operating (polarization-
peak) wavelengths.

larization channel being strongly suppressed already at
dry-ice temperature. The peak polarization wavelength
shifts from 775 nm at 295K to 739 nm at 77K, a shift of
78 meV, close to the 83 meV Varshni band-gap shift ex-
pected at fixed confinement offset for the nominal coolant
temperatures [30, 43] [Fig. 3(a)]. Since we do not measure
the emitting-surface temperature directly, this compari-
son is a consistency check on band-edge shift rather than
an independent thermometric calibration. The spectral
peak also narrows on cooling. At 77 K the scans cover
734nm to 745nm, and we infer the peak width there
from the phenomenological description of the narrowing
(see below).

The maximum helicity-normalized polarization of
97.1 + 0.8 (stat) £ 0.3 (laser) £+ 2.4 (Sherman)% is, to
our knowledge, the highest central value reported from
a GaAs-based photocathode, exceeding the previous
benchmarks, 92 + 6% [21] and 92% [23, 24], by more
than five percentage points, and even the delivered beam
polarization, 95.0(0.8)%, exceeds these values. The SM
tabulates a comparison with published strained-layer and
superlattice results.

Quantum efficiency.— We define the nominal operat-
ing wavelength at each temperature as the polarization-
peak wavelength. The QE spectra (Fig. 2) shift with
the band edge. At the fixed room-temperature operat-
ing wavelength of 775 nm, the QE drops by a factor of
1.6 at 273 K and by more than an order of magnitude at
195K as the absorption edge moves through it [33]. At
the operating wavelength of each temperature, the QE
is 1.4%, 1.4%, 0.7%, and 1.3% at 295K, 273K, 195K,
and 77 K. Polarization and QE enter the source perfor-



mance differently. The polarization of a beam is fixed
at the point of photoemission, whereas the intensity at
~1% QE can be raised with illumination power, within
laser and cathode heat-load and lifetime limits. Cool-
ing therefore improves the quantity that is fixed at the
source, while the measured QE of ~1% remains adequate
for typical operation. For experiments limited instead by
laser power or by the surface charge limit at high bunch
charge [44, 45], the composite metric P? QE at the op-
erating wavelength remains within a factor of two of its
room-temperature value across the range (0.6-1.2%).

Model.—We model the spectra in two stages, with
the adjustable spectral shape constrained by the room-
temperature data. The model extends to lower tem-
peratures through the known temperature dependence
of the band gaps, plus one fitted transport factor per
temperature. The first stage is a band-structure cal-
culation with no adjustable parameters. We diagonal-
ize a four-band Luttinger-Kohn Hamiltonian with Bir-
Pikus strain for the superlattice valence minibands and
a nonparabolic conduction miniband, using the nominal
layer structure and literature material constants, and ap-
ply the ot dipole selection rules [20, 43]. This calcula-
tion fixes the heavy-hole miniband edge 133 meV above
the bulk GaAs gap, the HH-LH splitting § = 105 meV
(with 97 meV arising from strain and the rest from con-
finement), and the decay of the excitation polarization
above the edge through k| valence-band mixing [20].
The Varshni gap laws set the temperature shift of ev-
ery edge [30, 43]. Because the material parameters derive
largely from low-temperature measurements, these quan-
tities provide a reliable temperature-dependent baseline
over the measured range. Next we assemble the transi-
tions into a spectrum,

1 > Pisiai gi(hw) + Pog ang
L+7/7s > @i gi(hw) + ang

Each term carries one physical ingredient. Transition ¢
has absorption weight a;, including a two-dimensional
Coulomb enhancement, and o polarization P;, both
taken from the band-structure calculation. The line
shape g; is a Gaussian of width I' centered on the calcu-
lated transition energy FE; shifted by a fitted rigid offset
AFEy, with I' and AEy common to all transitions. The
factor s; = exp[—(AE.;/E.)%] is the spin survival of
the hot-electron cascade, where AE, ; is the conduction
excess energy of transition ¢ and FE, is the excess en-
ergy beyond which the cascade erases the spin memory;
the quartic form is the phonon-cascade integral of the
D’yakonov-Perel’ rate [35, 36, 46]. The term apg, carry-
ing polarization P, is an effective weakly polarized con-
tribution whose microscopic origin is not fixed here (SM).
The prefactor 1/(1 + 7/75) describes spin relaxation of
thermalized electrons during transport, with 7 the emis-
sion time and 1/75 the spin-relaxation rate [31, 33]. We
fit the room-temperature spectrum and the three lower-

P(fw,T) = (1)

temperature peak polarizations with six shared spectral
parameters and 7/7, at each temperature: the edge shift
AEjy, which absorbs the band-offset and layer-thickness
uncertainty, the width I', the cascade scale F,, the exci-
ton strength, and the background amplitude and polar-
ization. The room-temperature spectrum fixes the spec-
tral shape, and each lower temperature contributes only
its measured peak polarization, which determines its 7 /74
(SM).

We take the three changes of the spectra upon cool-
ing in turn: the shift of the peak wavelength, the rise
of the peak polarization, and the narrowing of the peak.
With the room-temperature edge shift fixed, the peak
wavelength contains no further fitted temperature de-
pendence, and the predicted peaks lie within 6 nm of the
measured values over the full 36 nm shift [Fig. 3(a)]. If
the effective background is temperature independent, the
fit attributes the polarization gain to suppression of the
transport factor, which falls from 7/75 = 0.049(12) at
295K to values consistent with zero at and below 273 K
[Fig. 3(b)]. The modeled gain of 4.4 percentage points
is close to the measured 5.5; within this parameteriza-
tion, the absence of a resolved further increase below
195K follows because the residual deficit at the peak
(background, band mixing, and cascade depolarization)
is held temperature independent. Three mechanisms gov-
ern conduction-electron spin relaxation in p-type III-V
semiconductors [47-49]: D’yakonov—Perel’ (DP) preces-
sion about the momentum-dependent effective field of
the inversion-asymmetric lattice [46], Bir—-Aronov—Pikus
(BAP) electron—hole exchange scattering [31, 32], and a
small Elliott—Yafet contribution at our acceptor density
of 5 x 10" em™3 [35]. DP dominates at room temper-
ature and BAP becomes the larger thermalized channel
on cooling. The transport factor we extract, however,
falls to a value consistent with zero already at 273K, a
change far larger than any thermalized bulk rate pro-
duces over a 22K interval, and may reflect temperature
dependence of the emission time, energy relaxation, ad-
ditional transport channels, or the low-polarization con-
tribution represented by ang [34]. We describe the peak
narrowing below room temperature phenomenologically.
A simplified two-edge description of the spectra (SM) lo-
cates the narrowing in the blue-side depolarization onset,
which falls from 92(8) meV above the heavy-hole edge at
295K, close to the fixed HH-LH splitting, to 48(8) meV
at the 77 K coolant setting. The onset can be parameter-
ized as deg (T') ~ hwro[l + 4.2(5) iLo], where fipo is the
Bose occupation of the 36.7 meV LO phonon evaluated at
the peak-shift-inferred cathode temperature. The onset
approaches the single LO-phonon energy as the phonons
freeze out. This correlation is consistent with LO-phonon
freeze-out contributing to the narrowing, but the relation
is purely empirical and does not establish a microscopic
mechanism or a unique cause.

Conclusion.—Our temperature-dependent polariza-
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FIG. 3. (a) Measured polarization-peak wavelength ver-
sus temperature (squares) with the band-structure prediction
(circles). (b) Measured helicity-normalized peak polarization
(squares) with the model (circles) and the effective transport
factor 7/7s extracted under the temperature-independent-
background assumption (right axis, triangles). This factor
is consistent with zero at and below 273 K.

tion and QE spectra of a strained GaAs/GaAsP superlat-
tice photocathode distinguish an effective transport con-
tribution from energy-dependent spin relaxation during
the hot-electron cascade. The increase in polarization
on cooling is consistent with suppressed transport depo-
larization, raising the delivered peak polarization from
91.2(1)% at 295K to 95.0 & 0.8 (stat) £+ 2.4 (sys)% at
195K, corresponding to a helicity-normalized polariza-
tion of 97.1 £ 0.8 (stat) & 0.3 (laser) £ 2.4 (Sherman)%.
Within the temperature-independent-background pa-
rameterization, the absence of a resolved further in-
crease on cooling to 77 K is consistent with the surviv-
ing energy-dependent hot-electron contribution, and the
QE remains near 1% at the polarization-optimized wave-
length throughout. The peak wavelength follows the
band-structure prediction within 6 nm at every temper-
ature. Reversibility of the QE and polarization spectra,
and a repeat cooldown in which activation decay low-
ered rather than raised the polarization, strongly disfa-
vor surface-filtering artifacts. The peak narrowing can

be parameterized by the LO-phonon occupation, con-
sistent with a possible role for LO-phonon freeze-out.
The gain is consistent with suppression of bulk or trans-
port depolarization, and the full gain is available at
dry-ice temperature, compatible with dc high-voltage
photogun operation. Combined with high-QE superlat-
tice designs [25, 26, 28], cooled operation provides next-
generation experiments [12, 13] with polarized electron
sources at the highest central polarization yet reported
for GaAs photocathodes.
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