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Abstract

Photocathodes activated to Negative Electron Affinity
(NEA), like GaAs and GaN, allow for efficient production
of spin-polarized electrons. Typically activated to NEA
with cesium and an oxidant, they are characterized by an
extreme sensitivity to chemical poisoning, resulting in a
short operational lifetime. In this work, we demonstrate that
a cesium iodide (CsI) layer can be used to enhance the dark
lifetime of both GaN and GaAs photocathodes activated
with cesium. The mechanism behind this improvement is
investigated using X-ray Photoelectron Spectrosopy (XPS)
and Atomic Force Microscopy (AFM).

INTRODUCTION

Accelerators for high-energy and nuclear physics heavily
rely on robust photocathodes capable of sustaining high-
average current and spin-polarized functionalities [1-5].
Presently, the only method for generating high current in
a photoinjector is a GaAs-based photocathode. GaAs has
been used at facilities like MAMI [6] and Jefferson Lab [7],
with future facilities such as the EIC [1] and ILC [2] also
planning its use. Producing spin-polarized electrons from
GaAs involves exciting electrons from the top of the valence
band, comprising of degenerate light-hole (LH)/heavy-hole
(HH) sub-bands and a split-off (SO) sub-band. Circularly-
polarized light excites electrons from the degenerate LH/HH
sub-band, preserving the light’s angular momentum, lead-
ing to excitation from the degenerate P3/; state, resulting in
spin-polarized beam generation [8, 9].

To overcome the 4.7 eV workfunction of GaAs, the pho-
tocathode is brought to a negative electron affinity (NEA)
state, where the surface vacuum energy level is lowered
below the conduction band minimum, allowing photoemis-
sion of valence band electrons by light with photon energies
corresponding to the material’s bandgap energy (1.43 eV
for GaAs) [10]. NEA is attained by deposition of cesium
and an oxidant, such as oxygen or NF3, onto GaAs. Under
this approach, NEA GaAs photocathodes suffer from short
operational lifetimes due to the weak adhesion of the NEA
activation layer to the surface and its high reactivity to resid-
ual gases, necessitating operation in extremely high vacuum
(XHV) environments, limiting their use to DC photoinjectors
[11,12].

Extensive research efforts have focused on exploring al-
ternative NEA activation coating layers (such as Cs3Sb and
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CsTe) [13—17] and investigating other bulk materials with
spin-polarized capabilities [18, 19] such as GaN [20]. For
an overview of spin-polarized electron production at Cornell
see MOPRS1.

This study investigates the use of Cesium Iodide (CsI) as
a way to increase NEA lifetime for both GaAs and GaN pho-
tocathodes. Although its high work function excludes its use
as an emitter material in photoinjectors, CsI has been shown
to effectively serve as an activation layer, reducing the high
work function of metal photocathodes [21] and enhancing
the performance of carbon fibers for field emission beam
production [22].

METHODS

GaAs single crystal (100) wafers p-doped to a carrier
concentration of 9 x 10'® cm=3 were purchased from AXT-
Tongmei, Inc. and cut to 1x1 cm? samples with a diamond
scroll. Chemical etching was performed to remove surface
oxidation. This included a de-ionized (DI) water rinse, a 30
second immersion in a 1% HCI solution, and a final rinse
with DI water and drying with pure nitrogen.

The GaN sample was grown at Cornell with a Veeco
Gen10 molecular beam epitaxy (MBE) system. The growth
substrate was a 1x1 cm? GaN template on sapphire, which
was ultrasonicated in acetone, methanol, and isopropanol for
10 minutes each, and de-gassed at 200°C for 7 hours prior to
growth. A 1 um Mg-doped (3 x 10! cm™3) p-GaN layer was
epitaxially grown on the substrate using a step-flow growth
mode under metal-rich conditions. After growth, the sample
was transferred to the Cornell Photoemission Laboratory in
a static vacuum suitcase.

Both prepared samples were mounted onto a stainless steel
puck. Indium foil was used to increase thermal and electrical
contact between the sample and the puck. This assembly
was then inserted into a UHV growth chamber with a base
pressure of 5 x 10710 Torr. The chamber features a calibrated
quartz micro-balance (QMB), a Cs filament source, a Csl
evaporative effusion cell and an electrical feedthrough for
biasing the photocathode. The CsI evaporative effusion cell
was filled with 99.999% pure Csl metal beads from Sigma-
Aldrich Chemical Corporation and outfitted with a shutter
mechanism.

Before activation, the sample was annealed at 600°C for
6 hours. NEA activation was then initiated through Cs de-
position with the filament source. Throughout the growth
process, the quantum efficiency (QE) of the photocathode
was monitored with a 10 puW 532 nm laser for GaAs or a
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10 pW 265 nm LED for GaN. Cs deposition continued until
a peak QE was achieved. At this point, the Cs deposition
stopped and the QE was monitored to measure the dark
lifetime of the photocathode.

After the lifetime measurement, the photocathode was
again annealed at 600°C for 6 hours. Subsequently, a Csl
layer was grown on the photocathode surface. During the
growth, the Csl effusion cell was heated to 500°C, while
the photocathode was held at 150°C. The CsI deposition
rate was monitored with a QMB until 1 nm was reached.
The photocathode then underwent a second activation and
lifetime measurement. Following this lifetime measurement,
two more cycles of annealing (600°C for 6 hours), activation
and lifetime measurement were performed.

RESULTS

The obtained lifetimes are shown in Fig. 1. In both photo-
cathodes, the initial deposition of 1 nm of CsI on the surface
causes a degradation in both QE and lifetime. However,
after an additional anneal and activation, the QE is nearly
recovered while the 1/e lifetime improves around a factor
of 3 for both GaN and GaAs as compared to their initial
cesiation. After one more anneal and activation, we observe
slightly lower QEs in both cathodes, but significant lifetime
improvements. The QE in the GaN photocathode did not
degrade over 6 hours of observation and the GaAs photo-
cathode lifetime was improved by a factor of 13 over the
initial activation.

ANALYSIS

To investigate the mechanism responsible for the life-
time enhancement, we performed atomic force microscopy
(AFM) scans on a GaAs photocathode at each step in the pro-
cess, as shown in Fig. 2. Figure 2a shows the GaAs sample
prior to etching to be very smooth with an RMS roughness
of 144 pm, while the sample after etching, shown in Fig.
2b has a slightly increased surface roughness of 285 pm.
Note that, in addition to increased roughness, HCI etching
has been shown to create a As-rich surface on GaAs [23].
After a 6 hour 600°C anneal, the surface is slightly altered
again as shown in Fig. 2c. At this point, after the 1 nm (as
measured by the QMB) Csl layer is deposited, the surface of
the photocathode features "islands" of Csl, which are several
nm tall. These thick domains are likely the cause of poor
photocathode performance at this stage, shown in Fig. 2d.
Lastly, in Fig. 2e, the quality of the surface is recovered
from before the Csl layer deposition.

XPS

Chemical analysis of the surface region of Csl-coated
GaAs samples confirmed the presence of Csl and O, as
shown by the XPS spectra in Fig. 3a-d. High resolution
spectra of the Cs 3d and I 3d transitions were assigned to
Cs* and I” in Csl [24]. Unoxidized regions of GaAs gave
rise to As 3d photoelectrons at 41.2 eV [25]. There was
no distinct sign of GaAs oxidation in the As 3d spectra at

MOPR: Monday Poster Session: MOPR
MC3.T02 Electron Sources

ISSN: 2673-5490

JACoW Publishing
doi: 10.18429/JACoW-IPAC2024-MOPR82

100 L GaN ' —-—‘Cs Only
—Csl+Cs
B'—Q' [ Annealed Csl+Cs
-E ——2x Annealed Csl+Cs
c
To)
i qg"
®
L
(@]
0 2 4 6 8
Time [Hr]
0 T T ! i
S =
E 10
o
™
75
® ——Cs Only
L ——Csl+Cs
T 102 Annealed Csl+Cs
——2x Annealed Csl|+Cs
0 2 4 6 8

Time [Hr]

Figure 1: Lifetime measurements of the GaN (top) and GaAs
(bottom) photocathodes at various stages. The lifetime after
the initial cesiation is shown in blue. An exponential fit
yielded a 1/e lifetime of 4.6 Hr and 4.2 Hr respectively for
GaN and GaAs. The lifetime after deposition of 1 nm of Csl
and subsequent cesiation is shown in red and was fit to a 1/e
of 2.9 Hr and 0.6 Hr respectively for GaN and GaAs. After
annealing the CsI layer and cesiating again, the lifetime is
shown in yellow with a 1/e lifetime of 13.6 Hr and 14.1 Hr
respectively in GaN and GaAs. The lifetime after another
annealing cycle and cesiation is shown in purple, where
in GaAs, the 1/e fit is 77 Hr and in GaN, the QE slightly
increases over 6 hours.

45.0 eV transition. From the comparison of spectra taken
with normal (0°, solid lines) and glancing (70°, dotted lines)
detection, the O species are distributed on the top and bottom
of CslI film, with some carboxylates located on the surface
[26].

Annealing for 6 hours at 600°C removed all iodine species,
as shown by the I 3d spectra in Fig. 3e. Ga 3d high resolu-
tion scans in Fig. 3i gave rise to two transitions at 19.3 eV
and 20.5 eV, assigned to unoxidized GaAs and Ga oxides,
respectively [25]. Some information about the vertical dis-
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Figure 2: AFM scans of a GaAs photocathode at different stages in the CsI enhancement process. A GaAs sample is shown
a) as received from the manufacturer, b) after HCI etching, ¢) after a 6 hour 600°C anneal, d) after the 1 nm (as ready by
the QMB) Csl layer is deposited, and e) after another 6 hour 600°C anneal.
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Figure 3: High-resolution X-ray photoelectron spectra of
Csl/GaAs (a — d) before and (e — i) after annealing at 600°C
observed with normal (0°, solid lines) and glancing (70°,
dotted lines) detection displaying the I 3d, Cs 3ds,,, O 1s,
Ga 3d, and As 3d transitions. Vertical dotted lines represent
nominal binding energies of (a) I, (g) CsO,, Cs,0,, and
Cs,0, (d, h) As’* and As~, (i) Ga oxides and GaAs.

tribution of these species could be inferred by comparison
of spectra taken at two angles, which showed that Ga oxides
were more prevalent in the near-surface region. The identity
of the Cs species after annealing could only be inferred in-
directly. The presence of metallic Cs could be definitively
ruled out by the absence of plasmonic features in the Cs
3d spectra [27], which implied that all Cs was in the +1
oxidation state and thus bound to oxygen, the only observed
anion.
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The oxidation chemistry of Cs is complex, consisting of
peroxides, superoxides, and oxides. The vertical dotted lines
in Fig. 3g represent the O 1s binding energies reported
in [28] for CsO; (531.6 eV), Cs20, (529.6 eV), and Cs, O
(527.4 eV) [28]. Our XPS analysis suggests that annealing
of the Csl-coated GaAs led to desorption of I, presumably
as I, and the formation of cesium suboxides, such as Cs, O,
and CsO,. We can definitively rule out the production of
cesium oxide, Cs,0O. The oxides observed differ from those
typically seen in GaAs without CsI [29].

CONCLUSION

It was shown that deposition of a CsI layer can be used to
increase the lifetime of both GaN and GaAs photocathodes
activated to NEA with cesium. This enhancement effect was
investigated with X-ray Photoelectron Spectrosopy (XPS)
and Atomic Force Microscopy (AFM).
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