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In this paper, we describe the effectiveness of thermal annealing in vacuum for quantum
efficiency (QE) recovery from Cs/O-activated GaN and GaAs photocathodes. The QE of
Cs/O-activated GaN photocathode at 3.4 eV dropped from 1.0% to < 0.001% upon
exposure to nitrogen, and then increased to 0.6% upon annealing. On the other hand, the
QE of Cs/O-activated GaAs at 1.42 eV did not increase after the annealing. In addition,
after Cs/O activation, the sample was exposed to normal laboratory-air and installed in an
X-ray photoemission spectroscopy system. Upon annealing at 330°C, three key results
were confirmed as follows: (1) the work function decreased by 0.32 eV, (2) the chemical
states of Cs 4d and Ga 3d were unchanged, and (3) the intensities of O 1s and C 1s on the
high-binding-energy side decreased. In conclusion, the experimental results indicate that
the annealing recovers the QE of Cs/O-activated GaN photocathode.
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I. INTRODUCTION
Semiconductor photocathodes having a negative electron affinity (NEA) state
have the advantage of a large current with low emittance and a multielectron beam. The
mechanism of photoemission from an NEA photocathode involves three steps: 1)
photoexcitation of electrons from the valence band to the conduction band, 2) diffusion of
electrons to the surface, and 3) escape of electrons.1,2 The electron sources used in
industrial applications are mainly thermal and field emitters. The energy distribution and
emittance of photocathodes are less than 0.3 eV3 and 0.1 μm rad,4 respectively, which are
lower than those of thermal and field emitters. In addition, a photocathode can create a
high current of larger than 1 mA.5 From these features, the brightness of a photocathode
can reach 108 Acm-2sr-1 at an acceleration voltage of 3 kV.6 These advantages of
photocathodes can improve the throughputs of semiconductor manufacturing processes
such as defect inspection and electron beam lithography.
GaN-based photocathodes are suitable for industrial applications. NEA
semiconductor photocathodes fabricated using GaAs are used as electron sources in highenergy research.7 However, since the NEA surface of a GaAs photocathode is sensitive to
gas adsorption,8 the surrounding area should be kept in a vacuum where the pressure is
lower than 10-9 Pa. Therefore, it is difficult to use such a photocathode in industrial
equipment with a vacuum pressure of higher than 10-6 Pa. On the other hand, wide-gap
semiconductors such as GaN and InGaN are attractive candidates because they have
longer lifetimes (more than 10 times longer).9,10
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The electron source desired for industrial equipment can be used in an
environment with a vacuum pressure of 10-6 Pa or higher. Ultimately, an electron source
that can withstand atmospheric exposure is ideal. However, there have been no studies on
the effects of atmospheric exposure on GaN and GaAs photocathodes. The purpose of
this study was to investigate the effects of atmospheric pressure gas and annealing on
Cs/O-activated GaN and GaAs photocathodes (hereafter, Cs/O GaN and Cs/O GaAs,
respectively). Changes in the quantum efficiency (QE) of Cs/O GaN and Cs/O GaAs
owing to atmospheric-pressure nitrogen exposure, followed by annealing in vacuum were
measured. In addition, changes in the work function and the core levels (Ga 3d, Cs 4d, O
1s, C 1s) of the laboratory-air-exposed Cs/O GaN were investigated by X-ray
photoemission spectroscopy (XPS).

II. EXPERIMENTAL
A.

Sample preparation
Figure 1 shows the structure of the GaN photocathode. p-Type Mg-doped GaN

was grown by metal-organic chemical vapor deposition. The p-type layer was grown on a
sapphire substrate with undoped GaN as the buffer layer. The thickness of the p-type
layer, which was calculated from the growth rate, was 200 nm. The sample was annealed
at 700C in atmosphere for p-type activation. After activation, a hole concentration of 2.0
× 1018 cm-3 was measured on the basis of the Hall effect. Then, the sample was rinsed
with acetone and methanol.
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FIG. 1. Structure of GaN photocathode.

The GaAs was manufactured by Hitachi Cable, Ltd., and the doping concentration
of Zn and the film thickness were 1 to 3 × 1019 cm−3 and 300 μm, respectively. The
sample was rinsed with acetone and methanol.

B.

Surface activation by cesium and oxygen deposition
The surface of GaN was activated by alternate Cs and O2 deposition in an

ultrahigh-vacuum chamber. The photocathode test system at Nagoya University was used
for the experiment and is schematically shown in Fig. 2. The details of the system were
reported elsewhere.11,12 In brief, the system consists of two parts: a Cs deposition
chamber for activation and a load lock chamber for sample installation. The base
pressures of the Cs deposition chamber and load lock chamber were 5 × 10-9 Pa and 1 ×
10-6 Pa, respectively. The samples were cleaned prior to Cs deposition by heating for 1 h
in the Cs deposition chamber to remove water and oxide impurities on the sample. The
cleaning temperatures of GaN and GaAs were 600C and 500C, respectively. The
temperature of the sample surface was monitored using an uncorrected optical pyrometer
as viewed though a view port. The minimum detection limit of the pyrometer was 200C.
After the cleaning, the surface was activated at room temperature by the “yo-yo” method,
4

where Cs and O2 were alternately deposited three times.13 To monitor the photocurrent
during the activation, an acceleration voltage of -100 V was applied to the sample. QE
was calculated using Eq. (1),
𝐼

𝑄𝐸 = 1240 × 𝑃𝜆,

(1)

where I is the emission current, P is the power of incident light, and λ is the wavelength
of incident light. Cs and O2 were deposited at room temperature.

FIG. 2. Schematic illustration of photocathode test system.

C.

Nitrogen exposure and anneal treatment in vacuum

Figure 3 shows the basic flow of the experiment. Cs/O GaN and Cs/O GaAs were
used for the experiment.
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FIG. 3. Flow of the experiment. The excitation energy dependence of QE was measured at
each stage.

After the activation, the samples were transferred to a load lock chamber and
exposed to pure N2 (>99.99995%) at a pressure of 0.3 MPa for 1 min. After the exposure,
the sample was transferred to the Cs deposition chamber and annealed at a base pressure
of 5 × 10-9 Pa. The heater power was increased while measuring the QE. Figure 4 shows
the changes in heater power with time for Cs/O GaN and Cs/O GaAs. The heater power
was increased while monitoring the increase in QE with the sample temperature, and the
heater power was turned off when the increase in QE saturated. After annealing, Cs and
O2 were redeposited on the semiconductor surface, and QE was evaluated to confirm the
damage to the surface caused by the annealing. The excitation energy dependences of QE
were measured before nitrogen exposure, after annealing, and after the redeposition of Cs
and O2.
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(a)

(b)
FIG. 4. Time variation of heater power for vacuum annealing. (a) shows changes for
Cs/O GaN, and (b) shows changes for Cs/O GaAs.

D.

Measurement of work function and chemical shift by XPS
Figure 5 shows a basic flow of the measurement of work functions and core

levels. Cs/O GaN was used for the investigation.
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FIG. 5. Flow of the experiment. The work function and energy core levels were measured
before and after the annealing.

After the Cs deposition, the sample was exposed to laboratory-air for 1 h prior to
storage in a vacuum desiccator, transported to Aichi Synchrotron Center BL7U, exposed
to laboratory-air again for 1 h, then installed in an XPS system.14 The XPS system
consisted of three vacuum chambers: (1) a load lock chamber, (2) an annealing chamber,
and (3) an analysis chamber for XPS. Figure 6 shows a schematic of the XPS system. An
MBS A-1 hemispherical energy analyzer manufactured by MB SCIENTIFIC AB with a
200 mm mean radius was used. The beam size at the sample position was 0.1 mm × 0.4
mm. The base pressures in the main chamber and annealing chambers were both 5 × 10-8
Pa. The resolution of the analyzer was 40 meV at an electron energy of 200 eV. The work
function of the analyzer was predetermined to be 4.35 eV by Au Fermi level
measurement.
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FIG. 6. Schematic of XPS system at Aichi SR BL7U.

The work function energy distribution curves (WDC) and energy core levels of Cs
4d, Ga 3d, O 1s, and C 1s were obtained before and after the annealing. Firstly, an
ultraviolet light-emitting diode with hν = 3.40 ±0.05 eV was used for the WDC
measurement. To reduce the influence of the surface photovoltage effect (SPV) on the
WDC measurement, the power density of the excitation light was set to 2.2 ± 0.4 × 10-3
W/cm2 (70 ±10 μW in a 2-mm-diameter spot). G. A. Mulhollan et al., have shown that the
power density which induced the SPV was in the range of 1–150 W/cm2 for GaAs
photocathode15, so the SPV effect can be ignored in our experiment. A bias voltage of -20
V was applied to the sample holder to detect photoelectrons having kinetic energies
below the work function of the analyzer. Figure 7 shows the potential diagram between
GaN and the energy analyzer for the WDC measurement under the applied bias. ECBM,
ECBM, and EF are the conduction band minimum, valence band maximum, and Fermi
level, respectively. VL is the vacuum level of the surface. The work function (Φ) of the
surface was determined as the energy from EF to the threshold of the WDC, where the
threshold was determined as the lower energy at 10% of the peak value. Secondly, the
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sample was irradiated with X-rays having energies of 120 eV and 700 eV. To obtain
information on the Cs 4d and Ga 3d core-level shifts slightly below the surface, hν = 120
eV was chosen. On the other hand, hν = 700 eV was chosen to obtain information on the
O 1s and C 1s core-level shifts. These experiments were conducted at room temperature
before and after annealing at 250C and 330C for 30 minutes. Table I gives the
reference binding energies of the core levels.16-18

FIG. 7. Potential diagram for the entire structure under the applied bias: ECBM, EVBM, EF,
and Φ are the conduction band minimum, valence band maximum, Fermi level of the
semiconductor, and the work function of Cs/O GaN, respectively. VL is the vacuum level
of the surface.

TABLE I. Reference binding energies for core levels
Ga
Cs
C 1s17
3d5/216

4d5/216

20.0 eV

79.0 eV

C-C

C-O

O 1s
Cs2O218

284.8 eV 286.3 eV 530.3 eV

III. RESULTS AND DISCUSSION
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C=O17
531.0eV

A.

Effect of nitrogen exposure and anneal treatment on Cs/Oactivated photocathode
The changes in QE of Cs/O GaN are shown in Fig. 8 (a) as a function of time and

applied annealing temperature at an excitation of 3.4 eV. The initial QE was 1.0%; this
value decreased to below the measurement limit immediately upon exposure to N2 at 0.2
MPa. QE recovered with the application of a 200℃ annealing. Continued heating to
330℃ further increased QE to a maximum of 0.6%, where it remained stable after
heating.
The change in QE of Cs/O GaAs with annealing time is shown in Fig. 8 (b). QE at
the excitation energy of 3.4 eV was 5.0% immediately after the surface activation and
decreased to 4.3 × 10-3% by nitrogen exposure. Thereafter, the surface temperature and
QE increased with the increase in heater power, as shown in Fig. 4 (b). Two hours after
annealing, when the temperature reached 450°C, QE recovered to 3.8% and then
saturated.
The change in QE as a function of excitation energy is also shown in Fig. 8 (a) for
Cs/O GaN. The maximum change in QE was calculated from the differential value,
which was determined as the threshold. QE for Cs/O GaN reached a maximum of 2.1% at
an excitation energy of 3.5 eV. The threshold was 3.39 eV, at which QE was 1.0%. Upon
exposure to nitrogen, QE dropped below the detection limit. After annealing to 330℃,
QE remained low below an excitation energy of 3.0 eV. Additional deposition of cesium
and oxygen led to the full recover of the QE response curve.

11

Figure. 9 (a) shows the excitation energy dependence of the QE of Cs/O GaAs.
The threshold was 1.41 eV immediately after the activation, and QE was 0.17% at the
threshold. QE increased rapidly until the excitation energy reached the threshold, and
then slowly increased. QE reached a maximum of 4.7% at an excitation energy of 3.3 eV.
After nitrogen exposure, QE dropped below the measurement limit. After annealing at
450°C in vacuum, QE recovered, and the threshold shifted to 3.35 eV. QE increased
gradually with increasing energy and showed a maximum value of 0.29%. Recovery of
QE was not observed at 1.42 eV, which is the band gap of GaAs. After that, Cs and O
were deposited again, and QE was completely recovered. The changes in QE for the two
photocathodes are summarized in Table II.
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(a)

(b)
FIG. 8. QE and applied annealing temperature as functions of time. (a) shows changes for
Cs/O GaN and (b) shows changes for Cs/O GaAs. The temperature was measured using a
pyrometer with a minimum detection limit of 200C. The changes in heater power are
shown in Fig. 4.
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FIG. 9. Changes in QE spectrum after Cs and O2 deposition, annealing, and Cs and O2
redeposition. (a) shows spectra for Cs/O GaN and (b) shows spectra for Cs/O GaAs.
EgGaN and EgGaAs indicate the band gap of GaN and GaAs, respectively.

TABLE II. Changes in QE of GaN and GaAs after anneal treatment
Quantum efficiency [%]
Semiconductor Excitation After Cs, After N2 After
After Cs, O2
energy
O2
exposure annealing redeposition
[eV]
deposition
GaN

3.40

1.0

<0.001
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0.6

1.0

GaAs

B.

1.42

0.1

<0.001

<0.001

0.23

3.40

5.0

0.0043

0.28

3.8

Measurement of work function and chemical shift by XPS
Figure 10 shows the WDC obtained from Cs/O GaN before and after annealing at

250C and 330C. The horizontal axis shows the electron energy above the Fermi level of
the sample. The position of the p-GaN bulk conduction band maximum (ECBM) was
estimated from the carrier density calculated from the results of Hall measurement. The
calculated ECBM at 3.3 eV is shown in Fig. 10. First, the integrated intensity of the WDC
more than doubled after annealing at 250C and increased more than 12-fold after
annealing at 330C. Second, the work function decreased by 0.17 eV after annealing at
250C and by 0.32 eV after annealing at 330C. Table III shows the work function and
the integrated intensity of the WDC.
14000
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FIG. 10. Work function energy distribution curves obtained from GaN before and after
annealing. The excitation energy was 3.40 eV and the applied voltage was -20 V. The
conduction band maximum of the sample is labeled as ECBM, which was estimated from
the carrier density of the sample.
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Figure 11 shows the core-level spectra for (a) Ga 3d, (b) Cs 4d, (c) O 1s, and (d)
C 1s. The intensities of photoelectrons were normalized by the peak intensity of Ga 3d.
Ga 3d and Cs 4d were measured with a photon energy of 120 eV. The chemical shifts of
Ga 3d and Cs 4d were less than 60 meV upon the anneal treatment. Annealing at 250C
and 330C decreased the peak intensities of Cs 4d to 94% and 75%, respectively. For O
1s and C 1s, the experimental results were evaluated referring to the binding energies of
C-C, C-O, Cs2O2, and C=O.17,18 The peak intensity of Cs2O2 (O 1s), decreased to 99%
and 97% and that of intensity of C=O (O 1s) decreased to 44% and 37% after annealing
at 250°C and 330°C, respectively. The peak intensity of C-C (C 1s) did not decrease after
250°C annealing but decreased to 55% after 330°C annealing. The peak intensity of C-O
(C 1s) decreased to 76% and 0% after annealing at 250°C and 330°C, respectively. Table
III also shows the XPS intensities for Cs 4d, C 1s, and O 1s.
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(a)

17

(b)
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(c)

19

(d)
FIG. 11. (a) Ga 3d, (b) Cs 4d, (c) O 1s, and (d) C 1s spectra before annealing and after
annealing at 250°C and 330°C. Intensities are normalized by the peak value of Ga 3d.

TABLE III. Summary of WDC and XPS results before and after annealing
XPS peak intensity (normalized by the peak
value of Ga 3d)
WDC
O 1s
C 1s
Work
Integrated
function
intensity
(shift)[eV]
Room
temperature
250°C
330°C

3.44 (±0)
3.26
(−0.18)
3.09
(−0.35)

Cs 4d5/2

Cs2O2

C=O

C-C

C-O

390

2.32

0.96

0.43

0.74

0.25

1130

2.18

0.95

0.19

0.74

0.19

4990

1.74

0.93

0.16

0.41

0
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C.

Discussion
From the experimental results shown above, we concluded that the annealing

causes CO and CO2 to desorb from the surface of the degraded GaN photocathode, then
QE was recovered by the lowering of the work function, where the electron affinity
became negative. Chanlek et al. have shown that the absorption of O2, CO, and CO2
degrades NEA surfaces.8 Since the atmosphere contains these gas species, the surface
degradation observed in this study should be caused by their adsorption. Also, during N2
exposure, impurities on the inner wall of the chamber, which is the nitrogen filling path,
adsorb on the GaN surface. According to a report by Iijima et al., the desorption
temperature of CO and CO2 chemisorbed on the surface of a GaAs photocathode is
between 150°C and 300°C.19 This temperature range is in good agreement with the
temperature for QE recovery from our results. No chemical shifts of Ga 3d and Cs 4d
were found in the recovery of QE. This may be because the influences of CO and CO2 are
below the XPS measurement resolution.
Unlike in Cs/O GaN, the reason why the QE of Cs/O GaAs at the band edge was
not recovered by annealing may be that the electron affinity did not become negative
even with anneal treatment. Since the electron affinity of p-GaAs (= 3.4 eV) is about 1.3
eV larger than that (= 2.1 eV) of p-GaN, the electron affinity may not be negative only
upon the reduction in the work function with the desorption of CO and CO2. In addition,
in Cs/O GaN and Cs/O GaAs, the excitation energy dependence of QE became similar to
that before nitrogen exposure upon the redeposition of Cs and O2 after annealing. From
these results, the exposure and annealing did not damage the semiconductor surface of
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both samples. On the basis of the above, the Cs/O GaN photocathode was found to be
superior to the Cs/O GaAs photocathode not only in terms of its long lifetime but also in
the recovery rate upon the anneal treatment.
The XPS results show that the intensity of Cs decreased upon annealing. The
reason why QE did not recover to 100% after annealing, as shown in Fig. 9 (a), can be
described by the finding that part of the Cs also desorbed during the annealing. Moreover,
as shown in Fig. 9 (a), there was no recovery of QE on the low-energy side after
annealing. The work function of Cs oxide including Cs was reported to be 1.3 – 2.0 eV.20
From these findings, the low-energy photoelectrons in Fig. 9 (a) may be generated from
Cs and Cs oxide. The reason why the QE from the lower-energy side was not recovered
by nitrogen exposure and annealing may be that Cs and Cs oxide, which contribute to the
generation of low-energy photoelectrons, were desorbed from the surface during the
annealing. Even in the absence of such species of Cs and Cs oxide, the surface after
annealing exhibits 60% of the original QE. Therefore, the Cs desorbed during the
annealing may be from the outermost surface, which has a weak interaction with Ga.

IV. SUMMARY AND CONCLUSIONS
It was clarified that the exposure of Cs/O GaN to nitrogen decreased its QE by
more than three orders of magnitude. It was also confirmed that the QE of degraded Cs/O
GaN was recovered by annealing in vacuum. The QE of Cs/O GaN at 3.40 eV changed
from 1.0% before N2 exposure to <0.001% after N2 exposure and 0.6% after the anneal
treatment. The QE of GaAs at the band edge was not recovered by the anneal treatment.
The changes in the work function and the energy core levels of the Cs/O GaN surface
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were investigated using XPS. Regarding the annealing at 330℃, the following three key
results were obtained: (1) the work function decreased by 0.32 eV, (2) the chemical states
of Cs 4d and Ga 3d were unchanged, and (3) the intensities of O 1s and C 1s on the highbinding-energy side decreased. These experimental results suggest that upon annealing a
degraded GaN photocathode, CO and CO2 desorb from the surface, then the functional
surface is recovered by the reduction in the work function.
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