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a b s t r a c t

We report a systematic theoretical investigation on the activation mechanism of near-infrared
In0.53Ga0.47As photocathodes. Adsorption energies, dipole moments, work functions, density of states,
band structures and electron affinity of Cs/O co-adsorption on (001) surface of In0.53Ga0.47As photo-
cathodes are investigated. First-principles calculation results indicate that the structural stability is
greatly enhanced when oxygen atoms adsorb on the Cs-covered surface. The incorporation of oxygen
atom helps lower the work function further to achieve the true NEA state. Moreover, two adatom-
induced surface dipoles, namely [Csnþ-In0.53Ga0.47Asn�] and [Csþ-O2--Csþ], are also adopted to explain
the relationship between the adatoms and the substrate. The HOMO and LUMO levels can further move
downward and the band bending region is enlarged after Cs/O co-activation. Meanwhile, new energy
bands appear in the deep valence band due to the joint effect of Cs 5s, Cs 5p, O 2s and O 2p state
electrons. Finally, Cs/O activation experiments are carried out and the photocurrent curves during
activation procedure are recorded. The change of photocurrent is closely related to the work function
variation, which affects the photoemission of the photocathodes. In order to clearly show the electron
affinity, the variation of surface barrier height of InGaAs photocathodes with Cs/O adlayer is also given.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

As known, the spectral threshold and magnitude of photo-
emission are determined by the potential barrier on the surface and
by the probability of electron escape to vacuum. The adsorption of
Cs and O or NF3 on the III-V photocathode surface reduces the
surface barrier to a state of negative electron affinity (NEA) [1e6].
Owing to the role of NEA, GaAs photocathodes, with higher quan-
tum yield values (up to ~50%) and higher spin polarization, become
an appropriate candidate for the fabrication of photomultiplier
tubes (PMT), spin-polarized electron sources and low-level night
vision over the last half century [7e10]. Due to their adjustable
ranges of spectral response, NEA AlGaAs photocathodes could also
be applied to the electron accelerators due to their better
ls:
.

photoemission and longer lifetime. Meanwhile, NEA InGaAs pho-
tocathodes have also become a promising candidate to obtain red-
extended response, which is crucial for the design of near-infrared
image intensifier. The response threshold of image intensifier using
InGaAs material matches better with the night airglow than that of
image intensifiers using traditional GaAs material, which can only
extend to nearly 0.9 mm [11,12]. As a result, InGaAs-based image
intensifier permits greatly-enhanced utilization of night airglow.

In order to effectively reduce the surface barrier for photo-
emission and obtain a true NEA state, the vacuum energy level of
NEA photocathodes should be lower than the lowest unoccupied
molecular orbital (LUMO) level. Many methods have been put for-
ward for photocathode activation, amongwhich Cs-only adsorption
or Cs/O co-adsorption on p-type semiconductor surface is the most
commonly used technique. Notably, Fisher et al. described in detail
the NEA photoemission process of InxGa1-xAs alloys (0 � x � 0.52)
and concluded that Cs-only adsorption on (001) surface of GaAs
photocathode can only lead to zero electron affinity (ZEA) while a
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second-stage, Cs/O co-adsorption process may lower the electron
affinity to negative values [13]. Machuca et al. investigated the
surface energy bands and electron affinity of GaN photocathodes
after activation and found that Cs-only process is enough for the
attainment of the NEA state [14]. Further experimental and theo-
retical results confirmed that the activation process of AlGaN
photocathodes is similar to that of GaN [15,16]. Chen et al. studied
the Cs/O activation and photoemission properties of Al0.63Ga0.37As
photocathodes and evaluated the surface associated with the two
activation stages [17]. Despite these prior efforts, the activation
mechanism of InGaAs photocathodes remains unexplored. Given
the importance of InGaAs photocathodes in near-infrared applica-
tions, investigation in the photoemission characteristics of Cs/O co-
adsorbed InGaAs photocathodes is urgently needed.

Fisher et al. has pointed out that the lattice match between
InxGa1-xAs and InP is related with the Indium component [13], and
the lattice of InxGa1-xAs matches well with the InP substrate when
x is 0.53. From a practical point of view, spectral response of the
infrared-extension image intensifier which uses In0.53Ga0.47As as
the photo-emissive layer of the NEA photocathode matches the
spectrum of night airglow perfectly. Meanwhile, potential appli-
cations in the field of narrow band-gap optoelectronic devices
have also prompted active research on In0.53Ga0.47As/InP systems
recent years [18e21]. Prior work indicates that As-terminated
GaAs (001) b2 (2 � 4) surfaces possess the lowest work function,
lowest formation energy and highest sensitivity among all the
possible candidates of a (2 � 4), b (2 � 4), b2 (2 � 4), g (2 � 4)
reconstruction surfaces [22e26]. Considering the similarities be-
tween the structures of InGaAs (001) surface and GaAs (001)
surface, In0.53Ga0.47As (001) b2 (2 � 4) surface has been chosen to
simulate the InGaAs photocathode surface for further
investigation.

In this paper, the effects of Cs/O co-adsorption on InGaAs
photocathode surface are investigated in detail by using first-
principles calculations combined with the experimental verifica-
tions. Adsorption energies, dipole moments, work functions, den-
sity of states, band structures and electron affinity with different
adsorption models are calculated and analyzed. Photocathode
activation experiments have also been performed, and the photo-
currents during Cs-only and Cs/O activation processes are moni-
tored by means of a multi-information on-line testing system [27].
Finally, schematic diagrams of energy bands and surface barrier
heights are drawn to show the variation of electron affinity clearly.
The motivation is to provide a comprehensive physical picture for
further research on near-infrared NEA photocathodes and for
expedited development of practical uses.

2. Calculated and experimental details

Our first-principles theory is based upon density-functional-
theory (DFT) calculations, which are performed by means of the
plane-wave-based Cambridge Sequential Total Energy Package
(CASTEP) [28,29]. The Perdew-Burke-Ernzerhof (PBE) functional
within the generalized gradient approximation (GGA) is used to
describe the exchange-correlation interaction between electrons
[30,31]. The calculation model features a set of plane-wave basis
with a cutoff energy of 500 eV, which is sufficient for the calculation
accuracy. The valence electronic configurations of the ultrasoft
pseudopotentials for different atoms are as follows: In: 4d105s25p1,
Ga: 3d104s24p1, As: 3d104s24p3, Cs: 5s25p66s1, O: 2s22p4 and H: 1s1.
Geometry optimization is performed by using the Broyden-
Fletcher-Goldfarb-Shanno (BFGS) algorithm and the SCF conver-
gence criteria for structural optimization is set to be 2 � 10�6 eV/
atom for energy change, 10�3 eV/nm for maximum force, 0.02 GPa
for maximum stress, and 10�5 nm for change in displacement.
Pseudo-hydrogen atoms are used to saturate the dangling bonds on
the back surface [32]. The vacuum space along the z direction is set
as 15 Å to eliminate the interaction of the neighboring slabs. The
first Brillouin zone is sampled using 4 � 6 � 1 Monkhorst-Pack k-
points mesh for optimizing the calculation structure [31]. The
optimized substrate model with the best symmetry and the lowest
formation energy used for further co-adsorption investigation
(depicted in Fig. 1) is presented in the literature [33].

The reflection-mode InGaAs photocathode samples used in the
experiments were fabricated on high-quality, (100)-oriented n-
type InP substrates using the MOCVD technique. The 2-mm-thick
InP buffer layer was designed to decrease the back-interface
recombination velocity, and further improve the lattice quality. A
Cs/O adlayer was covered on the surface of the InGaAs emission
layer to activate the photocathodes. In order to eliminate contam-
inants on the photocathode surfaces, the samples underwent two
cleaning steps before activation, which consist of chemical cleaning
and thermal annealing. Firstly, the samples were etched by a mixed
solution of HCl (38%) and de-ionized water with the ratio of 1:1 for
5 min. Following the chemical treatment, thermal annealing was
performed at 525 �C for 20 min in an ultrahigh vacuum (UHV)
chamber with a sub-10-8 Pa base pressure. These two cleaning
steps ensure atomically clean surfaces on all samples. After that, Cs/
O activation was carried out in the ultra-high-vacuum chamber
upon the photocathode samples cooling down to the room tem-
perature. The specific process of Cs and O sources introduced into
the chamber could be referred to Ref. [13,34]. Once the fabrication
is finished, the photocathodes were removed from the ultra-high-
vacuum chamber and put to test. A negative bias voltage was
added to the InGaAs photocathode samples, and the photocurrent
was recorded under the illumination of a halogen tungsten lamp of
12 V/50 W.
3. Results and discussion

3.1. Surface adsorption energy

The structural stability of the Cs/O co-activation systems must
be evaluated first by comparing the surface adsorption energy of
each models. Surface adsorption energy is defined as [35]:

Eads ¼ Etotal � Esubstrate � nmCs �mmO; (1)

where Eads, Etotal and Esubstrate are the surface adsorption energy, the
total energies of the co-adsorption models and the clean
In0.53Ga0.47As (001) b2 (2 � 4) surface, respectively. mCs and mO are
the chemical potential of Cs and O atoms, respectively. n and m are
the number of adsorbed Cs and O atoms, respectively. Considering
thermodynamic equilibrium, the chemical potentials of Cs and O
atoms are related by

2mCs þmO ¼ mbulkCs2O; (2)

where mbulkCs2O
is the chemical potential of bulk Cs2O. To ensure the

stable surfaces, the following boundary conditions must be
satisfied:

mCs �mbulkCs ; mO � mmolecule
O2

; (3)

Due to the nature of Cs-rich surface, we treat mCs as the same as
that of Cs bulk. Accordingly, mO ¼ mbulkCs2O

� 2mbulkCs , the calculated
surface adsorption energies are shown in Fig. 2(a). The negative Eads
indicates that the stability of the co-adsorptionmodels is enhanced.
Yu has pointed out that CseO atoms forming a 45� angle along the z
axis of the Al0.5Ga0.5As substrate are most suitable for further



Fig. 1. Atomic structures of Cs/O co-adsorption on the As-terminated In0.53Ga0.47As (001) b2 (2 � 4) surface after geometry optimization. (a, c, e and g) represent the top view of 2Cs/
O, 4Cs/O, 6Cs/O and 8Cs/O models while (b, d, f and h) show the side view of these models respectively.
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adsorption process due to the lowest adsorption energy associated
with such a structure [36]. We have built the same angle-
dependent models to examine whether this conclusion applies to
the InGaAs structure. The calculated adsorption energies of 0�, 45�,
90�, and 180� structures are �2.613 eV, �3.032 eV, �2.375 eV and
2.684 eV, respectively. Therefore, CseO-45� adsorption structure is
adopted in this paper, as shown in Fig. 1. O atoms are fixed at the
concave site while the Cs atoms mainly locate around O atoms and
the positions of Cs atoms are higher than that of O atoms. As can be
seen from Fig. 2(a), the co-adsorptionmodels are all stable. O atoms
become easier to be adsorbed as the number of Cs atoms increases.
However, the stability slightly decreases when the Cs coverage
exceeds 0.75 ML. Compared to first stage of Cs-only activation
process [33], the overall structural stability of Cs/O co-adsorption is
greatly enhanced.
3.2. Work function and surface dipole moments

Photoemission from an NEA photocathode surface can be
described by a ‘three-step’ emission model [37] which consists of
photoelectron excitation, electron transportation, and electron
escaping into the vacuum. The excited photoelectrons need to
overcome the energy barrier before escaping into the vacuum. In
fact, the aim of activation process is to lower the energy barrier, and
further contributes to acquire NEA state. Thus, work function is the
key parameter to measure the quantum efficiency of photoemitters
and can be defined as [38]:

f¼ Evac � Ef ; (4)

where Evac and Ef represent the energy of vacuum level and Fermi
level, respectively. The calculated work functions of clean surface



Fig. 2. Calculated adsorption energies, work functions and surface dipole moments of different Cs/O co-adsorption models.

Table 1
Calculated averaged E-Mulliken atom charge distribution, the positive value rep-
resents the electron donors while the negative value indicates the electron acceptors
respectively.

2Cs 2Cs/O 4Cs 4Cs/O 6Cs 6Cs/O 8Cs 8Cs/O

Cs 0.797 0.813 0.658 0.702 0.597 0.679 0.494 0.551
O / �1.168 / �1.221 / �1.202 / �1.216
In 0.582 0.599 0.601 0.606 0.606 0.612 0.607 0.608
Ga 0.544 0.552 0.546 0.556 0.549 0.561 0.547 0.565
As �0.518 �0.576 �0.579 �0.636 �0.649 �0.686 �0.663 �0.703
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and different co-activation models are shown in Fig. 2(b). Based on
our previous research, Cs-only adsorption on InGaAs photocathode
surface can significantly lower thework function [33]. However, the
electron affinity remains positive under the Cs-only procedure,
which is different from GaAs and GaN photocathodes [13,14]. After
O adsorption, the work function is reduced by 2.279 eV, 3.408 eV,
3.840 eV and 4.144 eV, respectively. The work function of the 8Cs/O
co-adsorption model is 0.692 eV, lower than the theoretical band
gap of bulk In0.53Ga0.47As (0.749 eV according to prior theoretical
analysis [39]), indicating that the vacuum level is indeed below the
LUMO, and the true NEA state can be achieved. The work function
reaches the minimum value at the Cs coverage of 0.75 ML and then
rises again during the Cs-only process. On the other hand, when O
adatoms are present, the work function decreases monotonously as
Cs coverage increases. Obviously, O adsorption plays an indis-
pensable role in the activation of InGaAs photocathodes, and the
incorporation of O atoms is conductive to the work function
decreasing, and further improve the performance of
photoemission.

Electrons redistribution between adatoms and the substrate
surface leads to the change of work function and the formation of
dipoles. Hogan et al. [40] have proposed a method to analyze the
adatom-induced dipoles by taking the charge redistribution caused
by adsorption into consideration. The charge difference Dr(r) is
defined as a function of spatial position:

DrðrÞ¼ radatomðrÞ þ rInGaAsðrÞ � radatom=InGaAsðrÞ; (5)

where radatom (r) is the electron density of isolated Cs or O atoms,
rInGaAs (r) and radatom/InGaAs (r) represent the total electron density of
the InGaAs photocathode surfaces before and after Cs/O co-
adsorption, respectively, and r is the spatial location in the
different adsorption models. The average positive and negative
dipole charge Q± and the average dipole length dz normal to the
surface can be calculated as:

Qþ ¼
X
z
DrðrzÞ; ðDrðrzÞ>0Þ

Q� ¼
X
z
DrðrzÞ; ðDrðrzÞ<0Þ

9>=
>;
; (6)

Q± ¼Qþ þ Q�; (7)
dz ¼
P

zDrðrzÞz
Qþ

����
DrðrzÞ>0

�
P

zDrðrzÞz
Q�

����
DrðrzÞ<0

; (8)

where z represents the coordinate value of the z axis. Then the
average dipole moments can be expressed as:

pz ¼ jQ±j � dz (9)

The calculated average dipole moments of different models are
also depicted in Fig. 2(b). Obviously, the behaviors of dipole
moment are in good agreement with the work function variation.

In order to explain the variations of work function and dipole
moments, averaged E-Mulliken atom charge distributions of the co-
adsorption models are calculated and listed in Table 1. In the Cs-
only procedure, Cs loses electrons to surface atoms, leading to a
dipole moment pointing from the surface to adatoms. With Cs
coverage increases, the amount of charge transfer for each Cs atom
decreases, resulting in an increase of surface electrons obtained
from Cs adatoms. With O adsorption, the average positive charges,
which include the Cs, In and Ga atoms, increased and the negative
charges, i.e. As atoms, are increased as well. The electrons obtained
by the O adatoms from the adatoms and the surface Ga and In
atoms are transferred to surface As atoms. This charge redistribu-
tion between surface atoms and O adatom gives rise to the variation
of sp3 hybrid orbitals.

Based on above analysis, the relationship between the adatoms
and the substrate could be well clarified through the classical
dipole model proposed by Su et al. [41]. The schematic diagram of
dipole moments formed during the activation process of NEA
InGaAs photocathode is depicted in Fig. 3. In the Cs-only stage, Cs
atoms transfer a portion of electrons to the In0.53Ga0.47As (001)
reconstruction surface, forming the first dipole [Csnþ-



Fig. 3. Schematic diagram of dual-dipole models formed during the activation process of InGaAs photocathodes.
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In0.53Ga0.47Asn�] forms (Dipole I), which is in favor of the work
function lowering and the photoemission improving. However,
depolarization of the first dipole occurs when the surface is over-
cesiated and some electrons return to the adlayer, causing the
work function to increase again beyond the optimum Cs coverage
of 0.75 ML. In the Cs/O alternating stage, however, O atoms tend to
acquire two electrons from Cs atoms to form O2� ions, which can
easily diffuse into the pores between the Cs adatoms due to their
small sizes. As a result, a second dipole [Csþ-O2--Csþ] (Dipole II) is
formed. It resists the depolarization of the first dipole caused by
CseCs interaction and further reduces the electron affinity.
3.3. Band structure and DOS before and after co-adsorption

The calculated band structures of clean substrate surface, Cs-
only and Cs/O co-activation processes are presented in Fig. 4, in
which the energy of vacuum level of clean substrate surface is taken
as the reference. Due to the well-known DFT bandgap underesti-
mation, the calculated band gap of clean In0.53Ga0.47As (001) b2
(2 � 4) surface (0.107 eV) is 30%e50% lower than the experimental
value [42,43]. However, it does not influence the overall analysis of
the electronic structures. After Cs-only adsorption, the LUMO level
Fig. 4. Band structures of clean substrate surface, Cs-only and Cs/O co-activation models, th
process, respectively. The vacuum level of clean substrate surface is used as the reference.
and highest occupied molecular orbital (HOMO) level all move to-
wards the lower energy side, which is beneficial to band bending.
The metallic property and the band banding region (BBR) become
increasingly apparent as Cs coverage increases, contributing to the
escape of the photoelectrons. The LUMO level reaches the mini-
mum value and then moves upwards slightly. This phenomenon
could further explain the variation trend of work function during
Cs-only procedure. The HOMO and LUMO level can further move
downward and the BBR is enlarged due to the addition of O atoms,
leading to the further reduction of the work function. The true NEA
state of InGaAs photocathode can be achieved after the Cs/O co-
activation process. New energy bands also appear in the deep
valence band ranging from�24 eV to�18 eV after Cs-only and Cs/O
co-activation process, as depicted in Fig. 5. The band structures of
clean substrate model and the Cs-only activation process in the
deep valence band are provided as references.

In order to gain a comprehensive insight into the characteristic
of energy bands, total density of states of clean substratemodel and
Cs/O co-activation models are calculated and shown in Fig. 6 (a).
Meanwhile, partial density of states (PDOS) of Cs and O atoms in the
adatom-substrate systems are shown in Fig. 6(b) and (c), respec-
tively. The valence band of clean substrate surface consists of the
e black solid line and magenta dotted line represent the Cs-only and Cs/O co-activation



Fig. 5. New energy levels formed in the deep valence band during the Cs-only and Cs/O co-activation process. O-induced new energy bands in the deep valence band ranging
from �19 eV to �18 eV are labelled using red arrows. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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lower valence band (�7 eVe0 eV) and the upper valence band
(�16 eV to�9 eV), respectively. Due to the orbital hybridization, the
TDOS near the Fermi level increases after Cs/O co-activation,
contributing to the metallic property of the photocathode surface.
In addition, new energy bands appear at�24 eV to�22 eV attribute
to the Cs-5p state electrons and at�19 eV to�18 eV attribute to the
joint effect of O-2s and O-2p state electrons. Cs adatoms mainly
contribute to the upper valence band and the conduction band near
the Fermi level while O adatoms have influence on the upper
valence band.
3.4. Change of photocurrent during the activation process

The measured photocurrent of the R-mode In0.53Ga0.47As
photocathode is presented in Fig. 7. The entire curve comprises two
stages: the first exposure to Cs and the subsequent Cs/O alternating
process [44]. During the first stage, the photocurrent begins to rise
after 9.6 min and then increases gradually with an increase in Cs
coverage. The first peak value of 2.1 mA is achieved at around
12.9 min. Subsequently, the photocurrent begins to decline, indi-
cating the occurrence of the “Cs-kill” phenomenon [45,46]. O
source is turned on when the photocurrent is decreased to almost
85% of the peak value, and the photocurrent increases again. After
that, the Cs/O alternative cycles are performed to further activate
the photocathode samples.

The variation of surface barrier height of In0.53Ga0.47As photo-
cathode with Cs/O adlayer is shown in Fig. 8. During the first
exposure to Cs, the vacuum level is gradually decreased as Cs
coverage increases, and the distance between the vacuum and
Fermi level is lowered accordingly. Surface barrier I is formed in this
process. The reduced work function is indeed in favor of the escape
of the photoelectrons, and thus the photocurrent can be increased.
However, the work function goes up when the Cs source is in
excess, leading to the decrease of the photocurrent. The lowest
calculated work function of 2.842 eV is obtained at the optimum Cs
coverage of 0.75 ML. Nevertheless, the band gap of bulk
In0.53Ga0.47As is 0.749 eV [39], which is much lower than the lowest
work function, indicating the Cs-only process leads to the positive
electron affinity (PEA) surface and there still exists a surface barrier
height of 2.093 eV that needs to be overcome. The additional O
source involved in the second stage of activation can dramatically
lower the work function, contributing to the attainment of the true
NEA state. The surface barrier II is formed during the Cs/O co-
adsorption. The minimum work function is 0.692 eV after the Cs/
O co-activation process, which is lower than the LUMO level by
0.057 eV. In this case, the excited photoelectrons can emit into the
vacuum easier, and the quantum efficiency can be greatly
improved. The band bending of narrow bandgap semiconductors is
smaller, resulting in higher surface barrier. Therefore, the NEA state
can hardly be obtained under Cs-only activation. The calculation
results are in good agreement with the experimental results.
4. Design rules in practice

Combined first-principles calculation with experimental verifi-
cation, a reasonably thoroughanduseful accountof surface activation
of NEA InxGa1-xAs photocathodes have been put forward. Across all
the NEA III-V photocathodes studied previously, the activation



Fig. 6. TDOS of clean substrate surface and Cs/O co-adsorption models (a) and PDOS of Cs adatoms (b) and O adatoms (c).
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process is the most significant determinant of the performance of
NEA. Hence, when discussing the NEA characteristic of different III-V
photocathodes, thefirst step is to determine the electron affinityafter
Cs-onlyactivationbymeansof theoretical simulation. If thecalculated
vacuum level is still higher than the conduction band bottom, further
CseO co-activation process is particularly important in order to
obtain the NEA state. The next step is to implement the activation
experiment using the empirical values obtained by first-principles,
especially the relative amount of Cs and O sources released into the
reactive chamber. Finally, the photocurrent and quantum efficiency
curves of the photocathodes after activation are measured simulta-
neously. At this stage, the variation of the photocurrent can be well
explained by the calculated work function.

5. Conclusions

In summary, first-principles calculations of Cs/O co-activation
on (001) surface of near-infrared In0.53Ga0.47As photocathode are



Fig. 7. Photocurrent variation of In0.53Ga0.47As photocathode during Cs-only and Cs/O
co-activation process.

Fig. 8. Schematic energy band diagram showing the surface barrier height for the NEA
In0.53Ga0.47As photocathode. Ec and Ev represent the conduction and valence band
respectively, EF is the Fermi energy level, Eg is the band gap, Evac is the vacuum level,
and c represent the electron affinity.
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performed based on DFT, and Cs/O activation experiments are
carried out on a R-mode InGaAs photocathode. Calculations results
show that the structural stability is considerably enhanced after Cs/
O adsorption, and the trend of stability variation differs from that of
previously-studied Cs-only procedures. O adsorption plays an
indispensable role in the achievement of true NEA InGaAs photo-
cathode. The work function decreases simultaneously as Cs
coverage increases after O adatoms are introduced. The formed
second dipole [Csþ-O2--Csþ] resists the depolarization of the first
dipole [Csnþ-In0.53Ga0.47Asn�] and further reduces the electron af-
finity. The HOMO and LUMO levels further move toward the low
energy region and the BBR enlarges as a result of oxygen incorpo-
ration. Meanwhile, new energy bands in the deep energy level
appear due to the joint effect between adatoms. The photocurrent
curve is monitored and recorded during the activation procedure.
The variation trend of the photocurrent is in close correlation with
the calculated work function, indicating the calculation results are
well consistent with the experiments. This work reveals the Cs/O
activation mechanism of InGaAs photocathodes from the perspec-
tives of both theory and experiment. It may offer valuable guidance
to the design and fabrication of InxGa1-xAs photocathode with high
quantum efficiencies.
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