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Near-infrared InyGa;_,As photocathode with better optoelectronic properties is a good candidate for low-
light-level (LLL) night-vision system. However, the residual gases in the ultra-high vacuum (UHV) system
inevitably affects the stability and photo-emission performance of LLL photoelectric devices such as their
quantum efficiency and life-time. In this study, the first-principles calculations were used to investigate
the adsorption effect of five different residual gas species, including H,, CH4, CO, H,0 and CO, on Cs-
sensitized Ings3Gag47As (001) B, (2 x 4) surface. The study results indicate that CO, gas molecule is
the most easily attached to the Cs-sensitized surface. The adsorption of residual gases leads to the forma-
tion of a new dipole pointing from inner Cs atoms to gas molecules. It makes the charge center of the
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adsorbates escape from the surface, which weakens the interaction between the inner Cs atoms and
the clean surface. This results in the increase of the surface work function and degradation of the perfor-
mance of photoelectric devices. Also, the adsorption of residual gas molecules influences the absorption
and reflection coefficients of Cs-sensitized Ing53Gag47As (001) B (2 x 4) surface.

© 2021 Elsevier Inc. All rights reserved.
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[1I-V semiconductors GaAs, InAs and their ternary mixed crystal
InGaAs have attracted notable attention because they have poten-
tial electronic and optoelectronic applications. Also, due to their
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high-temperature stability, low ionicity, and other advantages
[1,2], they have are prevalent in various photovoltaic devices, such
as quantum dot lasers [3], solar cells [4], field-effect transistors [5].
In particular, alloy compounds based on InGaAs materials have
higher electron transmission properties than GaAs, which makes
them useful in the field of infrared light-emitting diode (LED)
detections [6]. Moreover, surface activation can be achieved by
depositing Cs and oxidant (O or NF3) on the surface of
semiconductor-based photocathode in ultra-high vacuum (UHV)
environment. This leads to the state of negative electron affinity
(NEA) [7,8]. In parallel, the surface activated through the adsorp-
tion of Cs atoms is also called Cs-sensitized surface [9]. Owing to
its adjustable spectral response wavelength, NEA In,Ga;_,As photo-
cathode has been considered to be a promising and powerful can-
didate for the preparation of near-infrared image-enhancement
devices [10-12]. However, the short lifetime of NEA In,Ga;_As
photocathodes has always been the main limitation for their wide
use [13,14]. Although much effort has been devoted to avoiding the
high-power laser irradiation in the activation process, the quantum
efficiency always decreases [15,16]. The compelling reason for this
phenomenon is probably due to the surface stability that is dam-
aged by the residual gas molecules in UHV environment [17,18].
Therefore, further understanding of the influence of residual gas
molecules on Cs-sensitized InyGa_xAs surface is crucial for improv-
ing the quantum efficiency and lifetime of the photocathode.
Although a large amount of experiments on the quantum efficiency
and lifetime of NEA GaAs photocathode adsorbed with residual
gases have been carried out [18,19] as well as similar theoretical
research such as GagsAlgsAs (001) B, (2 x 4) surface [20] and
Cs-activated GaN nanowire [21], the adsorption mechanism of
residual gas molecules on the surface of Cs-sensitized In,Ga;_,As
is still unclear.

Fisher et al. proposed that the composition of Indium has a sig-
nificant impact on the lattice matching between In,Ga;_,As mate-
rial and the substrate. Consequently, the lattice mismatch is
minimal when the composition of Indium reaches 0.53 [22].
Besides, the photoemission performance of ternary mixed crystal
In,Ga;_xAs and binary compounds GaAs is almost the same. More
prominently, previous experiments have proved that the surface
of GaAs (001) B2 (2 x 4) has the lowest work function and the best
stability among all possible reconstruction surface models [23-25].
Furthermore, in our previous research, we revealed the activation
mechanism of Cs/O co-adsorption on Ings3Gag47As (001) B,
(2 x 4) reconstruction surface during the formation of NEA state
[26]. Defects have been proven to not only improve the electrical
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and optical properties of cathode materials [27], but also increase
the electrocatalytic activity of carbon materials [28-30]. Therefore,
in this paper, Ings53Gag47As (001) B, (2 x 4) reconstruction surface
was chosen to simulate the effect of residual gas adsorption on Cs-
sensitized surface.

To this end, the first-principles calculation based on density
functional theory (DFT) was selected to investigate the effect of
residual gas (H,, CHy, CO, H,0, CO;) adsorption on the electronic
and optical properties of Cs-sensitized surface. The noteworthy
results revealed the adsorption mechanism of residual gas mole-
cules on the Ings3Gag47As (001) B, (2 x 4) surface, which has a
far-reaching guiding significance for experimentalist to further
improve the activation process in the UHV environments.

2. Calculation details and models

All calculations were based on the projector augmented wave
(PAW) pseudo-potential [31] in the Vienna ab initio simulation
package (VASP) [32,33]. The generalized gradient approximation
(GGA) of Perdew-Burke-Ernzerh (PBE) was subsequently used to
deal with the interaction between electrons [34]. The cut-off
energy was selected as 520 eV, and the k-point mesh was set to
4 x 8 x 1. A suitable vacuum layer of 15 A was used in the z-
axis to avoid interaction between adjacent layers. For geometric
optimization, convergence standards of the energy and force of
each atom were less than 10 eV and 102 eV/A, respectively.
Fig. 1 shows the schematic diagram of the Cs-sensitized Ingss-
Gag47As (001) By (2 x 4) surface adsorbed with five different resid-
ual gas molecules, respectively. In previous studies, it was found
that the best coverage of Cs atoms upon the Ings3Gag47As (001)
B2 (2 x 4) surface is 0.75 ML [35]. Under this coverage, the surface
work function is the lowest, and photoelectrons are more likely to
escape from the Cs-sensitized surface. Therefore, in this work, the
fundamental surface adsorption model with Cs coverage of 0.75 ML
was taken as the research object, and then five kinds of gases (Hj,
CH4, CO, H,0, CO,) were attached atop the surface. Only one gas
molecule was present in each model. Every model consists of seven
atomic layers, where the bottom three layers were constrained and
the upper four layers were relaxed, respectively. All structures
were built based on the fundamental principle of lowest energy,
and the optimized lattice constants were a = 15.98 A, b = 7.99 A,
c = 28.37 A. Besides, pseudo-hydrogen atoms were conventionally
adopted at the bottom of the models to saturate dangling bonds
[36]. All residual gas molecules were solely optimized, and the
valence electron configurations were set as follows: In:
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Fig. 1. The structure diagram of different residual gas molecules adsorbed on the Cs-sensitized Ings3Gag47As (001) B, (2 x 4) surface, respectively.
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4d'%5s%5p?, Ga: 3d'%4s24p!, As: 4s%4p>, Cs: 5s25p%6s!, C: 2s22p?, O:
2s22p* H: 1 s, respectively. Furthermore, in this paper, the unsen-
sitized Ings53Gag47As (001) By (2 x 4) surface is called clean sur-
face. In the Cs-sensitized surface models, Cs atoms are called
surface Cs atoms, while in the residual gas adsorption models, Cs
atoms are called inner Cs atoms, respectively.

3. Results and analysis

To determine the stability of the models and the difficulty of the
residual gas adsorption, It was firstly investigated the adsorption
energies of different residual gas molecules on Cs-sensitized Ing 53-
Gag47As (001) By (2 x 4) surface, as shown in Fig. 2 (a). The calcu-
lation formula is set as follows [21]:

(1)

where E 4 represents the adsorption energy of the model, Ejcaas-cs:
Gas Tepresents the total energy of Cs and residual gas co-adsorption
system, Epncqns-cs represents the energy of Cs adsorption system, and
Ecqs represents the energy of residual gas molecule, respectively.
The calculated adsorption energies of all the models are:
—-0.02 eV, —0.17 eV, —0.48 eV, —0.28 eV, —1.09 eV, respectively.
The negative values indicate that all adsorption models are physi-
cally stable, and the adsorption process is exothermic. The smaller
the adsorption energy is, the more stable the structure, indicating
that the residual gas molecules are easier to adhere to on the Cs-
sensitized surface. Among the five residual gas molecules, CO,
molecule is the most readily adsorbed on the Cs-sensitized surface,
thereby affecting the stability of the surface; while CH4; molecule is
the most difficult to adsorb on the Cs-sensitized surface.
According to the ‘three-step’ theory [37], the photoelectrons
need to overcome a certain surface barrier in order to escape from
the Ings3Gag47As (001) surface to the vacuum environment.
Therefore, in order to have a deeper understanding of the influence
of different residual gas molecules on the surface barrier, the fol-
lowing electronic parameters were calculated: work function (¢),
electron affinity (), and the change of electron affinity (4y). The
calculation formulas of these parameters are as follows:

Eads = EInGaAs—Cs:Gas - EInGuAs—Cs - EGas

(/) = EVacuum - Ef (2)
X = EVacuum - EC (3)
Ay = X1~ X2 4)

where Evygeuum represents the vacuum level, Er represents the Fermi
level, y, represents the electron affinity of the Cs adsorption sys-
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tem, and y; represents the electron affinity of the residual gas
adsorption system, respectively.

In this perspective, the surface work function of the residual gas
adsorption systems was calculated. As shown in Fig. 2(b), the work
function of Cs-sensitized system is 4.02 eV. However, the adsorp-
tion of residual gas molecules results in a substantial increase in
work functions, which can hinder the emission of photoelectrons.
This ultimately affects the quantum efficiency of the photocathode.
Specifically, among the five residual gas molecules, the adsorption
of CO, molecule results in the largest change of work function,
indicating the highest attenuation of photocathode quantum effi-
ciency. The calculated electron affinity of the Cs-sensitized system
is 3.34 eV, which is not enough to form the NEA state [35]. More-
over, it can be seen from Fig. 3(a) that the simultaneous increase in
surface work function is mainly due to the upward level of the vac-
uum. The adsorption of residual gas molecules can further increase
the electron affinity of the Cs-sensitized surface, which will seri-
ously hinder the formation of the low-affinity surface relying on
inner Cs atoms. Primarily, the electron affinity of the Cs-
sensitized surface is the largest with the adsorption of CO, mole-
cule, while it is the smallest with the adsorption of H,O molecule,
as shown in Fig. 3 (b). Additionally, the variation of electron affinity
caused by CO, molecule is the most obvious. In this regard, special
attention should be paid to the concentration of CO, gas in the vac-
uum environments.

In principle, the adsorption of residual gas molecules enlarges
the surface work function and electron affinity, which can greatly
hinder the transmission of electrons. Therefore, it was also calcu-
lated the charge transfer between the residual gas molecules and
surface atoms based on the Bader charge population, as shown in
Fig. 4. It can be seen from the figure that when only Cs atoms are
adsorbed, surface Cs atoms firstly provide electrons to surface
atoms to form a dipole moment, which creates a built-in electric
field between the clean surface and surface Cs atoms. This leads
to the reduction of the work function of clean surface. After the
adsorption of residual gas molecules on the Cs-sensitized surface,
inner Cs atoms will not only provide electrons to the surface atoms
but also provide electrons to the residual gas molecules. In addi-
tion, CO, molecule gets the most electrons from inner Cs atoms,
indicating that the ionization phenomenon of CO, molecule is
the most obvious.

Of particular note is that two different dipole moments are gen-
erated in the residual gas adsorption system. The first is dipole 1
[Cs-Ing 53Gag47As], which is directed from inner Cs atoms to the
clean surface, and the other is dipole 2 [Cs-Gas], which is directed
from inner Cs atoms to the residual gas molecules, as shown in
Fig. 5. The formation of dipole 2 will induce a reverse electric field
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Fig. 2. The calculation results of different residual gas molecules (CHy4, H,, H,0, CO, CO,) adsorbed on the Cs-sensitized Ing s3Gag47As (001) B, (2 x 4) surface; (a) adsorption
energies (b) work functions and surface dipole moments (all adsorbates), respectively.
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Fig. 3. (a) Schematic diagram of the surface barrier on the Cs-sensitized Ings53Gag47As (001) B, (2 x 4) surface adsorbed with residual gas molecules; (b) The calculated
electron affinity and its variation on the surface adsorbed with residual gas molecules, respectively.

Fig. 4. Schematic diagram of charge transfer between Cs atoms, residual gas molecules and Ing53Gag.47As (001) surface. The blue arrow indicates the direction of electron
transmission. However, the positions of the atoms in the figure do not represent the actual position in the models. (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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Fig. 5. Schematic diagram of the dipoles on the Cs-sensitized surface before and after the residual gas adsorption.

between the residual gas molecules and the Cs-sensitized surface,
thereby increasing the surface work function. Moreover, compared
with the Cs-sensitized surface, the charge transfer between the
residual gas molecules and the Ing 53Gag 47As (001) surface atoms
is relatively weak, indicating that the redistribution of charge is
mainly concentrated in the sensitive layer.
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In parallel, to further explore the influence of residual gas mole-
cules adsorption on surface dipoles, the dipole moments between
all adsorbates and the surface were evaluated through the method
proposed by Hogan et al. [38], as shown in Fig. 2(b). We also
calculated the average charge Q, average dipole length d, and
dipole moment p, of the new dipole 2 [Cs-Gas], as shown in
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Fig. 6. In particular, the charge density difference 4p(r) was calcu-
lated as follows [38]:

Ap(r) = pgas(r) + pcs—surface(r) - pgas/cs—surfuce(r) (5)

where pges (1)and pes_surface (1) represent the charge density of resid-
ual gas molecules and the Cs-sensitized surface, respectively. pgqs/cs-
surface (T) Tepresents the charge density of the residual gas molecules
adsorbed surface. r represents the relative position of the adsorbate
upon the surface. The average charge Q* and dipole length d,
between the inner Cs atoms and residual gas molecules are calcu-
lated as follows:

Ap(rz) > 07 QJr = ZAP(Q);AP(G) < 07 Q7 = ZAP(T}) (6)

Q€ =Q"+Q 7
d _ ZAp(TZ)Z| _ ZAp(rZ)Z‘ (8)
z = 7Q+ Ap(rz>0) Q Ap(rz<0)
The dipole moment p;, is calculated:
p, = |QF| x d, (9)

Typically, after the adsorption of residual gas molecules on the
Cs-sensitized surface, the dipole moment between adsorbates and
the surface greatly reduces, as shown in Fig. 2 (b). This can further
explain the increased surface work function. Moreover, the change
in the surface dipole moment caused by the adsorption of CO,
molecule is the biggest, which indicates that CO, molecules are
more likely to damage the stability of cathode surface. The increase
in surface dipole moment of different residual gas adsorption sys-
tems follows the order of CH4 < H, < H,O < CO < CO,. From the cal-
culation results of the new dipole 2 [Cs-Gas] in Fig. 6, the distance
between the charge center of the inner Cs atoms and the H, mole-
cule is the largest, and CO, molecule has the maximum negative
charge owing to the stronger ionization. The adsorption of residual
gas molecules not only produces electrons from inner Cs atoms and
becomes negatively charged, but also makes the charge center of
the adsorbates escape from the surface. The dipole moment from
inner Cs atoms to CO, gas molecule is the largest, which weakens
the interaction between the inner Cs atoms and the clean surface.
Above all, it is demonstrated that CO, molecule greatly damaged
the Cs-sensitized Ing 53Gag47As (001) surface.

Likewise, in order to explore the adsorption mechanism of
residual gas molecules on Cs-sensitized Ings3Gag47As (001) B,
(2 x 4) surface, a detailed analysis of the band structures of differ-
ent adsorption models was done, as shown in Fig. 7. Moreover, we
only depict the energy band structure changes from —2 eV to 2 eV.
Although the PBE method based on DFT will make the calculated
band gap smaller than the theoretical, it will not affect the analysis
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of the electronic structure of the residual gas adsorption system
[39,40]. As shown, the band gap of the Cs-sensitized system is
1.43 eV, while the adsorption of residual gas molecules will make
the conduction band minimum (CBM) move to higher energy, and
the valence band maximum (VBM) move slightly to lower energy.
This in turn will increase the band gap. Meanwhile, the band struc-
tures of the Cs-sensitized system and the residual gas (namely CHy,
H,0, CO, CO,) adsorption systems exhibit indirect bandgap charac-
teristics. In contrast, the adsorption of H, molecule makes the band
structure represent direct bandgap characteristics. Consequently,
among the five residual gas molecules, the band gap variation
caused by H,0 molecule is the largest.

In semiconductors, the efficiency of photocarrier generation is
fundamentally limited by the optical absorption and reflection
[41]. Hence, we also analyzed the influence of the residual gas
adsorption on the surface absorption coefficient and reflection
coefficient, as shown in Fig. 8. The calculation formulas are as fol-
lows [42]:

o =2wk/c=4mnk/i (10)

R(@) = [(n =17 +K]/[(n+1)* + K] (11)
where o represents the absorption coefficient, R(w) represents the
reflection coefficient. ¢ represents the speed of light, /o represents
the wavelength. n and k represent the refractive index and extinc-
tion coefficient of the Ings3Gag47As (001) surface, respectively.

As shown in Fig. 8 (a), the peak value of the absorption coeffi-
cient of Cs-sensitized surface reaches 6.361 x 10°cm™', and the
peak position is located at 4.633 eV. After the adsorption of the
residual gas molecules, the peak value of the absorption coefficient
increases significantly and moves toward higher-energy region.
The increase in the absorption coefficient of different residual gas
adsorption systems follows the order of H, < CH4 < H,0 < CO, < CO.
Besides, it can also be seen from Fig. 8 (b) that the adsorption of
residual gas molecules will also lead to the peak of reflectivity
moving toward higher-energy region. The calculated optical prop-
erties further demonstrate the harmful effect of residual gases
upon the Cs-sensitized surface; however, the sensitive layer can
still absorb photon normally.

4. Conclusions

Based on previous research studies [22-25,35], this study has
revealed the physical mechanism of residual gas adsorption on
Cs-sensitized Ing s3Gag47As (001) B, (2 x 4) surface. The residual
gas molecules damage the stability of the cathode surface and then
affect the quantum efficiency and lifetime of the cathode. This is
consistent with the conclusions obtained in previous experiments
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Fig. 6. Schematic diagram of the average dipole charge, dipole length and dipole moment between inner Cs atoms and residual gas molecules.
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[17,18]. What’s more, the residual gas molecules will contribute to
the increase of the surface work function and dipole moments, as
observed in GagsAlgsAs (001) By (2 x 4) surface [20] and Cs-
activated GaN nanowire [21]. However, compared with the Gags-
AlgsAs (001) By (2 x 4) surface [20], this work demonstrates that
residual gas molecules affect the electron affinity of the cathode
surface and then damage the sensitizing effect of Cs atoms. In par-
allel, compared with Cs-activated GaN nanowire [21], it can be
concluded that the peak values of absorption coefficients show
an opposite trend, which indicates that the effect of residual gas
molecules on the optical properties of different surfaces is incon-
sistent. According to this work, the adsorption of residual gases
will adversely affect the performance of sensitized photocathodes,
especially oxidizing active gases such as CO,_ It is suggested that
special attention should be paid to the concentration of CO, gas
during the surface sensitization of Iny,Ga;_xAs photocathodes.
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