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surfaces show different atomic arrangements, leading to different properties. In this paper, the
optoelectronic properties of three representative Ing s3Gag 47As surfaces have been studied and
analyzed at the atomic levels by using the first-principles calculation method. Results show that
the (001), (011) and (111) Ing 53Gag 47As surfaces are all chemically stable, and the lowest work
function is obtained at (001) surface. The band diagram shows that the conduction bands of the
three surfaces are all shifted down to the Fermi level. At the same time, the valence bands on the
(001) and (111) surfaces move up, crossing the Fermi level, indicating the enhancement of
metallic property. The narrowing of the conduction band leads to the weakening of electron
locality. Among the three representative surfaces, the average absorption coefficient and reflec-
tance of Ings3Gag 47As (001) surface are decreased most significantly, reflecting higher photo-
electrons emitting performance.

1. Introduction

The negative electron affinity (NEA) GaAs photocathodes own many advantages such as superior transmission characteristics,
concentrated electron energy, angular distribution and so on. Therefore, it has become the focus of research in the fields of opto-
electronic emission once it appears, and it has been widely used not only in low-light night vision imaging devices but also in particle
physics fields such as electron beam exposure in a plane, design and application of linear accelerator [1-5]. The experiments by
Turnbull and Evans as early as 1968 [6] demonstrated that the adsorption of alkali metal elements on the surface of GaAs photocathode
can gain NEA properties. However, the limited spectral response threshold of GaAs photocathodes will further hinder its applications
in ultraviolet and infrared regions [7,8]. With the participation of indium (In), the spectral response of In,Ga;_,As photocathode can be
extended to the infrared region [9]. Moreover, the proportion of In component also affects the hybridization of electronic states and the
material properties of crystal orientation [10]. A high quality In,Ga;_,As photodiode layer can be grown on the GaAs substrate,
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resulting in low dark current and high growth speed [11]. Furthermore, by depositing a strain buffer layer in the In,Ga;.,As heter-
oepitaxial layer on the GaAs substrate, the electrical activity of the defects can be extended [12]. When the component of x in
In,Gaj ,As changes from 1 to 0, the energy bandgap will also change from 0.35 eV (x = 1) to 1.43 eV (x = 0), and accordingly, the
cutoff wavelength varies from 3.5 pm to 0.87 pm [13]. In addition, previous researches have proposed that the emission layer of
InyGaj xAs photocathode matches the substrate well and the lattice mismatch is the smallest when x = 0.53 [14,15], which is helpful
for the formation of NEA In,Ga;.xAs photocathodes.

Semiconductor materials have different atomic arrangements along the surface in different directions, which will lead to different
surface characteristics. In this study, the atomic structure and optoelectronic properties of Ing53Gag 47As (001), (011), and (111)
surfaces are simulated and analyzed. The surface energies, work functions, E-Mulliken populations, band structures, density of states
and optical characteristics of three representative Ing 53Gag 47As surfaces are calculated. The accurate calculation and quantitative
analysis will contribute to the design of high-performance NEA Ing 53Gag 47As photocathodes.

2. Calculation method and models

The calculation used in this article adopts the Perdew—Burke—Ernzehof (PBE) functional in view of the density functional theory
(DFT) [16,17], and the program package Cambridge Serial Total Energy Package (CASTEP) [18-20] is selected for the calculation. As is
known, the hybrid exchange correlation functionals, like B3LYP or B3PW, allows to achieve an excellent agreement with the exper-
iment for the band gaps of related complex materials [21,22], whereas the DFT based PBE usually underestimates the band gap of those
complex materials. However, it does not influence the analysis of the electronic properties of the calculated structures [23,24].
Meanwhile, the Broyden-Fletcher-Goldfarb-Shanno (BFGS) [25] arithmetic is selected to obtain the optimized bulk material con-
structions. A self-consistent method is also adopted to perform dipole correction to reduce the impact of dipole moment. The calcu-
lations are performed using the valence electronic states of the constituting atoms as following: In:4d'%5s?5p% Ga:3d'%4s%4p?,
As:4s24p®, H:1s!. Based on the principle of minimum energy, the convergence accuracy of energy and force are set to 2 x 107°
eV/atom and 0.002 eV/nm, respectively. The upper limit of convergence for a single atom is 2 x 10> eV, working tension smaller than
0.03 GPa, and the offset of the atom changes less than 0.0001 nm during the iteration. In order to prevent the interactions between
adjacent plates, the thickness of the vacuum layer is selected to 15 A. After multiple convergence tests, the best truncation energy is
selected as 400 eV, the k grid points for Ing 53Gag 47As bulk material and the three surfaces are selectedas 7 x 7 x 7and 4 x 6 x 1,
respectively, and the calculation of optical properties is corrected by the scissor’s operator [26].

The Ing 53Gag 47As primitive cell crystal model is shown in Fig. 1. Fig. 2 depicts the top and side views of the optimized slab models
of (001), (011) and (111) Ing 53Gag 47As surfaces. As can be seen from Fig. 2, there are 56 atoms in the Ing 53Gag 47As (001) and (111)
surface models: 13 In atoms, 11 Ga atoms, 28 As atoms, and 4 extra pseudo hydrogen atoms. However, there are 64 atoms on the
surface of (011) model: 15 In atoms, 13 Ga atoms, 28 As atoms, and 8 extra pseudo hydrogen atoms. Therefore, the stoichiometric ratio
of In atoms in the three surfaces of Ing 53Gag 47As all agrees well with x = 0.53. The atomic arrangements of the three surfaces consist of
seven bilayers of atoms. In order to simulate a large environment to improve the calculation accuracy, the three bimolecular layers at
the top of the model are freely relaxed, while the four bimolecular layers at the bottom of the model are fixed. Meanwhile, the bottom
of the model is equipped with pseudo-hydrogen atoms to avoid the metastasis of electrons on the surface [27].

3. Calculation results and analysis
3.1. Surface energy

Surface energy is often used to judge the stability of the atomic structures, and can be quantitatively described by o, which can be
optimized by the following expression [28-30]:

oA = (E((lzh - NGa.uGa - N[,,ﬂ,,, - NAS”A.\' - NHﬂH) (1)

where Etot slab is the total energy of the plate model, N; is the amount of type i atoms in the model, 4; is the energy of an i-type atom. A is
the total surface area, yigq, fim, and p4, are independent of each other and satisfy the following formula: 0.47 164 + 0.53 1, + pas = Epuik,

Fig. 1. Ing53Gag 47As primitive cell crystal model.
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Fig. 2. Top and side views of (001), (011) and (111) Ing53Gag 47As surfaces, respectively.

so we can get the following formula:

Noa(Epuc — s — 0.53us,
0A = (E;gf o (Eout oﬂ e : )sznﬂ,,, 7NAJ”A.Y7NH”H) @

where Ep,jx represents the average energy of Ing 53Gag 47As bulk model. Here we define 0.53Ng,/0.47 as §. For (001) and (111) sur-
faces, the value of § is about 12.404, and for (011) surface, the value of § is about 14.659. When we approximate that 5 and Ny, are
equal, we can get that ¢ can be written as a formula only related to As atoms:

0A = (EL?,ib — Nea(Epuk — Pas) / 0.47 — Ny, — NHllH) 3)
2
——(001)
——(011)
—(111)
o -4
E
=
©
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Fig. 3. Surface energies of Ing 53Gag 47As bulk model and three representative surfaces.
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The calculated surface energies of (001), (011) and (111) Ing 53Gag 47As surfaces are shown in Fig. 3. Obviously, all three surfaces
have negative surface energy, indicating the formation of the three surfaces is an exothermic process. The (001) surface is the most
stable, while the (011) and especially the (111) surfaces are less stable. The same phenomenon also occurs in another materials, for
example, ABOg3 perovskites [31].

3.2. Work function

In semiconductors, the work function, also known as escape work, refers to the minimum value of energy which an electron needed
to escape into the vacuum, and the calculation formula is as follows [32]:

¢ =Ey — Ef “4)

where, Ey, represents the potential of the vacuum level and E; represents the potential of the Fermi energy, respectively. The
calculated work functions of the (001), (011), and (111) Ing 53Gag.47As surfaces are 4.542eV, 4.743eV and 5.103eV, respectively.
Obviously, according to the calculation result, the work function of (001) surface is the lowest, photoelectrons on (001) surface can
escape into vacuum easier than that on (011) and (111) surfaces.

3.3. E-Mulliken population

The number of E-Mulliken bond and atomic populations of bulk, (001), (011) and (111) Ing 53Gag 47As surfaces are calculated and
shown in Table 1. By referring to the electronegativity table proposed early, the relative electronegativity of In, Ga and As atoms are
1.78, 1.81 and 2.18 [33], respectively, indicating that In-As bond and Ga-As bond are held together by the covalent interaction of
atoms. As can be seen from Table 1, the bond populations of Ga—As and In—-As are all increased, indicating the covalent properties are
further enhanced. Obviously, the covalency of In-As bonds are greater than that of Ga—As bonds. The E-Mulliken atom populations
show that Ga 3d and In 4d states remain basically unchanged, the electron number of Ga 4s state increases, while the numbers of Ga 4p,
In 5s, In 5p, As 4s and As 4p electron state decrease, respectively. The redistribution of electron states leads to the breakdown of sp®
hybridized orbital and the formation of plane sp? hybridized orbital. Moreover, the changes in the s and p states of Ga atom are more
obvious than those of In and As atoms, indicating that the Ga-As bond varies more obvious during surface formation, which is
consistent with the variation of bond population.

3.4. Band structure and density of states

The energy band diagrams of the bulk Ing 53Gag 47As and three representative surfaces are shown in Fig. 4, in which the Fermi
energy level is fixed at 0 eV. The band gap of bulk material is calculated as 0.382 eV, which is smaller than the band gap obtained by
experiment (0.782eV). This is caused by the common choice of energy states, since the ground state is selected by the DFT, while the
band gap is an excited state [34]. Obviously, the conduction band minimum (CBM) of all three surfaces shift downwards, while the
valence band maximum (VBM) of (001) and (111) surfaces shift upwards, respectively. The movement of the electrons at the atomic
orbitals contributes to the formation of surface state, which further resulting in band gap narrowing. In addition, the narrowing of the
conduction band reflects the reduced electron effective mass at the CBM, and further results in the weakening of electronic locality.
The enhancement of metallic characteristics is conducive to electron transport on the surface, leading to the enhancement of surface
conductivity.

Fig. 5 shows the total and partial density states of Ing 53Gag 47As bulk and three representative surfaces. Clearly, the peak at —14.8
eV is mainly caused by Ga 3d and In 4d states. The lower valence band at —13.4 ~ —9.6 eV is mainly caused by As 4s, while the upper
valence band at —7.7-0 eV is mainly caused by Ga 4s, In 5s, In 5p and As 4p states, respectively. For the conduction band of three
surfaces, it mainly consists of In 5p, Ga 4p and As 4p states. In addition, in bulk Ing 53Gag 47As and three representative (001), (011) and
(111) surfaces, p electronic states associated with In and Ga atoms are positioned in the upper portion of the valence band, while In(Ga)
s states are located in the lower portion of the band. This is also consistent with the results obtained from other mixed In-Ga-bearing
semiconductors [35,36].

Table 1
E-Mulliken populations of bulk, (001), (011) and (111) Ing s53Gag 47As surfaces.
Bulk (001) (011) (111)
bond population Ga-As —1.62 0.31 0.42 0.48
In-As 0.65 0.79 0.73 0.92
Ga atom population 4s 0.62 1.02 1.12 1.03
4p 1.76 1.69 1.65 1.71
3d 9.99 10.0 10.0 10.0
In atom population 5s 1.47 1.37 1.36 1.35
5p 1.64 1.58 1.53 1.58
4d 9.98 9.99 9.99 9.99
As atom population 4s 1.62 1.56 1.51 1.57
4p 3.64 3.58 3.63 3.56
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Fig. 4. The band structures of Ing 53Gag 47As bulk model and three representative surfaces.
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Fig. 5. The total and partial density states of Ing 53Gag.47As bulk and three representative surfaces.
3.5. Optical properties
For semiconductor materials, the optical response characteristics between solids in the near-infrared linear spectral response range
can be described by the complex dielectric function e(w) = &1 (w) + ie2(@) or by complex refractive index N(w) = n(w) + ik(w) [37]:
& =n*— Kk 5)
&, =2nk 6)

Adiabatic approximation assumes that the nucleus of an electron is stationary when it is moving, that is, the electronic motion is
adiabatic to the nucleus. The one-electron approximation can ignore the participation of phonons in the band transition and only
consider the excitation of the electrons. In addition, through the understanding and derivation of the direct transition probability and
the Kramers-Kronig dispersion relation, the complex dielectric function, the absorption coefficients and reflectivity of the material can
be obtained as follows [38,39]:

sz(w):go(n:;w)Q; / (de2|aMVC} S[Ec(K) — Ev(K) — ha @
2e —~ [ 2dk |aMVC ®)[ 1
& (w)= Som VZC/ 2 [Ec(K) — Ev(K)]/h [Ec(K) ] /hz ? 8)
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a=2wk/c = 4rk/l @

Rw)=[(n— 1 +&]/[(n+1)* +#] (10)

In the above formulas, k is the extinction coefficient of the material, n is the complex refractive index parameter of the material, K
represents the wave vector of plane wave, a represents the unit vector A, BZ represents the first Brillouin region in the reciprocal space,
Crepresents the conduction band and V represents the valence band, My ¢ is the element in the transformation matrix. Ec(K) and Ey(K)
represent the CBM and the VBM energy levels of the intrinsic semiconductor, respectively.

The imaginary part of the complex dielectric constant is caused by various relaxation polarizations, which are associated with
changes in the material’s internal steering polarization and external high-frequency electric fields representing the material’s loss
term. In addition, the irradiation of light can cause the electron absorption energy to transition from the VBM to the CBM. Therefore,
the complex dielectric constant material can be used to quantitatively describe the relationship between the photon energy absorbed
per unit volume in unit time and the electromagnetic wave power.

The calculation results of the real and imaginary parts of the complex dielectric function of Ing 53Gag 47As bulk and three surfaces
are shown in Fig. 6. It is clearly seen that, compared with the bulk model, the (001) and (011) surfaces have smaller intersection values
with the y-coordinate axis, that is, their static dielectric constants are smaller, while the parameter of the (111) surface is greater. In the
figure, the first peak of the imaginary part of the volume material is 2.05eV, while the first peak of the imaginary part of the surface
(001), (011) and (111) is 1.76eV, 1.23eV and 0.50eV, respectively. The peak of the imaginary part moves towards the direction of low
energy, indicating the movement of electrons at the atomic orbitals.

Complex refractive index is the most important optical constant for absorbing media. The real part represents the refractive index of
the medium, and the imaginary part represents the absorption coefficients, which can be used to describe the absorption characteristics
of the medium and the polarization state of the reflected and transmitted light.

Fig. 7 depicts the complex refractive index of Ing 53Gag 47As bulk, and three representative surfaces. When ¢; < 0 (n < k), a strong
inter-band transition occurs, and thus the material exhibits a strong metallic reflectivity. The metal reflection (MR) regions of the bulk
and the other three surfaces are 4.28-15.1 eV, 2.13-6.33 eV, 2.68-5.41 eV, 2.63-5.65 eV, respectively. The MR regions of the three
surfaces are smaller than that of the bulk material, and move towards a lower energy side. The MR region of the (011) surface is the
smallest, while the (011) surface has the largest change. As is known, when the refractive index of a material increases with increasing
incident photon frequency, the material exhibits normal dispersion. Otherwise, the material exhibits abnormal dispersion. Taking the
(001) surface as an example, the material exhibits abnormal dispersion in the region of 0-6.34 eV, while in the region of 6.34-20 eV,
the material exhibits normal dispersion.

The calculated optical absorption spectrum of Ing 53Gag 47As bulk and three representative surfaces are shown in Fig. 8. The peaks
of absorption coefficient of the Ing 53Gag 47As bulk locate at 2.09 eV (contributes to the transition between As 4p, Ga 4p and In 5p state
electrons), 4.75 eV (contributes to the transition of As 4p state electron), 6.71 eV (contributes to the transition of As 4p state electron),
8.97 eV (contributes to the transition between Ga 4s and In 5s state electrons),17.2 eV (contributes to the transition of As 4s state
electron),19.9 eV (contributes to the transition between Ga 3d and In 4d state electrons). Compared with the bulk material, the peaks
of the absorption coefficient on the surfaces are greatly reduced, and the band edges of the absorption spectra move towards a lower
energy direction.

Fig. 9 shows the reflectivity spectrum of Ing53Gag 47As bulk and three surfaces. As can be seen from the figure, the average
reflectance of the three surfaces is smaller when compared with the bulk, and the parameter of the (011) surface is the smallest. The
reflectivity failing edge of the surfaces are all moving to a lower energy side. Meanwhile, the movement of (011) surface is the most
obvious. The higher the reflection coefficient, the more difficult it is for electrons transporting to the surface. Therefore, in order to
obtain better photoemission effect, the surface with low reflectance should be selected.
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Fig. 6. The dielectric function of Ing 53Gag 47As bulk and three surfaces, (a) real and (b) imaginary part, respectively.
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Fig. 7. The refractive Index of Ing s53Gag 47As bulk model and three representative surfaces.
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Fig. 8. The absorption spectrum of Ing 53Gag 47As bulk model and three representative surfaces.

By comparing the emission and absorption curves, the absorption and reflection coefficients of (001) surface are the smallest,
indicating the higher transmittance of (001) surface, which is conducive to photoelectrons emitting.

4. Conclusion

In summary, using CASTEP program package, the atomic and electronic structures and optical properties of Ing 53Gag 47As (001),
(011) and (111) surfaces are studied within DFT approach. Results show that the three representative surfaces of Ing 53Gag 47As are all
chemically stable. The Ing 53Gag 47As (001) surface has smaller work function than the other two surfaces, reflecting the photons are
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Fig. 9. Reflectivity spectrum of Ings3Gag 47As bulk model and three representative surfaces.

most likely to escape into the vacuum. The CBM of all three surfaces are shifted down to the Fermi level while the VBM of (001) and
(111) surfaces tend to move up. The narrowing of the conduction band leads to the weakening of electron locality. The MR regions of
all three surfaces are narrower than that of the bulk material, and move towards a lower energy direction. Although the MR regions of
(011) Ing 53Gag.47As surface is the narrowest, the change of the (001) surface is the largest. Compared with the bulk material, the
absorption coefficients and reflectivity of all three surfaces are obviously smaller. Due to the smallest work function, average ab-
sorption coefficient and reflectivity, Ing 53Gag 47As (001) surface has the strongest electron emitting performance among the three
representative surfaces.
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