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The adsorption characteristics of Cs on GaN (0001) and GaN (0001̄) surfaces with a coverage from 1/4 to 1

monolayer have been investigated using the density functional theory with a plane-wave ultrasoft pseudopotential

method based on first-principles calculations. The results show that the most stable position of the Cs adatom on the

GaN (0001) surface is at the N-bridge site for 1/4 monolayer coverage. As the coverage of Cs atoms at the N-bridge

site is increased, the adsorption energy reduces. As the Cs atoms achieve saturation, the adsorption is no longer stable

when the coverage is 3/4 monolayer. The work function achieves its minimum value when the Cs adatom coverage is

2/4 monolayer, and then rises with Cs atomic coverage. The most stable position of Cs adatoms on the GaN (0001̄)

surface is at H3 site for 1/4 monolayer coverage. As the Cs atomic coverage at H3 site is increased, the adsorption

energy reduces, and the adsorption is still stable when the Cs adatom coverage is 1 monolayer. The work function

reduces persistently, and does not rise with the increase of Cs coverage.
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1. Introduction

GaN is commonly used as a new semiconductor

material for its fascinating properties, such as a wide

band gap, high thermal conductivity, high breakdown

voltage, high melting point and chemical stability,

among others.[1,2] GaN has promising applications in

the field of electronic devices,[3−5] such as in high-

temperature devices, high-power devices, and the op-

toelectronic devices field such as blue light-emitting

diodes (LEDs),[6,7] blue lasers (LDs)[8,9] and ultravi-

olet detectors.[10,11] Negative electron affinity (NEA)

can be obtained by reducing the work function of the

GaN (0001) surface covered by Cs and O, which has

been studied experimentally.[12−14] The GaN ultra-

violet photocathode based on NEA is a very good

cold electron source, and has important application

value in flat electronic printing and vacuum ultravio-

let detection.[15−17] For the difference between surface

properties of GaN (0001) and (0001̄) surfaces,[18] the

adsorption characteristics of Cs on GaN (0001) and

GaN (0001̄) surfaces may have differences which have

been rarely studied. The electronic structure and op-

tical properties of the GaN (0001) surface adsorbed by

a single Cs atom have been investigated by us using

the density functional theory with a plane-wave ultra-

soft pseudopotential method based on first-principles

calculations.[19] Based on this study, the influence of

Cs coverage on adsorption energies and the work func-

tion of GaN (0001) and (0001̄) surfaces have been

studied further, and the differences as well as the rea-

sons between the surface adsorption characteristics of

Cs on GaN (0001) and (0001̄) surfaces have been com-

pared. This may provide a theoretical reference for

the experimental study of the NEA GaN ultraviolet

photocathode.
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2. Theoretical model and calcula-

tion method

All calculations were performed with the quan-

tum mechanics program Cambridge Serial Total En-

ergy Package (CASTEP)[20] and a plane-wave pseu-

dopotential method combined with the generalized

gradient approximation (GGA)[21,22] based on density

functional theory (DFT). The valence electronic wave

function of the primitive cell was expanded using a

plane-wave basis set with an energy cutoff of 400 eV.

The Broyden–Fletcher–Goldfarb–Shanno (BFGS) al-

gorithm was used to relax the structure of the crystal

model. The convergence precision was set to an en-

ergy change of below 2 × 10−6 eV/atom, a force of

less than 0.005 eV/nm, a convergence tolerance of a

single atomic energy of below 1 × 10−5 eV/atom, a

stress of less than 0.05 GPa, and change in displace-

ment of less than 0.0001 nm in iterative process. The

integral in the Brillouin zone was sampled with the

Monkhorst–Pack scheme[23] for selected k points with

high symmetry. The k points in the Brillouin zone

and the plane wave cutoff energy were tested. The

number of k points was 9× 9× 9 for bulk-phase GaN,

and 4 × 4 × 1 for GaN (0001) and GaN (0001̄) sur-

faces. We found these were enough to ensure calcu-

lation accuracy. All calculations were carried out in

reciprocal space with Ga: 3d104s24p1, N: 2s22p3, and

Cs:5s25p66s1 as valence electrons.

The surface slab was modelled with six Ga–N bi-

layers to simulate GaN (0001) and GaN (0001̄) sur-

faces. Among these bilayers, the top three bilayers

were relaxed freely and the bottom three bilayers were

fixed at the ideal positions to simulate a bulk environ-

ment, and a vacuum thickness of at least 1.5 nm was

used to avoid interaction between repeated slabs. The

bottom side of the slab was saturated with pseudohy-

drogen atoms to prevent transfer of surface charges.

3. Results and discussion

Before starting the surface calculations, we first

optimized bulk GaN (shown in Fig. 1(a)). The lattice

parameters after optimization are given in Table 1.

(2 × 2) GaN (0001) and GaN (0001̄) surface mod-

els were obtained by cleaving the bulk-phase supercell

(shown in Figs. 1(b) and 1(c)).

Ga 

N 

H 

(a)
(b) (c)

Fig. 1. (colour online) Structure of the GaN supercell: (a) side view of bulk-phase GaN, (b) side view of (2×2)

GaN (0001) surface, (c) side view of (2× 2) GaN (0001̄) surface.

Table 1. Calculated and experimental lattice parameters.

Lattice parameters a/nm b/nm c/nm

This work 0.3225 0.3225 0.5224

Experimental values[23] 0.3189 0.3189 0.5185

The lattice parameters after optimization agree

with the experimental values,[24] the error is 0.75% ∼
1.22%, thereby validating the correctness of the cal-

culation method.

For semiconductors, the work function is the min-

imum energy needed by electrons at the bottom of

the semiconductor to escape externally, and can be

expressed as:[25]

Φ = Evac − Ef , (1)

where Evac is the vacuum level, and Ef is the Fermi

level.

The work function of the GaN (0001) surface cal-

culated by us is 4.2 eV, which is in good agreement

with the experimental value of 4.0±0.2 eV,[26] and

close to the calculated result of 4.42 eV in Ref. [25],

that of the GaN (0001̄) surface is 6.667 eV. The dif-
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ference between the work functions of the GaN (0001)

and GaN (0001̄) surfaces is mainly due to the inconsis-

tent direction of the surface dipole. The GaN (0001)

surface is more beneficial for the escape of electrons

than the GaN (0001̄) surface.

4. Adsorption of Cs on GaN

(0001) surface

The distance between the first and second bilay-

ers is 0.2023 nm and increases by 2.20%, between the

second and third bilayers the distance is 0.1995 nm

and increases by 0.81%, compared with an ideal dis-

tance of 0.1979 nm between bilayers. The thickness of

the first bilayer is 0.0653 nm and condenses by 1.99%,

on the second surface is 0.0635 nm and expands by

0.85%, compared with an ideal thickness 0.0647 nm of

bilayer.

The adsorption energies Eads of Cs on the GaN

(0001) surface is written as[27]

Eads = (ECs/GaN(0001) − EGaN(0001) − nECs)/n, (2)

where n is the number of the adatoms, EGaN(0001)

is the total energy of clean GaN (0001) surface,

ECs/GaN(0001) is the total energy of GaN (0001) sur-

face with Cs adatoms, and ECs = −548.9466 eV is

the total energy of an isolated Cs atom. If Eads is

negative, it means that the absorption process is an

exothermic chemical process and is stable. A positive

Eads means that the absorption process is endother-

mic and is unstable.

BGa 

T4  

T1 

BN

H3 

Fig. 2. (colour online) Top view of GaN (0001) surface

and the adsorption sites.

The Eads with a Cs adatom on the GaN (0001)

surface separately at T1 (Ga top), H3 (hollow site),

T4 (N top), BGa (Ga bridge) and BN (N bridge) sites

(shown in Figs. 2 and 3) are −1.89 eV, −2.02 eV,

−1.96 eV, −1.98 eV, and −2.04 eV, respectively, and

are negative. These results confirm that the adsorp-

tion process is stable. Eads is the smallest for a Cs

adatom at the T1 site, and the largest at BN site, and

there was little overall difference among the Eads for

different adsorption sites. The results show that the

adsorption of a Cs atom at BN site is more favorable

than the Cs adsorption in other sites.

Fig. 3. (colour online) Side view of Cs/GaN (0001) sur-

face.

To study the interaction between Cs atoms and

a GaN (0001) surface, Eads of Cs atoms at the BN

site with different coverages of 1/4, 1/2, 3/4, and 1

monolayer (ML) were calculated as shown in Fig. 4.

As coverage increased, Eads decreased, and the stabil-

ity of adsorption was reduced. When the coverage of

Cs is 3/4 ML, the maximum saturation of Cs atoms

is achieved, experimentally proved for a GaN (0001)

surface activated by Cs alone.[28] The main reason for

this variation is the increased interaction between Cs

atoms as coverage increases.
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Fig. 4. Eads versus coverage for BN site of GaN (0001)

surface.

The change of the work function with a Cs adatom

on the surface separately at five high symmetry sites

is shown in Table 2. Calculations show that the work

function of the GaN (0001) surface reduces after Cs
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atom adsorption due to the change of surface dipoles

caused by the transfer of Cs 6s electrons to the GaN

(0001) surface.

Table 2. Work functions of Cs atoms at high-symmetry

sites on GaN (0001) and GaN (0001̄) surfaces.

↓ Adsorption system T1 H3 T4 BGa BN

\adsorption sites→

Cs/GaN (0001)[19] 2.38 2.16 2.37 2.36 2.36

Cs/GaN (0001̄) 4.20 4.44 4.30 4.30 4.44

In order to investigate the effect of the adsorp-

tion of Cs on the work function of the GaN (0001)

surface, the work function of Cs atoms at the BN site

with a coverage of 1/4, 2/4, 3/4, and 1 ML were calcu-

lated, as shown in Fig. 5. The work function decreases

at first, and then rises as coverage increases, and is

the smallest when coverage is 2/4 ML, experimentally

proved for the GaN (0001) surfaces activated by Cs

alone.[29] The main reason for the observed variation

is the increased interaction between Cs atoms at high

coverage. Some electrons return to Cs atoms from the

GaN (0001) surface in order to achieve balance, which

decreases the dipole moments between Cs atoms and

the GaN (0001) surface, and thus results in an in-

creased work function.
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Fig. 5. (colour online) Work function versus coverage for

BN site of GaN (0001) surface.

5. Adsorption of Cs on the GaN

(0001̄) surface

The distance between the first and second bilayer

is 0.2091 nm and increases by 5.67%, between the sec-

ond and third bilayer the distance is 0.2003 nm and in-

creases by 1.21% after relaxation, compared with that

of an ideal distance of 0.1979 nm between bilayers.

The thickness of the first bilayer is 0.0351 nm and con-

denses by 45.78%, that of the second surface bilayer is

0.0576 nm and condenses by 10.97% after relaxation,

compared with an ideal thickness of 0.0647 nm. The

influence of relaxation on the thickness of the bilayer

and the distance between bilayers for the GaN (0001̄)

surface is larger than that for the GaN (0001) sur-

face. There are larger changes and undulations for

the morphology of the GaN (0001̄) surface, which in-

dicates that the stability of the GaN (0001̄) surface is

inferior to that of the GaN (0001) surface. The main

reason for the difference between the GaN (0001) and

GaN (0001̄) surfaces is the different dipole moments

in them.

The Eads with a Cs adatom on the GaN (0001̄)

surface separately at T1 (Ga top), H3 (hollow site),

T4 (N top), BGa (Ga bridge), and BN (N bridge) posi-

tions as shown in Figs. 6 and 7 are−3.59 eV,−3.88 eV,

−3.78 eV, −3.73 eV, and −3.79 eV, respectively, and

are negative. These results confirm that the absorp-

tion process is stable. Eads is the smallest for a Cs

adatom at the T1 site, and the largest for a Cs adatom

at the H3 site. The results show that the most stable

adsorption site for Cs on the GaN (0001̄) surface is

the H3 site, and Eads of Cs on the GaN (0001̄) surface

are larger than that of Cs on GaN (0001) surface.

 
 

 

 

BGa

T4

T1

BN

H3

Fig. 6. (colour online) Top view of the GaN (0001̄) sur-

face and the adsorption sites.

Fig. 7. (colour online) Side view of the Cs/GaN (0001̄)

surface.

We calculated the Eads of Cs adatoms at the H3

site with coverage of 1/4, 1/2, 3/4, and 1 ML shown
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in Fig. 8. We have found that as coverage is in-

creased, Eads decreases, and the stability of adsorption

reduces. When coverage is 1 ML, Eads is negative, and

this means that the absorption process is still stable,

and saturation of the Cs atoms is not achieved. The

main reason for the difference between Cs on GaN

(0001) and (0001̄) surfaces is the strong electrostatic

attraction between the electropositive Cs atoms and

electronegative N atoms in the outmost layer of GaN

(0001̄) surface.

Cs coverage

A
b
so

rp
ti

o
n
 e

n
e
rg

y
/
e
V

0 0.25 0.50 0.75 1.00

-4

-3

-2

-1

Fig. 8. Eads versus coverage for H3 site of GaN (0001̄)

surface.

The work function decreases after the adsorption

of Cs on the GaN (0001̄) surface, and changes with

a Cs adatom on the GaN (0001̄) surface at different

high symmetry sites separately, shown in Table 2. The

main reason that the work function of the GaN (0001̄)

surface reduces after Cs atom adsorption is that the

transfer of Cs 6s electrons to the outermost N atoms

leads to the change of surface dipole moment, because

the electronegativity of Cs atoms (0.79) is smaller than

that of N atoms (3.04).

In order to investigate the effect of the Cs cover-

age on the work function of the GaN (0001̄) surface,

the work functions of Cs atoms at H3 site with cov-

erage of 1/4, 2/4, 3/4, and 1 ML were calculated, as

shown in Fig. 9. The results show that as the cov-

erage of Cs atoms rises, work function declines, and

the phenomenon of the work function rising observed

in the Cs covered GaN (0001) surface does not ap-

pear. The main reason is that the Eads of Cs adatoms

on the GaN (0001̄) surface is larger than that of Cs

adatoms on the GaN (0001) surface at the same cov-

erage. The Eads is −1.02 eV when converge is 1 ML,

although it decreases with the increase of Cs coverage,

and the adsorption is still stable as shown in Fig. 8.

At the same time, using Mulliken population analy-

sis, we have found that the outermost N atoms of the

GaN (0001̄) surface get more electrons with the in-

crease of Cs atom coverage, which makes the dipole

moments between the GaN (0001̄) surface and the Cs

atoms increase, leading to the work function decreas-

ing further, and not bouncing back.

W
o
rk

 f
u
n
c
ti
o
n
/
e
V

0 0.25 0.50 0.75 1.00

2.5

3.0

3.5

4.0

4.5

Cs coverage

Fig. 9. Work functions versus coverage for the H3 site of

GaN (0001̄) surface.

Another find is that a single Cs at the stable ad-

sorption site of the GaN (0001̄) surface loses 0.21 e

charge more than it does at the stable adsorption site

of the GaN (0001) surface, because the electronega-

tivity of Ga atoms (1.81) is smaller than that of N

atoms.

6. Conclusion

The stability and work function of the GaN (0001)

and GaN (0001̄) surfaces were calculated and com-

pared using the first-principles plane-wave ultrasoft

pseudopotential method, based on DFT. We have

found that the GaN (0001̄) surface has worse mor-

phology and a larger undulation than the GaN (0001)

surface. The work function of the GaN (0001̄) sur-

face is larger than that of the GaN (0001) surface, so

The GaN (0001) surface is more beneficial for the es-

cape of electrons than the GaN (0001̄) surface under

the same conditions. In addition, by researching the

adsorption characteristics of Cs on the GaN (0001)

and GaN (0001̄) surfaces, we can see that the work

function decreases after the adsorption of Cs on the

GaN surface, the changes of work function and Eads

are connected with Cs coverage, but there are large

differences in the saturation coverage of Cs atoms and

the change of work function between two adsorption

systems.
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