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Modulation of the optical properties of GaN(0001) surface by metal atom

adsorption
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(School of Electronics and Information, Xi’an Polytechnic University, Xi’an 710048, China)

Abstract: Based on the first principles study, this paper investigates the control of the optical properties of
GaN (0001 ) surface by metal atoms. The work was conducted with different kinds of metals (Ni, Ru, and Au)
that are commonly used in experiments. The results show that charge transfer occurs from adatoms to GaN (0001)
surface, and the work function of GaN (0001) surface is reduced by Ni and Ru adsorption. The impurity energy
levels are introduced to the band gap of GaN (0001) surface, resulting in the reduction of barrier height of carrier
transition, the optical properties are then modulated. The red shift of main peaks in the low photon energy region
for all the optical parameters and the shrinkage phenomenon of all the optical curves in the high photon energy re-
gion are observed, the numbers and positions of characteristic peaks in all the optical curves change significantly.
Furthermore, the absorption of GaN(0001) surface to visible light and even infrared light is enhanced after the ad-
sorption of metal atoms, which is suitable for the longer wave light detection instead of UV detection.
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Introduction

GaN material occupies an important position in mod-
ern electronic and optoelectronic devices due to its advan-
tages such as wide bandgap, excellent transmission char-
acteristics, and the wavelength range from near infrared
band to near ultraviolet band. GaN has low electron affin-
ity, which can be used as field emission electron source.

GaN based blue and green LED (light-emitting diode)
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and laser diode can be realized due to its wide direct

4 The work function of GaN can be reduced

bandgap'
by covering Cs and O, so as to obtain photocathode,
which can be used to prepare vacuum photoelectric devic-
es such as vacuum electron source and ultraviolet detec-
tor "*. GaN has many different surfaces, different types
of GaN surfaces tend to exhibit different characteristics.

There are unsaturated suspension bonds on the polar sur-
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face of GaN (0001), which will produce surface states in
the band gap, thus making GaN surface show different
characteristics. The surface states in the energy band
gap of the GaN (0001) surface will be significantly
changed by doping metal atoms, so as to regulate the pho-
toelectric properties of the GaN(0001) surface.

Substitutional doping has been widely used to modu-
late the properties of GaN. For example, GaN exhibits p-
type semiconductor characteristics by Be or Mg doping,
and GaN exhibits n-type semiconductor characteristics
by Si doping™ ™", Ji et al. investigated the photoelectric
properties of GaN surface doped with Si, the weak ab-
sorption and reflection of ultraviolet light by GaN are ob-
served, which can be used for ultraviolet light detec-
tion™. Svane et al. studied the electronic structure of
cubic GaN doped with rare earth atoms . Sanna et al.
studied the defect pairs associated with rare earth atom
(Eu, Er, Tm) doping in GaN, which can be concluded
that rare earth elements have a strong selectivity for Ga
lattice sites™'. Adsorption doping is another way to effec-
tively modulate the properties of GaN. For example, the
adsorption of alkali metals can affect the work function
and band structure of GaN, thereby modulating its elec-
tronic and optical properties ¥, Xia et al. studied the
adsorption of Cs on the surface of GaN nanowires [001],
the work function of GaN nanowires is greatly re-
duced™'. Beimaskaya et al. reported that photoemis-
sion of Cs/GaN (0001 ) n-type interface can be observed
by exciting visible light in GaN transparent region .

In this study, different metals (Ni, Ru, and Au)
that are commonly used in experiments are selected to
adsorb on the GaN (0001) surface to tune its photoelec-
tric properties through the first principles calculation.
The optical properties have been investigated through
the hybridization of electronic states and the electron
transition theory. Collectively, the results may well pro-
vide an especially useful framework for the application

of GaN (0001 ) surface in optoelectronic field.
1 Computational detail

In this paper, the Cambridge Sequential Total Ener-
gy Package (CASTEP) module is adopted to calculate
the electronic structure, work function, and optical prop-
erties of metal atom adsorbed GaN (0001). Simulations
are performed under generalized gradient approximation
(GGA) with Perdew-Burke-Ernzerhof (PBE) exchange
and correlation. In the process of structure optimization,
450eV mesh cutoff energy is set for the expansion of
plane wave basis sets and the convergence criteria is set
to 5%X10°eV for all systems. The Brillouin-zone (BZ) in-
tegration is calculated by the highly symmetric K points
in the form of a Monkhorst-Pack 9x9X1 grid. The conver-
gence criterion of the interaction force between atoms is
set to 0. 02 eV, and the stress convergence criterion in
the crystal is set to 0. 1 GPa. The convergence criterion
of the maximal displacement of atoms is 1x107 A. All
calculations are carried in reciprocal space with Ga
4s’4p', N 2s2p’, Ni 3d*4s’, Ru 4d’5s', and Au 5d"6s'

as the valence electrons.

2 Results and discussion
A 4x4x3 supercell of the GaN (0001 ) surface struc-

ture is constructed as shown in Fig. 1(a), the top two
layers of this model are relaxed freely, the bottom four
layers are fixed. 30 A vacuum region perpendicular to
the GaN (0001) surface is added, which is verified to be
wide enough (based on the average electrostatic potential
plot). The boundary conditions are set to be periodic.
For the GaN(0001) surface, the hollow sites (at the cen-
ter of a hexagon) , the top of gallium atom, the top of ni-
tride atom, and the center of bridge between gallium and
nitride atoms are the possible adsorption sites. The GaN
(0001) surface structures with adatoms occupying dif-
ferent adsorption sites are optimized, the results show
that the adatoms prefer to occupy the hollow site of the
GaN (0001) surface. Thus, the following discussions
are all with respect to the GaN (0001 ) surface structure
with adatoms occupying hollow adsorption site as shown

in Fig. 1(b).

Metal atom
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Fig. 1 The 4x4x3 structures of (a) pristine GaN (0001) sur-
face, and (b) GaN (0001) surface adsorbed with metal atom.
(Adatoms occupy the center of the hexagon)
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For the GaN ( 0001 ) surface adsorbed with met-
al atom, the vertical distance between the adatom
and the GaN ( 0001 ) surface is an important parame-
ter. When the vertical distance between the adatom
and the GaN (0001 ) surface is much longer than the
bond length between N and Ga, there is no interaction
between the adatom and the GaN (0001) surface. The
vertical distance between the atoms and the GaN (0001)
surface is less than the bond length between N and Ga,
the bond length between N and Ga below the adatom in-
creases as the adsorption distance decreases, the interac-
tion between adatom and GaN (0001) surface is en-
hanced so that more charges transfer between them, the
strength of orbital hybridization at the Fermi level of the
GaN(0001) surface is enhanced at the same time. When
the vertical distance between the adatom and the GaN
(0001) surface is much smaller than the bond length be-
tween the N and Ga, the adatom will be transferred to the
GaN(0001) surface, thus the GaN(0001) surface struc-
ture is destroyed. Taking the above results into con-
sideration , the vertical distance between adatoms and
the GaN ( 0001 ) surface is set to 2 nm.

The binding energy of atoms adsorbed on the GaN
(0001) surface can be defined as:
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E, = Ecn-mi = Ecov = nEy o (1)
n

where E ., is the total energy of the GaN (0001) sur-
face adsorbed with metal atoms, E_, is the total energy
of the GaN (0001) surface, E, is the total energy of the
free metal adatom, and n corresponds to the number of
metal adatoms. The calculated binding energies of atoms
adsorbed on the GaN (0001) surface are shown in Table
1. It is seen that all the binding energies of these
adatoms are negative, indicating that these adsorption
processes are exothermic, and the adsorption structures
are stable. These results are like to those of adsorption
structures of the GaN film presented in Ref. 36. The ion-
ization potential is one of the most important factors that
determine the binding energy of atom adsorbed on the
GaN (0001) surface. The larger ionization potential of
metal atom corresponds to the larger absolute value of the
binding energy of atom adsorbed on the GaN (0001) sur-
face. Among the three adatoms, Ni has the largest ioniza-
tion potential and corresponds to the largest absolute val-
ue of the binding energy.

Table 1 Binding energies of atoms adsorbed on the
GaN (0001) surface (E, in eV)
&1 GaN(0001) = E IR R FHIZE S BE (E/eV)

Adatom Ni Ru Au
Binding energy (E,/eV) -84.4 -80.0.6 -82.2

Charge transfer is another important feature in the
adsorption process. The number of transferred charges
is presented in Table 2. As seen, all the adatoms loss
the electrons due to the fact that their electronegativity
is smaller than that of Ga atom. In the case of the GaN
(0001) surface adsorbed with Ni and Ru, relatively no-
table electrons transfer from adatoms to GaN (0001) sur-
face, suggesting significant chemical interaction be-
tween the adatoms and the GaN (0001) surfaces. For
the GaN (0001 ) surface adsorbed with Au, small num-
ber of charges transfer from adatoms to GaN (0001) sur-
face, which implies that weak interactions occur be-
tween adatoms and the GaN (0001) surface. The large
charge transfer corresponds to strong interactions be-
tween the adatoms and the GaN (0001) surface, result-
ing in strong orbital hybridization between the adatoms
and the GaN (0001) surfaces at the Fermi level, thus the
work function of the GaN(0001) surface can be reduced.

Figure 2(a) shows the energy band structure of the
pristine GaN (0001) surface. The direct band gap of the

Table 2 Number of transferred charges between the
adatoms and GaN (0001) surface. Positive val-
ues represent that charges transfer from
adatoms to GaN(0001) surface

2 GaN(0001) REFEMEFZ BEBHBEHE, EEXR

R T M IR B B R F #7221 GaN (0001) RETH

Adatoms Ni Ru Au
Number of transferred charges 0.27 0.26 0.05

pristine GaN (0001) surface is observed, as well as the
conduction band minimum (CBM) and the valence band
maximum (VBM) locate at the G point in the Brillouin
zone; the band gap E, is 2. 217eV, corresponding to the
results shown in Ref. 37. Figures 2(b-d) show the ener-
gy band structures of the GaN (0001) surface adsorbed
with different metal atoms. In the case of the GaN(0001)
surface adsorbed with Ni, the direct but significantly re-
duced band gap is observed, the band gap is 0. 32 eV.
Some impurity energy levels below the Fermi level in the
band gap are introduced, the smaller energy difference
between impurity energy levels, impurity energy level
and CBM, impurity energy level and VBM are also ob-
served. The case of the GaN (0001) surface adsorbed
with Ru is similar to that of the GaN (0001) surface ad-
sorbed with Ni, the band gap is 0. 001 eV, some impuri-
ty energy levels below and above the Fermi level in the
band gap are observed. For the GaN (0001) surface ad-
sorbed with Au, an impurity energy level that passes
through the Fermi level is observed. The energy differ-
ence between impurity energy level and CBM (VBM) is
2.26 eV (0. 15 eV), which is smaller than the band gap
of pristine GaN (0001) surface. The reduction of energy
difference between energy levels due to the adsorption of
metal atoms on the GaN(0001) surface reduces the barri-
er height of carrier transition and facilitates the inter-
band transition.

Energy/eV

S = N

Energy/eV

| |
o =

Fig. 2 Energy band structures of (a) pristine GaN (0001) sur-
face, and(b-d) GaN(0001) surface absorbed with different metal
atoms. The blue solid lines represent G point of the Brillouin
zone, the blue dashed line at 0 eV represents the Fermi level
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Figure 3 shows the partial density of states (PDOS)
of the pristine GaN (0001) surface and GaN (0001) sur-
face adsorbed with different metal atoms. From Fig. 3(a)
we can see that the valence band of pristine GaN (0001)
surface is divided into the upper valence band and the
lower valence band from left to right, the Fermi level is
located at the edge of the upper valence band. From
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Figs. 3 (b-d) we can see that orbital hybridization be-
tween adatoms and GaN (0001) surface at the Fermi lev-
els takes place, the types of orbitals involved in hybridiza-
tion and the intensity of orbital hybridization vary due to
the adsorption of different metal atoms on the GaN (0001)
surface. Charges transfer occurs between adatoms and
GaN (0001) surface simultaneously, all the adatoms loss
electrons due to their smaller ionization potential than
that of Ga atom. In the case of the GaN (0001) surface
adsorbed with Ni, strong orbital hybridization takes place
between the 3d state orbits of Ni and the 2p states orbits
of N at the Fermi level, 0. 27 electrons transfer from the
3d state orbits of Ni to the GaN (0001) surface. In the
case of the GaN (0001) surface adsorbed with Ru, strong
orbital hybridization between the 4d state orbits of Ru
and the 2p state orbits of N at the Fermi level also is ob-
served, 0. 26 electrons transfer from the 4d state orbits of
Ru to the GaN (0001) surface. For the GaN (0001) sur-
face adsorbed with Au, weak orbital hybridization takes
place between the 6s state orbits of Au and the 2p state or-
bits of N at the Fermi level, 0. 05 electrons transfer from
the 6s state orbits of Au to the GaN (0001) surface. The
strength of orbital hybridization between adatoms and the
GaN (0001) surface represents the chemical interaction
between them, the work function of GaN (0001) surface
can be reduced by stronger orbital hybridization.
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Fig. 3 PDOS of (a) pristine GaN (0001 ) surface, and (b-d)
GaN (0001 ) surface absorbed with different metal atoms. The
dashed line at 0 eV represents the Fermi level
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The work function (@) is an important parameter to
determine the photoelectric properties of materials. Low-
er work function can improve the photoelectric properties
of materials to some extent. The work function of any ma-
terial can be defined as the energy required to remove an
electron from the highest filled level in the Fermi distri-
bution of a solid to vacuum at absolute zero. The calculat-

ed @ of the pristine GaN (0001) surface is 4. 483eV,
which is in good agreement with the experimental value
of (4.0 +0.2) eV " and close to the calculated result
of 4.42 €V in Ref. 39. The work functions of the GaN
(0001) surface adsorbed with different adatoms are 3. 43
eV (Ni), 3.77 eV (Ru), and 5.29 eV (Au) respective-
ly. It is seen that some metal atoms adsorption can re-
duce the work function of GaN(0001) surface while other
metal atoms adsorption cannot. The increase or decrease
of the work function of GaN (0001) surface depends on
the electronegativity of the adatoms with respect to the Ga
atom. In the case of the GaN (0001) surfaces adsorbed
with Ni and Ru, the electronegativity of the adatoms is
smaller than that of Ga atom. The surface dipole moment
will be formed due to the interaction between adatoms
and GaN (0001) surface, which reduces the work func-
tion of GaN(0001) surface. For the GaN(0001) surfaces
adsorbed with Au, the work function is bigger than that
of pristine GaN (0001) surface due to the bigger electro-
negativity of Au atom. Furthermore, the strength of orbit-
al hybridization between adatoms and GaN (0001) sur-
face at the Fermi levels has an indirect influence on the
reduction of work function of GaN (0001) surface. From
the analysis of PDOS of GaN (0001) surface adsorbed
with metal atoms above we know that strong orbital hy-
bridization takes place between Ni or Ru and the GaN
(0001) surface at the Fermi level, which corresponds to
the smaller work function of GaN(0001) surface.

The optical constants, relating the microscopic mod-
el of physical process with the microelectronic structure
of the solid that can better characterize the physical prop-
erties of the material, are mainly determined by the elec-
tronic structures and the carrier concentration near the
Fermi level. The changes of the electronic structures of
GaN (0001) surface caused by the adsorption of different
metal atoms would influence its optical properties. Fig-
ures 4 (a-b) represent the frequency dependent real and
imaginary parts of dielectric function £(w) of the pristine
GaN (0001) surface and the GaN (0001) surface ad-
sorbed with different metal atoms. &, (@) represents the
real part of dielectric function, & (@) represents the
imaginary part of dielectric function. For the pristine
GaN (0001) surface, the static dielectric function &, (0)
is found to be 3. 44, six main peaks are observed in the
graph of &, (@) at photon energy of 2.29 eV, 6.84 eV,
8.85 eV, 10.82 eV, 13.13 eV, and 17.51 eV. The
peak at 2.29 eV corresponds to the transition of carriers
from N 2p state orbit at VBM to Ga 4s state orbit or Ga 4p
state orbit at CBM; the peak at 6.84 eV indicates the
transition of carriers from Ga 4s state orbit within the up-
per valence band to Ga 4p state orbit within the conduc-
tion band; the peak at 8. 56eV indicates the transitions
of carriers from N 2p state orbit within the upper valence
band to Ga 4s state orbit or Ga 4p state orbit within the
conduction band; the peak at 10. 82 eV corresponds to
the transitions of carriers from Ga 3d state orbit within
the lower valence band to N 2p state orbit within the up-
per valence band; the peak at 13. 13 eV corresponds to
the transitions of N 2s state (lower valence band) to N 2p
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Fig. 4 Optical properties of GaN (0001 ) surface absorbed with different metal atoms (a) real part of dielectric function, (b) imaginary
part of dielectric function, (¢) absorption, (d) loss function, (e) reflectivity, and (f) real part of refractive index
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state (upper valence band) ; the peak at 17. 51 eV corre-
sponds to the transitions of carriers from N 2s state orbit
within the lower valence band to Ga 4s state orbit or Ga
4p state orbit within the conduction band. In the case of
the GaN (0001) surface adsorbed with Ni, & (0) is
found to be 2. 94, which is smaller than that of pristine
GaN (0001) surface. In the case of the GaN(0001) sur-
faces adsorbed with Ru and Au, & (0) is found to be
6.25 and 4. 21 respectively, which are bigger than that
of pristine GaN (0001) surface. From Fig. 4(b) we can
see that the numbers and the positions of the peaks in
&, (w) that represent the transition of carriers change
significantly. The peaks at 0 eV in &, (@) for all the
GaN (0001 ) surfaces adsorbed with different metal at-
oms are observed, which represent the orbital hybrid-
ization between adatoms and GaN (0001 ) surface at the
Fermi levels. Two peaks close to each other in the low-
er photon energy region are also observed , which corre-
spond to the transitions of carriers between Ni 3d, Ru
4d, and Au 6s state orbits and Ga 4p, N 2p state or-

bits.

Figure 4 (c) shows the absorption coefficients of the
pristine GaN (0001) surface and the GaN (0001) surface
adsorbed with different metal atoms. For the pristine GaN
(0001) surface, the maximum value of the absorption co-
efficient is 21. 3 wm™ at the photon energy of 10. 82 eV.
The absorption edge begins at the photon energy of 2. 29
eV, which corresponds to the direct transition threshold
of carriers (VBM to CBM) and is in agreement with Ref.
40. For the GaN (0001) surface adsorbed with different
metal atoms, the absorption intensity of light has
changed a lot; the shrinkage phenomenon of the absorp-
tion curve in the high photon energy region is observed,
indicating the weak absorption of high frequency electro-
magnetic wave. The optical range of the absorption spec-
tra is separated into two parts, red shift of the absorption
peaks in the lower photon energy region is observed.
From Fig. 4(c) we can see that the absorption spectrum
covers the entire visible light region, and a new absorp-
tion peak appears in the infrared region below the visible
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light.

The electron energy loss spectrum (EELS) is de-
fined as the amount of energy that an electron loses when
it passes through a single medium. EELS describe the en-
ergy loss of electrons in a homogeneous medium. The
peak value of EELS represents plasma turbulence, and
the corresponding oscillation frequency is known as the
plasma frequency. A single sharp peak of height 5.2 in
the EELS is observed at 15.9 €V for the pristine GaN
(0001) surface, corresponding to the transitions of carri-
ers from N 2s state orbit within the valence band to orbit
at CBM. The position of this peak represents the edge en-
ergy of plasma and indicates the transition point of the
GaN (0001) surface from metallic properties to dielectric
properties. For the GaN (0001) surface adsorbed with
different metal atoms, a broaden main peak of EELS is
observed, indicating the existence of other transition
peaks of carriers near the edge peak of plasma. The
height of the main peak is significantly reduced, indicat-
ing the reduction of plasma oscillations intensity; the po-
sition corresponding to the main peak of EELS shifts to-
wards the direction of low photon energy region, indicat-
ing the reduction in transition height of carriers due to
the existence of the impurity energy level in the band gap
of the GaN (0001) surface. Furthermore, a new smaller
plasma excitation peak in the photon energy region below
the visible light region is observed, which corresponds to
the transitions of carriers from impurity energy level (Ni
3d state orbit, Ru 4d state orbit, and Au 6s state orbit)
to CBM or VBM.

There is a correlation between EELS and reflectivity
R(w) , the peak of EELS corresponds to the sharp drop
in the reflectivity curve. For the pristine GaN(0001) sur-
face, the maximum reflectivity is 0. 36 at the photon en-
ergy of 15.4 eV. A lot of reflection peaks in the photon
energy range from 0 eV to 15.4 eV are observed, the re-
flectivity curve drops sharply over the photon energy
range of 15. 4 eV until 0 eV. For the GaN(0001) surface
adsorbed with different metal atoms, the shrinkage phe-
nomenon of the reflectivity curve in the high photon ener-
gy region is observed. The maximum reflectivity decreas-
es dramatically, the position corresponding to maximum
reflectivity peak shifts toward the direction of low photon
energy region, and the number of reflectivity peaks de-
creases greatly. A slightly larger reflectivity peak at the 0
eV is observed, corresponding to the reflection of hybrid-
ization energy level due to the orbital hybridization be-
tween the GaN (0001) surface and adatoms at the Fermi
level.

The optical parameter corresponding to the reflectiv-
ity is the refractive index. Figure 4 (f) shows the real
part of the refractive index n (@) of the pristine GaN
(0001) surface and the GaN (0001) surface adsorbed
with different metal atoms. For the pristine GaN (0001)
surface, the static value of refractive index n (0) is
1. 86, the maximum n(w) is 2. 07 at the photon energy
of 4.02 eV. The absorption of the high frequency electro-
magnetic wave decreases with increase in the photon en-
ergy above 20 eV, and the change in the refractive index

curve is observed to be very small. For the GaN (0001)
surface adsorbed with different metal atoms, the shrink-
age phenomenon of the n(w) curve in the high photon en-
ergy region is observed.

The maximum n (w) decreased to some extent, the
position corresponding to maximum refraction peak shifts
toward the direction of low photon energy region, and the
number of refraction peaks in the curve decreases signifi-
cantly. Furthermore, the refraction peak corresponding
to the maximum refractive index appears at 0 eV, which
is closely related to orbital hybridization between the GaN
(0001) surface and adatoms at the Fermi level.

Table 3 Key parameters of the pristine GaN(0001) sur-
face and the GaN (0001) surface adsorbed with
different metal atoms

#£ 3 Z1E GaN (0001) & E 0 IR Mt R E £ )8 & F 8 GaN

(0001) REMXESHE

Pristine
Adsorption structure

structure

GaN GaN GaN
GaN(0001)
(0001)-Ni  (0001)-Ru (0001)-Au
E/jeV 2.217 0.32 0. 001 -

DleV 4.42 3.43 3.77 5.29
£(0) 3.44 2.94 6.25 4.21
alw),, /pm™ 21.30 4.99 3.93 5.03
L), 5.20 1.59 0.98 1.43
R(w) .. 0.36 0. 085 0.2 0.12
n(w) 2.07 1.72 2.52 2.06

vvvvv

3 Conclusions

In summary, some metals that are commonly used
in experiments (Ni, Ru, and Au) are adopted to tune
the work function and optical properties of GaN (0001)
surface through the first principle calculations. Based on
the analysis of orbital hybridization and carrier transi-
tions in the energy band structures and PDOS, the modu-
lation mechanisms of optical properties of GaN (0001)
surface by metal atoms adsorption are well understood.
Some key parameters of the pristine GaN (0001) surface
and the GaN (0001) surface adsorbed with different met-
al atoms are shown in Table 3. From the analysis and the
results above we can see that some impurity energy levels
in the band gap of GaN (0001) surface are observed,
charge transfer occurs from adatoms to GaN (0001) sur-
face. Orbital hybridization at the Fermi level is observed
between adatoms and GaN (0001) surface, work function
of GaN(0001) surface can be reduced by stronger hybrid-
ization. The influence of metal atoms adsorption on the
optical properties of GaN (0001) surface is concentrated
in the low photon energy region and get weak in the high
photon energy region. The red shift of main peaks in the
low photon energy region for all the optical parameters is
observed, the absorption to visible light and even infra-
red light is enhanced.
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