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ABSTRACT

    In this paper, the energitics, electronic and absorption properties analysis  
doped with trivalent ions Gd+3 and Al+3 have been performed using first-principles calculations with
the hybrid functional theory. The results show that the energetic stability can be easily prepared the
desirables Gd-, Al-doped and Gd/Al-codoped ZnO at O-rich conditions. In addition, the incorporation
of  Gd+3 and Al+3 into ZnO lattice creates shallow donor states around Fermi level  
band minimum from mainly Al-3s and Gd-6s states,  which offers  good electronic  properites with
significant improvements for the Gd-doping compared to other dopants and pure ZnO. The results
show that the absorption peaks of Al-doped and Gd/Al-codoped ZnO have a blue-shift compared with
pure ZnO. However, the absorption of Gd/Al-codoped ZnO is slighly higher than that of pure and
monodoped ZnO in the visible and infrared zone. Finally, these results confirm that trivalent ions
doped-ZnO has n-type conductivity. 

Introduction

    Transparent conductive zinc oxides (ZnO) are
devoted  as  promising  II-VI  group
semiconductors  materials  in  several  areas  for
optoelectronic  devices  such  as  manufacturing
transparent thin-film transistors, solar cells, and
chemical  sensors,  etc  [1-3].  Their  advantages
originate  mainly  from  the  wide  and  direct
bandgap with high excitonic binding energy (60
meV)  which  allows  significant  excitonic
emission  at  ambient  temperature  [4-7].
Unfortunately,  ZnO  is  characterized  by  a  low
electrical  conductivity,  making  its  use  in  the
optical  field  difficult.  It  has  been  argued  that
Rare-earth (RE) ions such as Tb, Er, and Gd are
the better luminescent centers because of their
intra-shell  transitions  which  can  generate
narrow and intense emission lines [8, 9]. This is 

the  reason  why  the  rare-earth  ions  are
considerably doped into oxide semiconductors
for the modification of their electronic structure
to accomplish new and enhanced electrical and
catalytic properties  while maintaining its good
optical properties [10, 11]. Sa-Nguanprang et al.
[12]  demonstrated that  Gd+3 ions  acted as  an
effective  electron  scavenger  to  trap  photo-
induced  electrons  and  inhibit  electron-hole
recombination. Obeid  et  al.  [13]  studied  the
structural and optical properties of the pristine
and  Gd-doped  ZnO  nanorods  using  a
combination  of  experimental  and  theoretical
approaches. The optical absorption spectrum of
pure  ZnO  was  improved  at  6%  Gd  content.
Structural characteristics of the synthesized Gd-
doped ZnO nanoparticles investigated by X-ray
diffraction  and  scanning  thermoluminescence
electron microscopy experiments revealed that
the  increase  of  Gd  doping  concentration
resulted in a shift of thermoluminescence peaks
at lower temperatures [14]. Another group has
shown  that  the  average  transmission  of  Gd-
doped ZnO thin films synthesized by the spray
pyrolysis technique is greater than 75 % in the
wavelengths ranging from 400 to 800 nm [15].
Besides, doping ZnO with Al+3 ions has received
significant  attention  due  to  their  remarkable
lower  cost  and  smaller  atomic  radius.
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Dhamodharan  et  al.  [16]  revealed  a  higher
transmittance  around  95%  for  Al  doped  ZnO
film  in  the  visible  region  with  an  absorption
edge  around  350  nm,  while  the  electrical
resistivity  decreased  up  to  1.5  at.%  and
increased  for  higher  doping  concentration.
Tiron et al.  [17]  have been controlled ZnO: Al
(AZO)  thin  films  deposited  by  high-power
impulse  magnetron  sputtering.  Their  results
showed that AZO films are optically transparent
with  a  limited  electrical  conductivity  by  the
effect  of  decrease  crystalline  grain  size.
However,  Shahid  et  al.  [18]  analyzed  the
formation of Al-doped ZnO thin films on glass by
sol-gel process. They pointed out that 1 at.% Al
doping ZnO film has the lowest resistivity (4.27
x  10-3  Ω  cm)  and  higher  charge  carrier
concentration (5.21 x 1019 cm-3). El-Hamali et al.
[19]  have  explored  the  electrical  and  optical
characteristics  of  AZO  films  deposited  by  RF-
magnetron  sputtering  at  no  intentional
substrate heating. They found that the average
visible transparency was enhanced from 85% to
90% and the bandgap was enlarged from 3.69
to 3.80 eV. Zhang et al. [20] concluded that the
high doping Al concentration AZO nanoparticles
prepared  via  the  sol-gel  combustion  method
present  excellent  photocatalytic  activities  and
absorption  capacities.  Recently,  increasing
efforts  have  been  given  to  the  codoped  ZnO
with double ions to induce equilibrium electrical
and optical properties in ZnO. Previously, very
little  experimental  works  have  been  reported
the effect of rare-earth Gd concentration on the
properties of AZO films. Anand et al. [21] were
the  first  group  who  prepared  Gd  and  Al  co-
doped  ZnO  thin  films  using  nebulizer  spray
method with various Gd co-doping levels. Spray
deposited  pristine  AZO  films  exhibited
maximum optical  transmittance  91% in  entire
wavelength  spectrum  while  the  minimum
resistivity and maximum figure of merit values
are  detected for  Gd co-doped AZO thin  films.
Hence, our main purpose of the present paper
was to  analyze  the effect  of  Gd+3,  Al+3 doping
ions  on  structural,  electronic,  and  optical
properties with a new insight into the influence

of  Gd+3/Al+3 co-doped  ZnO  employing first
principles  simulation  based  on  density
functional theory (DFT).

Calculation Methods 

    In this paper, the first-principles calculations
based  on  the  density  functional  theory  (DFT)
was  implemented  in  the  Vienna  Ab-initio
Software  Package  (VASP)  [22,  23].  Projector
Augmented Wave (PAW) [24]  pseudopotential
is  used  to  describe  the  interactions  between
electrons  and  ions.  The  valence  electron
configurations were 3d104s2 for Zn, 2s22p4 for O,
6  s2 4f75d1 for  Gd  and  3s23p1 for  Al.  The
exchange  and  correlation  energy  have  been
performed  using  the  Generalized  Gradient
Approximation  (GGA)  within  Perdew,  Burke,
and  Ernzerhof  (PBE)  scheme  [25],  and  Hybrid
Susceria-Enzeroft  (HSE)  [26,  27];  where  HSE
provides much better band gaps results and the
most  accurate  electronic  structure.  It  is  well
known  that  the  wurtzite  structure  of  ZnO  is
considered  the  most  energetically  stable.  The
wurtzite unit cell formed by four atoms where
Zn occupied the sites (1/3, 2/3, 0) and (1/3, 2/3,
1/2),  while  O  atoms  alternatively  occupy the
positions (2/3, 1/3, u) and (2/3, 1/3, 1/2+u) ; as
shown in  Figure 1 (a).  Where  u is  an internal
parameter.  To  describe  the  pure
semiconductor,  we  have  used  a  plane-wave
basis set with a 500 eV energy cutoff, and the
Brillouin Zone (BZ) was sampled using different
Monkhorst–Pack (MP) [28] grids including the Γ
point in the calculations; 10×10×8 k-point mesh
for  pure  ZnO by  the  GGA-PBE  approximation,
and 6×6×4 k-point mesh for the HSE approach.
Furthermore, we used k-point meshes of 6×6×4
GGA-PBE and 2×2×2 HSE for a (2×2×4) supercell
model  consisting  of  64  atoms,  as  shown  in
Figure 1 (b). The Brillouin zone integration was
performed  via  the  tetrahedron  [29]  method
with a 0.05 eV smearing of the electron levels.
Full  atomic  relaxations  were  executed  by
minimizing  the  ionic  Hellman-Feynman  force
[30]  until  the  maximum  forces  achieved  less
than 0.02 eV/Å.
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(a)

(b)

Figure 1. (a) Unit cell of ZnO, (b) 2 x 2 x 4 

supercell of Gd/Al-codoped ZnO model.

Results and discussion

Geometrical  optimization  and  formation
energy 

    The  lattice  constants  and  average  bond
lengths  after  the  structural  optimization  are
presented  in  table  1.  The  optimized  crystal
parameters  of  pure  ZnO  are  consistent  with
experimental  and  theoritical  values.  On  the
other  hand,  the  relaxed  ZnAlO,  ZnGdO  and

Al/Gd-codoped  systems  depict  an  obvious
change in the  lattice parameters compared to
the pure ones. From table 1, we can also see
that the Zn–O bonds were slightly longer than
those in the pure ZnO. This is may be attributed
to the difference of atomic radius between Al
(1.18Å), Gd (2.33Å) and Zn (1.42 Å). As a result,
the  substitutional  atoms  caused  an  internal
distortion along the [100] and [001] directions.
The bond length order was O-Al < Zn-O < Zn-Al <
O-Gd. X-ray diffraction and XPS results revealed
that the doping of Gd ions has a minor effect on
the internal structure of ZnO [35].

   In order to explore the stability of Gd-, Al- and
Gd/Al-doping  systems,  the  formation energies
of  the  pure,  doping  and  codoping  ZnO  were
computed according to the following formulas:

∆ E form
ZnO

=E tot
ZnO

−(μZn+μO)                         (1)         

∆ E form=Edoped(Al)−Epure+μZn−μAl (2)                

∆ E form=Edoped(Gd )−Epure+μZn−μGd(3)               

∆ E form=E codoped−E pure+nZnμZn−μ Al−μGd        
(4)              

Where :  Ecodoped ,  Edoped  and  Etot
ZnO are the total

energy with and without dopant,  𝑛𝑍𝑛 indicate

the number of Zn atoms removed; 𝑛𝐺d  and 𝑛𝐴𝑙

are the number of Gd and Al atoms that have

been incorporated  to  the  ZnO supercell;  𝜇𝑍𝑛,

𝜇𝑂,  𝜇𝐺d and 𝜇𝐴𝑙 are the chemical potentials of
Zn, O, Gd and Al elements, respectively.

    To  investigate  the  environment  effect  on
chemical potentials, we consider the following
two different conditions: 

Table 1. Lattice parameters, the average bond

lengths and the formation energy of ZnO

systems with and without doped and co-doped

elements.  
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i) Under O-rich conditions, where  𝜇𝑂

is calculated from the ground-state

energy  of  the  O2 molecule  (𝜇𝑂 =

𝜇𝑂2/2),  while 𝜇Zn is  obtained  by

growth condition (𝜇Zn = 𝜇ZnO – 𝜇O).

ii) Under Zn-rich conditions, where 𝜇Zn

is assumed to be the energy of bulk

metal Zn (𝜇Zn =  𝜇Zn(metal)), and  𝜇𝑂 is

determined by  (𝜇O = 𝜇ZnO – 𝜇Zn).

    The formation energy results of pure, doped
and codoped ZnO systems using both GGA-PBE
and HSE approximations  are  listed in  table  1.
The calculated formation energy of pure ZnO by
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Compounds aeq(Å) ceq(Å) Bond lengths ΔEform (eV/atom)

Zn-O Zn-Al Zn-Gd O-Al O-Gd

ZnO 3.280GGA

3.255HSE

3.249a

3.285b

3.253d

5.290GGA

5.251HSE

5.206a

5.292b

5.254c

1.995GGA

1.977HSE

--

--

--

--

--

--

--

--

-3.50GGA

-4.19HSE

-3.60d

Zn-rich O-rich

Zn0.96875Al0.031250 3.296GGA

3.262HSE

5.305GGA

5.253HSE

1.997GGA

1.978HSE

3.311GGA

3.304HSE

3.317GGA

3.308HSE

1.832GGA

1.795HSE

2.155GGA

2.157HSE

-5.09GGA    

    -5.82HSE

-8.63GGA

-9.47HSE

Zn0.96875Gd0.031250 3.311GGA

3.276HSE

5.327GGA

5.277HSE

2.000GGA

1.981HSE

3.315GGA

3.308HSE

3.319GGA

3.310HSE

1.834GGA

1.798HSE

2.157GGA

2.158HSE

-3.04GGA  

-4.12HSE  

-6.53GGA   

-7.31HSE     

Zn0.9375Al0.03125Gd0.031
250

3.310GGA

3.275HSE

5.329GGA

5.264HSE

1.998GGA

1.979HSE

3.314GGA

3.307HSE

3.318GGA

3.310HSE

1.834GGA

1.797HSE

2.157GGA

2.158HSE

-4.56GGA

    -5.02HSE

-11.53GGA  

-12.14HSE   



GGA-PBE  is  in  agreement  with  the  available
experimental  finding,  while  the  HSE
approximation slightly overestimates this value.
It can be seen that the formation energies  are
negative for all  studied systems, which means
that  they  are  thermodynamically  stable.  The
obtained  results  show  that  the  Gd  and  Al
impurities prefer to substitute Zn atoms under
O-rich and Zn-rich conditions. We further report
that the Gd-, Al- and Gd/Al-doping systems can
be easily prepared under O-rich conditions since

their  ∆ E form values are much lower than of the

Zn-rich conditions. 

 Electronic property analysis

Band gap variation 

Wide-band  gap  semiconductors  are
semiconductor materials which have a relatively
large  band  gap compared  to  conventional
semiconductor  [36].  Generally,  the  band  gap
determines how much energy is required from
the sun for conduction,  as  well  as how much
energy  is  generated.  Figure  2  reveals  the
variation of  band gap energy for ZnO without
and with dopant. The band gap energy of pure
ZnO calculated  by  GGA-PBE  is  about  1.10  eV,
which  is  largely  underestimated  compared  to
the experimental value obtained by Mang et al.
[37] (3.44 eV). To overcome this situation, it has
been  reported  that  the  HSE  technique  yields
energy  gaps  of  semiconductors  in  better
agreement  with  experiment  than  the  widely
utilitized semilocal PBE functional [38, 39]. The
calculated  band  gap  value  of  pure  ZnO  using
HSE  is  3.39  eV,  which  is  consistent  with  the
experimental one. 
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Figure 2: Variation of band gap energy as a
function of the dopant.  

   The optical band gap of Gd+3-, Al+3-monodoped
and  Gd+3/Al+3-codoped ZnO models was larger
than  the  band  gap  of  pure  ZnO  model.  By
comparing the optical band gap values of these
systems,  the most  lowest  band  gap energy  is
found  for  Gd-doped  ZnO  model  (1.79  eV  by
GGA-PBE, and 2.86 eV by HSE). Deepa Rani et al.
[40]  have  suggested  also  that  the  band  gap
value  is  decreased  when  increasing  the
concentration  of  Gd.  On  the  other  side,  a
significant improvement has been detected for
Al-doped ZnO model (1.93 eV by GGA-PBE, and
3.50 eV by HSE). The optical studies of Al doped
ZnO films exhibited a maximum value of energy
gaps in the range 3.73-3.83 eV [41]. The optical
band gap analyzed by  Lin  et  al.  [42]  at  room
temperature was found to be 3.38 eV for pure
ZnO film and 3.58 eV for  ZnO:  Al  (AZO) films
while it drops to 3.45 eV for AZO films doped
with Gd. 
   Compared to the mono-doped systems, the
optical  band  gap  value  of  Gd+3/Al+3-codoped
ZnO model was between those of Al-, Gd-doped
ZnO models. Wang et al. [43] investigated the
structural  and  optical  properties  of  low
temperature hydrothermal synthesized (Gd, Al)-
codoped ZnO nanoparticules.  They found that
band gap of Zn0.96-xGdxAl0.04O increases from 3.46
to  3.62  eV  with  increasing  Gd-doping
concentration.  The increase of energy bandgap
is a result of occupying of the lowest orbitals in
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the  CB  by  electron  introduced  by  Gd  or  Al
doping—Moss–Burstein effect [47].

Density of states

To study the effect of the incorporation of Gd+3,
Al+3  and  Gd+3/Al+3 into  the  ZnO  lattice  on  the
electronic  properties,  we  have  compared  the
calculated  density  of  states  of  these  systems.
The total  and partial  densities of  states (Total
and PDOS) of pure, doped and codoped ZnO are
computed  using  GGA-PBE  and  HSE06
approximations and presented in Figure (3-4-5-
6).  The  Fermi  level  is  taken  as  the  reference
level which is set at zero.
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Figure 3 : Density of states of pure ZnO using : 

(a) GGA, (b) HSE06.
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Figure 4 : Density of states of Al-doped ZnO 

using : (a) GGA, (b) HSE06.
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Figure 5 : Density of states of Gd-doped ZnO

using : (a) GGA, (b) HSE06.
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Figure 6 : Density of states of Gd/Al-codoped 

ZnO using : (a) GGA, (b) HSE06.

From Figure 3,  we can see that the total state
density has two regions in the valence band:  a
deep region less than -4 eV dominated by O-2p
states,  the  second  one  (-4  eV  ~  -1  eV)  is
constituted by O-2p and Zn-4p states, which are
separated by a strong hybridization where Zn-
4p states forming a peak at about -1 eV which is
more  localized  contributes  to  the  strong
covalence in Ti-d−¿Al-p bonds. The conduction
band dominated mainly by Zn-4s states. 
By comparing the state densities of doping and
codoping  ZnO  models,  the  most  interesting
feature that can be seen in Figure (4-5-6) is the
Fermi  level  shift towards the bonding area of
the conduction band by adding a concentration
x=3.125  % of  Gd+3,  Al+3  and  Gd+3/Al+3 into  the
ZnO  supercell.  The  conduction  band  mainly
consists of s, p and f orbitals of Zn, O, Al, and Ga
atoms, and the donor states are contributed by
the s and p orbitals of the constituent Zn and O
atoms  and  the  Al 3‐ s  and  Gd 6‐ s  states.  To
evaluate the contribution of each dopant to the
carrier concentration, the shallow donor states
for all atoms and each dopant were integrated.
It can be seen that Gd atoms contribute more
free  carriers  than  Al  atoms.  Hence,  we  can
predict  that  Gd  atoms  contribute  more  free
carriers than Al atoms in the monodoped and
codoped  models,  which  benefit  conductive
ability.  In  other  words,  more  free  carriers
participate  in  the  electrical  transport  process
when Gd is incorporated in ZnO. 
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Absorption property analysis

     The optical properties can be described by
the complex dielectric response function,  (),
which is defined as () = 1() + i2() in linear
response  range.  The  real  part  1()  of  the
dielectric  constant  is  computed  by  the  usual
Kramers-Kronig relations [44]. 

1()=1+ 2
❑

P∫
0

❑ ❑
'
❑2 ()

❑
' 2
−❑

2
−i

                            (5)

The  imaginary  part  2() of  the  dielectric
constant is  given from the momentum matrix
elements  taken  away  the  occupied  and
unoccupied states using the equation: 

2()=4 ² e ²
❑

limq

1
q ² ∑c, v ,k

2wk ¿¿)

⟨uck+e1q|uvk ⟩ ⟨uck+ e2 q|uvk ⟩*             (6)

 Where  c and  v  are  the  indices  defining  the
conduction  and  valence  band  states,
respectively. ❑ck and ❑vk are the energy levels.

uck+e1q and uck+e2qare defined as the cell periodic

part  of  orbitals  at  the  k-point.   and  e
represent the volume of the primitive cell and
the elementary charge,  respectively.  e1  and  e2

are components of the unit vector.

   In  general,  the  absorption  of  radiation  by
matter is the process in which the energy of a
photon is absorbed by matter, via electrons or
atoms.  The  pure  ZnO  is  known  for  its  low
absorption in the visible and near IR region of
light.  The  absorption  coefficient  ()  of  the
material  can  be  computed  directly  from  the
dielectric function by the following formula:

()=√2(ωc ) [√ε 12( )−ε22()−ε 12( )]   (7)
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Figure 7: The calculated absorption 

coefficients of Gd-, Al-doped and Gd\Al-

codoped ZnO compared with the 

undoped system using HSE06 

approximation.

    Figure 7 displays the absorption curve versus
photon  wavelenght  of  pure,  doped  and
codoped  ZnO  models.  Indeed,  the  results  of
pure ZnO reveal a slight absorption  in infrared
and visible range of light. The Al-doped and Gd/
Al-codoped ZnO models allow the extension of
the  absorption  edge  towards  lower  wave
lengths.  Comparing  these  systems,  the
absorption edge decreased from about 340 nm
in the case of Al-doped ZnO to 355 nm in the
case  of  Gd/Al  codoped  ZnO.  The  shift  in  the
absorption  edge  may  be  attributed  to  the
increase of the band gap energy as a function of
the dopant. Moreover,  the blue shifted of UV
absorption edge is due to the occupied states
close to conductional band minimum; which are
shallow donor states and the broadening of the
optical band gap. On the other hand, Gd-doped
ZnO model shifts the absorption edge towards
higher wave lengths. It appears also that Gd/Al
codoped  ZnO  increases  slighly  the  absorption
coefficient  compared  to  the  pure  and  doped
systems. The obtained finding indicates that Al
doping ZnO shows good optical characteristics
in the visible and infrared region and exhibited
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a sharp absorption edge at a wavelenght below
400 nm.  UV-VIS spectra analyzed by Sahu et al.
[45] showed red-shift of absorption band of ZnO
with Gd doping element. The optical analysis of
ZnO:  Al  films  made  by  Osanyinlusi  et  al.  [46]
showed  a  maximum  value  of  transmittance
ranging  from  82%  to  91%  depending  on  the
condition of the films. 

Conclusions

    To  sum  up,  we  performed  hybrid  first-
principle  calculations  to  examine  the  Gd-,  Al-
doped  and Gd\Al-codoped  effect  on  the
structural,  electronic  and optical  properties of
ZnO.   The calculated results  show that  HSE06
hybrid  functional  appropriately  corrects  the
shortcomings  of  standard  PBE  approximation
for  electronic  structure.  The  analysis  showed
that the lattice parameters of Al and Gd doped
ZnO change little comparing with pure ZnO. The
calculated  energetic  results  indicate  that  the
Gd\Al-codoped  ZnO can be easily  prepared at
O-rich  conditions. The  electronic  structures
show  that  the  Fermi  level  of  doped  and
codoped  ZnO  models  shift  up  to  conduction
band, which reflects an n-type ZnO with good
electrical  conductivity  can  be  obtained  by  Gd
doping.  In  addition,  the  optical  band  gap  is
gradually increased with the incorporation of Al
and  Gd  doping  elements.  Meanwhile,  the
optical  band  gap  value  of  Gd+3/Al+3-codoped
ZnO model was between those of Al-, Gd-doped
ZnO models.  Therefore,  the visible  absorption
coefficients are slighly increased, compared to
the  pure  and  monodoped  ZnO.  These  results
are  promising  for  experimental  studies  to
explore  other  aspects,  which  remains
inapplicable  with  codoping  Gd/Al-codoped
system.

Keywords: ZnO,  Trivalent  ions,  Hybrid
functional  theory,  Absorption,  n-type
conductivity.
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