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The structural, electronic, and optical properties of zinc oxide thin films with Al-doping have been
investigated experimentally and with density functional theory (DFT) calculations. Changes in properties of
doped thin films, which are deposited on a glass substrate by a high-frequency magnetron sputtering method, are
monitored using X-ray diffraction data and UV measurements. Our theoretical calculations show that the
electronic structure of ZnO: Al can be well described by the DFT+U method. The XRD measurements
demonstrated the formation of a pure single ZnO phase and Al atoms is well incorporated in the ZnO lattice.
Also, we determine the optical constants such as optical dielectric function, refractive index, optical band gap
values, extinction coefficient, and optical conductivity of the doping films through transmittance spectra. The
calculated results show the change of lattice parameters Al-doped ZnO. The optical band gap of ZnO: Al is
increased compared with pure ZnO. Besides, around the Fermi level of Al-doped ZnO was emerged the shallow
donor states from mainly 3s-Al states. Our DFT calculations of optical properties Al-doped ZnO agree
satisfactorily with the experimentally measured transmittance values.
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Introduction

The zinc oxide (ZnO) is well known as a wide-band
semiconductor with a bandgap = 3.44 eV and exists in
the hexagonal wurtzite-type form under normal
conditions [1]. The ZnO-based materials have many
prospective implementations in various spintronic and
optoelectronic devices involving light-emitting diodes,
lasers, photodetectors, solar cells, magnetic memory
devices, etc. Also, their remarkable structural, electronic,
sensor, optical, and electrical properties, together with a
large number of different preparation methods
appropriate to the production of a high-quality film make
them one of the most all-purpose materials in nowadays
technology [2]. An efficient method for enhancing the
electric and optical characteristics of ZnO is doping them
thin film of impurities [3]. Among different kinds of
doped ZnO, aluminum-doped ZnO (ZnO: Al) is a cheap,
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most stable material, has great electric and optical
properties, and environmentally friendly, which causes
considerable scientific interest. The ZnO: Al has wide
possible applications as potential solar cell electrodes [4],
transparent conductive oxide, and electrical conductivity
[5], optoelectronic and photonic devices [6]. Among
numerous techniques of growth of thin films, magnetron
sputtering is one of the most favored methods for
growing ZnO films because of its simpleness, low
operating temperature, and low cost.

In this work, we report experimental and theoretical
investigations of the structural and optical properties of
Al-doped ZnO thin films. ZnO: Al thin films were
synthesized by the magnetron sputtering method.
Additionally, we model a 3x3x3 ZnO supercell to
perform a theoretical study of Al-doped ZnO using the
first-principles method, including examination of
electronic structures and optical properties. Using these
results, we presented the possibility of using calculated
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results to explain experimental data and indicate a
definite theoretical direction for the research of ZnO-
based doped structures.

I. Experimental details

Al-doped ZnO (ZnO: Al) thin films were deposited
on glass substrates with a size of 16x8x1.1 mm?® by the
method of high-frequency (HF) magnetron sputtering
(~ 13.6 MHz) using a VUP-5M vacuum station (Selmi,
Ukraine) [7, 8]. As a target, the disc from sintered ZnO
(purity of 99.99 %) powder with AI203 (2.5 wt.%)
admixture was used. The target-substrate distance was
equal to 60 mm. The start and end of the sputtering
process were controlled by means of a movable shutter.

Before the sputtering process, the chamber was
pumped out. The gas pressure inside the chamber during
the film sputtering was equal to 4x10** Pa. This pressure
is achievable when using a polyphenyl ether (5F4E) as a
diffusion fluid in the vapor oil vacuum pump, which
possesses a low vapor pressure of 9x1077 Pa.

The power of the HF magnetron was maintained at
the level of 30 W and the temperature of the substrate at
~ 373 K. For heating the substrates a high-temperature
tungsten heater with a power of 300 W was used. The
temperature was controlled using a proportional—
integral-derivative (PID) controller for controlling
heating and cooling rates, as well as for ensuring the
temperature conditions of deposition.

The phase analysis and crystal structure refinement
was examined using X-ray diffraction data (XRD)
obtained on DRON-2.0M diffractometer at room
temperature with the Ka radiation (A = 1.936087 A)
of Fe.

1. Computational methodology

In this work, the total energies calculations were
carried out using the first-principles method within
density functional theory (DFT) and implemented in the
QUANTUM-ESPRESSO package [9]. Exchange and
correlation interactions are described wusing the
generalized gradient approximation (GGA) in
combination with ultrasoft pseudopotentials [10]. The
considered valence electron are 3d'° 4s? for Zn, 2s? 2p*
for O and 3s? 2p* for Al, respectively. Before property
calculations were performed structure optimization of
pure and doped ZnO using the Broyden—Fletcher—
Goldfarb—Shannon minimizer [11-14]. Well known that
GGA suffers from the unavoidable underestimate of
bandgap [15], and this difficulty may manipulate the
accuracy of the calculated bandgap. To correct the
deviation from bandgap many previous works used
approximation with Hubbard corrections or the so-called
DFT+U [16-18]. When considering calculations for ZnO,
GGA underestimates the Zn 3d electrons energy. The top
of the valence band forms with the pair Zn d-states and O
p-states shifting upwards and essentially narrowing the
bandgap [19]. Including the Hubbard U corrections to
calculating the insufficient binding of the Zn d electrons
lead to adjust the position of the restricted d states and
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impacts both the valence band maximum (VBM) and the
conduction band minimum (CBM) [16]. In this study
were used two Hubbard U corrections: Ugq for 3d states of
Zn and U, for 2p states of O. Using two U values which
are equal to Us = 10eV and U, = 7eV lead to the
bandgap of pure ZnO is 3.4 eV which in turn is excellent
agreement with experimental data [20]. In this
methodology, we were successfully tested on many
objects of different dimensions [21-25].

I11. Results and discussion

3.1. Experimental results

ZnO:Al thin film crystallizes in hexagonal structure
(structure type - ZnO, space group P6smc (No. 186), with
the  unit-cell  dimensions a=3.226(2) A and
c=5.155(6) A (V =46.49(6) A%. No additional peaks
(from X-ray analysis) belonging to other oxides can be
detected thereby indicating the formation of pure single
ZnO phase, as well as that Al is well incorporated within
ZnO lattice.

Then by plotting (a-hv)®> versus hv (a-is the
absorption coefficient and hv is the photon energy) one
has a possibility to obtain the direct optical band gap Eq4
from extrapolation of the linear part of the plot to the
photon energy axis (see Fig. 1). The estimated optical
band gap of the ZnO:Al thin films has been found to be
equal to Eqg = 3.26 eV.

To determine the thickness of the films under
investigation, we can use the following equation:

i M--2, |
2((4g) Ay ~N(Ay) 7))

€]

where, A1 and A, are wavelengths corresponding to
neighboring extreme points in the transmission spectrum
and M =1 for two neighboring extrema of one type
(max—max, min-min) and M =0.5 for two neighboring
extrema of opposite types (max-min, min-max). The
obtained value of the ZnO: Al thin film thickness is
454.83 nm.
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Fig. 1. The spectral dependence of optical absorption
for the ZnO:Al thin films.
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Fig. 2. The dielectric functions (a), absorption coefficient (b), refractive index (c), extinction coefficient (d)
and optical conductivity (e) of Al doped ZnO.

The optical properties of a thin film (refractive index
n(L), absorption coefficient a(A), extinction coefficient
kL), dielectric functions &()), optical conductivity o(})
and thickness d) can be easily evaluated from a
transmission spectrum with interference effects using the
envelope method [26-31] (Fig. 2). This method is
applicable in the case of a weakly absorbing thin film on
an entirely transparent substrate that is much thicker than
the thin film. These conditions are met in this work.

3.1. Theoretical results

To analyze the properties of the Al-doped structure
was used a 3x3x3 supercell which including 54 Zn atoms
and 54 O atoms and present in Fig. 3. In our supercell
model, one Zn atom is substituted with one dopant
aluminum atom which corresponds to the impurity
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concentration close to 1.85at.%. After structure
relaxation the lattice parameters ZnO:Al were a = b =
3.462 A and ¢ = 5.663 A, which are bigger than for pure
ZnO (a = b = 3.251 A and ¢ = 5.213 [21]). Also, the
Zn-0 bond lengths for ZnO: Al was 2.08 A which is
longer than those of the pure ZnO (1.98 A [22]), and the
Al-O bond length was 1.86 A that is shorter than the
Zn-0 bond lengths. All changes of structure geometry
for Al-doped ZnO related to the smaller ionic radius of
AP* (0.54 A) compared with replaced Zn ion (0.74 A).
The calculated Mulliken population analysis showed that
for ZnO:Al the atomic population of Al was 1.60 e and is
bigger than of Zn which is 0.94e [22] and indicates that
the valence of Al is larger than of Zn. The higher valence
of Al also leads to higher values of AI-O bond
population (0.47 €) compared with the Zn-O bond
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Fig. 3. The supercell model of Al doped-ZnO. Grey,
red and pink balls display the zinc, oxygen, and
aluminum atoms, respectively.

population of pure ZnO (0.40 e).

Next, we investigated the electronic properties of
Zn0O: Al. The calculated band structure of this model is
presented in Fig. 4. The Fermi level is set to 0 eV. The
Al-doped ZnO displayed n-type conduction as indicates
shifted up into conduction band of the Fermi level, and
refers to a well-known effect of the Burstein—Moss [32].
At the bottom of the conduction band, the occupied states
can be considered as an additional energy barrier that
needed overcome before the electron can be excited from
the valence band to the conduction band. This energy
barrier is also known as the optical band gap and denotes
the energy region from the top of the valence band to the
Fermi level. The optical bandgap of the ZnO: Al is
3.43 eV which is bigger than for pure ZnO calculated
using the same GGA+U method (3.4 eV [22]). At the
same time, it should be noted that the fundamental band
gap is 3.3 eV which is smaller compared with undoped
Zn0.
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Fig. 4. The band structure of Al doped-ZnO.

Fig. 5a presented the partial density of states (PDOS)
of Al-doped ZnO. As can be seen, the calculation results
showed the major contribution to the PDOS in the
conduction band close by the Fermi level derived from
the s-orbitals of the Al atom. Moreover, the
s-contribution in the PDOS at the impurity ion place is
considerably larger than that of the Zn atom and leads to
an improved electron conductivity of the ZnO: Al
(Fig. 5b).

To investigate the optical properties of the ZnO: Al
system the dielectric function e(w) =&, +ie, was
calculated. Ordinarily, the electronic band structure is
directly related with e(w) (imaginary part of dielectric
function) and it can be calculated by add together all
probable occupied states to the unoccupied states of
transitions. The ¢(w) was calculated from the following
expression:

£2(@) = 2 Ty IWEIR X TIYDISES — B — B), (2)

where o is the frequency of light, Q is the volume of a
unit cell, u is polarization vector, ¥, and i}, are the wave
functions of valence and conduction bands, respectively.
The real part of dielectric function & (w) can be
calculated using Kramers-Kronig relation, based on &

(w):
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Fig. 5. The partial density of states of Al-doped ZnO (a) and the partial density of s-orbital of Al and Zn (b).
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where p indicates the main value of integral. The other
optical functions, e.g. absorption coefficient « (w),
refractive index n (w), extinction coefficient k (w) and
optical conductivity ¢ (@) can be determined by & (@)
and &2 (w) [33].

Fig. 6 displayed the real &1 and imaginary part &, of
Al-doped ZnO for different polarization vector of light. If
compared the theoretical results with the experimental
ones presented above (Fig. 2a), we can be seen that the
main trend is well consistent with the experimental
results. But it is necessary to note the shift of a curve

upwards energy region compared with experimental
curves because the difference between experimental and
theoretical band gaps received.

The adsorption and conductivity spectrum of
Al-doped ZnO is presented in Fig. 7a. As in the case of
the dielectric function, the theoretical adsorption
spectrum tendency well agrees with the experimental
spectrum that is displayed in Fig. 2b. Similar results were
obtained in the case of conductivity (Fig. 7b).

For the full display of experimental results (Fig. 2),
we additionally calculated the refractive index and
extinction coefficient of Al-doped ZnO that are presented
in Fig. 8.
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Fig. 8. The refractive index (a) and extinction coefficient (b) of ZnO: Al.
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Conclusions

In this work, the electronic and optical properties of
Al-doped ZnO were studied by means of experimental
and first-principles calculation approaches. The Al-doped
ZnO thin films were grown using the high-frequency
magnetron sputtering method. The X-ray analysis
approves that the major phase of the prepared samples is
the wurtzite structure without secondary phases observed
and Al is well incorporated within the ZnO lattice.
Additionally, the DFT+U study is used for calculating
the band structure of Al-doped ZnO. It was found that
adding an Al atom into ZnO enables changes of the ZnO
band structure. New states at the top of the valence band,
derived from the interaction of valence electrons of Zn,
O, and Al atoms. The change of the band structure and
PDOS of the ZnO after Al doping means that the doped
system may show distinct optical properties. It is
important to note that the theoretically obtained results
are in good agreement with experimental observations,
and the appropriate properties received by calculations
for Al-doped ZnO were also established in the actual
materials.
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2Hayionanvnuii ynisepcumem «JIvgiecoxa Ionimexnixay, JIveis, Yrpaina, andriykashuba07 @gmail.com

[IpoBeneHo MOCTIHKEHHs BIUIMBY JIETYBaHHS aTOMaMH AJIIOMIHII0 Ha CTPYKTYpHI, €MeKTPOHHI i ONTHYHI
BJIACTHBOCTI TOHKHX IUTIBOK OKCHIY LHHKY, BUKOPHCTOBYIOUHM EKCIIEPUMEHTAIbHI METOAM Ta PO3PaxyHKH B
MeKax Teopii (yHKIiOHAIA T'yCTUHH. 3MIiHH BIACTHBOCTEH JITOBAaHMX TOHKHX ILTIBOK, SIKi OyiM HaHECeHHI Ha
CKJISIHY TiAKJIaJKy METOJOM BHCOKOYACTOTHOTO MarHETPOHHOT'O PO3IHJICHHS, KOHTPOJIIOBAIUCS 32 JIOHOMOTO0
naHuX X-npoMeHeBol Audpakiii Ta CHEKTPiB MpoIycKaHHs. Pe3ybTaT TEOPETHUHHUX PO3PAaXyHKIB MOKa3yIOTh,
IO eNeKTpOHHaA cTpykTypa ZnO:Al nobpe y3ropkyerbesi 3 eKCIEepUMEHTATbHUMH JaHUMH NPH BHKOPUCTAaHHI
meroay DFT + U. Ha ocHOBI crieKTpiB MpoImycKaHHs BU3HAYCHO ONTUYHI KOHCTAHTH JUTSl JISTOBAaHUX TUTIBOK, TaKi
SK JIieIeKTPUYHA TNPOHUKHICTh, MOKA3HUK 3aJIOMJICHHS, LIMPHUHA ONTHYHOI 3a00poHeHOi 30HH, KoedilieHT
EKCTHHKIIT Ta ONTHYHA TPOBiHICTh. Pe3ynpTaTn po3paxyHKiB MOKa3any, 10 IPH BHECEHHI JOMIIIKOBOTO aToMa
Al B cynepkomipky ZnO, crioctepiraeTbesi 3MiHa mapametpiB wiei rpatku. [llupuna ontudHoi 3a60poHEHOT 30HH
ZnO:Al 3poctae mopiBHsHO 3 HenerosaHuM ZnO. Kpim Toro, HaBkomo piBHS Pepmi, B ZnO:Al, BUHUKAIOTH
HEerMHOOKI JIOHOPHI PiBHI, SIKi MEPEeBaYKHO MOXOIATH Bix 3s-opOitaneid Al. Pesympratn Hammx po3paxyHKiB
onTHYHMX BiactuBocTeil ZnO, jseroBanoro Al, B Mexax DFT, 3a[J0BiIbHO y3TO/UKYIOTECS 3 €KCIEPUMEHTAIBHO
BUMIPSHUMH 3HAUYCHHSIMH KOEQili€HTa IPOITYyCKaHHS.

Keywords: neroanuit ZnO, DFT+U, mmpuHa ONTHYHOI 3a00pOHEHOI 30HH, 30HHO-CHEPreTHYHA
CTPYKTYpa, ONITHYHI BIACTUBOCTI.
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