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The results of studies of the dispersion of optical functions and optical constants for zinc oxide thin film
doped with aluminum are presented. The deposition of Al-doped ZnO (2.5 wt. %) thin films is performed by
magnetron sputtering. Al-doped ZnO thin film crystallizes in a hexagonal structure (structure type ZnO,
space group P6smc (No. 186) with unit-cell dimensions a = 3.226(2) Aand c=5. 155(6) A (V°= 46.49(6) A‘)
Optical transmittance spectra (300-2500 nm) shows that the Al-doped ZnO thin film is of high optical qual-
ity, and the value of the optical band gap (3.26 eV) is very close to undoped samples. The study of optical
functions is performed on the basis of the experimentally measured transmission spectrum using the by-
pass method. The spectral behavior of optical functions, such as refractive index, extinction coefficient, ab-
sorption index, dielectric functions and optical conductivity, is established. The value of Urbach energy and
the dependence of oscillator strength on the size of the band gap and the concentration of doping element
are determined. It is observed an increase in Urbach energy for the Al-doped ZnO thin film in comparison
to the undoped ones. An almost twofold increase in the optical oscillator strength value is revealed for the
thin film studied. The influence of aluminum doping on the dynamic change of optical mobility, optical re-
sistance and relaxation time is established for the first time for the studied compound. The value of the
plasma frequency is also determined and its correlation with the carrier density is defined. The doping of
ZnO thin films with aluminum leads to an increase in optical mobility, relaxation time and plasma fre-
quency that is revealed by comparison with reference data for the undoped ZnO. Due to good optical prop-
erties, this thin film is a good candidate as a material for optoelectronic devices.
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1. INTRODUCTION

ZnO thin films attract considerable attention of re-
searchers as a promising material for solar energy, gas
sensors and other applications [1-7]. In the classical
case, zinc oxide is a wide band gap semiconductor with
high exciton binding energy of 60 meV [8].

It is known that optical properties of semiconductor
thin films depend on the deposition method [9, 10].
Currently, various methods are used to obtain ZnO thin
films: radio frequency (RF) or direct current sputtering,
spray pyrolysis, spin coating, metal organic chemical
vapor deposition and pulsed laser deposition [5-7, 9-19].

7ZnO is usually doped with different chemical ele-
ments to modify the optical transmittance and band
gap of the corresponding thin films by changing their
electrical, optical and other properties. Degree of Al-
doping plays a major role in increasing the optical band
gap of ZnO thin films and the enhancement of their
optical transparency.

Doping of zinc oxide thin films results in different
changes of physical properties. In most cases, doping of
thin films results in an increase in the band gap value
[11-13, 15-22] caused by the influence of the Burstein-
Moss effect [20-22] and increased contribution of de-
fects [21] (Zn, O vacancies). In several studies [23-26],
doping with different chemical elements leads to a
decrease in the band gap, or the value of the band gap
remains almost independent of doping.

As a consequence, the physical properties of zinc ox-
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ide thin films may depend on the deposition method or
the alloying chemical element. Since one of the predom-
inant applications of zinc oxide thin films is solar ener-
gy (ZnO as a conductive material) and gas sensors, it is
important to know the behavior of optical functions and
optical constants (including optical mobility, relaxation
time and optical resistance).

Aluminum (2.5 wt. %) as the doping element and
RF sputtering as the preparing method were chosen in
the present study. Currently, no reference data on the
main optical parameters (optical mobility, relaxation
time, optical resistance) of ZnO:Al thin films obtained
by RF sputtering are available.

2. EXPERIMENTAL DETAILS

Al-doped ZnO (ZnO:Al) thin films were deposited
on glass substrates with a size of 16 x 8 x 1.1 mm? by
the method of high-frequency (HF) magnetron sputter-
ing (~13.6 MHz) using a VUP-5M vacuum station
(Selmi, Ukraine) [9, 27]. As a target the disc from sin-
tered ZnO (purity of 99.99 %) powder with Al203
(2.5 wt.%) admixture was used. The target-substrate
distance was 60 mm. The start and end of the process
were controlled by means of a movable shutter.

The power of the HF magnetron was maintained at
a level of 30 W, and the substrate temperature was
373 K. A high-temperature tungsten heater with a
power of 300 W was used to heat the substrates. The
temperature was controlled by means of a proportional-
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integral-derivative (PID) controller for controlling heat-
ing and cooling rates, as well as for ensuring the tem-
perature conditions of deposition.

Spectral dependences of the optical transmittance
(Shimadzu UV-3600) of the title samples have been
measured in the visible and near infrared regions (300-
2500 nm) at room temperature [9, 27].

3. RESULTS AND DISCUSSION

3.1The Optical Band Gap E; and Urbach
Parameter Eo

The transmittance spectrum of ZnO:Al thin films is
given in Fig. 1. As-grown thin films are found to exhibit
high transparency in the wavelength range 300-2500 nm.
Here, the average transmittance is close to 78 %.

To determine the thickness of the films under inves-
tigation, we can use the following equation:

M
2(n(4) Ay —n(i) 1)

where 11 and A2 are the wavelengths corresponding to
the neighboring extreme points in the transmission
spectrum, M =1 for two neighboring extrema of one
type (max-max, min-min) and M = 0.5 for two neighbor-
ing extrema of opposite types (max-min, min-max). The
thickness of ZnO:Al thin films calculated by Eq. (1) is
equal to 455 nm.

To estimate the absorption band edge energy of the
films, the first derivative of the optical transmittance
can be used. The dependence of d7/dA versus wave-
length A is plotted, as shown in the inset of Fig. 1. Posi-
tion of the characteristic highest first peak of d7/dA
corresponds to the optical band gap energy Eg = 3.22 eV.

The optical band gap E; is also determined from the
spectrum of the absorption coefficient a(hv). For this
purpose, the known Tauc relation for the direct optical
transition between the valence and conduction bands is
used [9, 27],

®

(ahv)' = A(w-E,), @)

where A is an energy-independent constant and hAv is
the photon energy. Here, the absorption spectrum a(hv)
is calculated from the transmittance data in the spec-
tral range of stronger absorption [28]. The direct optical
band gap Eg is obtained by plotting the dependence of
(ahv)? versus hv and following linear approximation of
this dependence to the value (ahv)?2=0 (Fig. 2). Thus,
we have evaluated the exact value of the direct optical
band gap for the films studied equal to Eg@ = 3.26 eV.
The estimated band gap values of the studied ZnO:Al
films obtained by two above mentioned methods are
presented in Table 1.

The spectral dependence a(hv) near the band edge
reveals an exponential dependence on the photon ener-
gy and obeys Urbach empirical formula (3),

a(hv) = exp(%) , 3)

where ao and Ey (Urbach energy) are the characteristic
parameters of the material studied. One can determine
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the parameters a and E. from the experimental de-
pendence a(hv) (Fig. 3). The value of Urbach energy Eu.
depends on the structural disorder and temperature of
the material. Temperature dependence of this energy is
formed by the interaction of electrons/excitons with
optical phonons [24].
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Fig. 1 — Transmission spectrum of ZnO:Al thin film. Plot of the
transmittance first derivative d7/dA vs. A of ZnO:Al thin film
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Fig. 2 — Plots of («hv)? vs. photon energy of ZnO:Al thin film
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Fig. 3 — Urbach plots of ZnO:Al thin film

It is found that Urbach energy of ZnO:Al films
studied increases with increasing doping of zinc oxide
by aluminum (Table 1) that may be caused by an in-
crease in the energy width of localized energy states of
thin films. However, a more elaborated theory of the
experimentally observed exponential dependence a(hv)
is still absent. This dependence may arise from the
random fluctuations of the internal fields associated
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with structural disorder in many amorphous materi-
als. The exponential dependence of the optical absorp-
tion coefficient with photon energy may arise from the
electronic transitions between localized states [29]. In

JJ. NANO- ELECTRON. PHYS. 13, 04006 (2021)

many cases, the density of the top valence and bottom
conduction band states of materials depend exponen-
tially on the energy in the band gap region that is
consistent with Tauc theory.

Table 1 — Optical parameters of ZnO and ZnO:X (X = Al, Cu, In, Sn, Mn, Mg, Ni, NiO and Fe-Ni) thin films

Sample Method of deposition d,nm | Tave, % | Eg, €V | E«(dT/d}), eV | Eu, meV Ref.
Zn0:Al (2.5 wt.%) RF 455 77.78 3.26 3.22 86.32 | This work
Zn0:Al Spray Pyrolysis — >80 % 3.30 — 91 [15]
Zn0:Cu Spray Pyrolysis - >70 % 3.27 - 98 [15]
Zn0:Sn Spray Pyrolysis - >80 % 3.28 - 101 [15]
7n0 Sol-Gel _ ~90 | 3.29 _ 367 [24]
ZnO:In (1.0 %) Sol-Gel _ ~90 | 3.26 _ 390 [24]
Zn0 Coating - >80% | 3.288 - - [23]
Zn0:Fe-Ni (2 %) Coating - >80% | 3.258 - - [23]
ZnO (1:1) Sol-Gel spin coating method — >85% 3.37 3.31 - [30]
7ZnO (0 kGy) RF 134 _ 3.26 _ 116.71 [14]
Zn0 Spray Pyrolysis 210 - 3 - ~ 730 [13]
Zn0:Sn (4 at.%) Spray Pyrolysis 223 - 3.25 — ~ 200 [13]
Zn0:Mn (4 at.%) Spray Pyrolysis 192 - 3.17 - ~ 210 [13]
7Zn0:Al (4 at.%) Spray Pyrolysis 178 — 3.08 — ~ 400 [13]
Zn0 Sol-Gel - ~85% 3.36 — 255 [16]
Zn0O:Mg (6 wt.%) Sol-Gel — ~85% 3.73 - 307 [16]
Zn0 Spray pneumatic method [149.65| ~ 80 % 3.26 - 92 [18]
ZnO:NiO (3 %) Spray pneumatic method | 101.4 | ~80 % 3.28 — 91 [18]
Zn0 Spray Pyrolysis ~400 | 60-70 % | ~3.27 - 23.34 [19]
ZnO:Ni (5 at.%) Spray Pyrolysis ~ 400 | 60-70 % | ~3.27 — ~ 120 [19]

3.2 Analysis of the Refractive Index

The dispersions of the refractive index n(1) and ex-
tinction coefficient k(1) (k(1) = Aa(A)/4n) (Fig. 4) of a
thin film can be easily evaluated from the transmission
spectrum with interference effects using the envelope
method [9, 31-32]. This method is applicable in the case
of a weakly absorbing thin film on an entirely trans-
parent substrate, which is much thicker than a thin
film. These conditions are met in this work.

The calculated refractive index n of the thin film
studied decreases with increasing wavelength A (see
Fig. 4). Here, the dispersion n(4) is normal and may be
well approximated by the single oscillator model. In
Fig. 5 and Fig. 6, the dashed straight lines are the
linear fits of the refractive index dispersions corre-
sponding to the single oscillator model in the form pro-
posed by Wemple and DiDomenico [9],

E,E,

vyt —1=—Lato
(hv) B2 — ()’

4

where Eo is the single oscillator energy, Eq is the dis-
persion energy, and hv is the photon energy. Both
Wemple parameters, Eo and Eq4, can be obtained from
the parameters of the above-mentioned linear fit
(n?2—1)-1~ (hv)? of the dependence (4). The values of
these parameters are summarized in Table 2. The
refractive index no=n(hv=0) can be determined by

. . E
using the expression n, = [1+=% . The value no usual-
0
ly increases with doping of ZnO by aluminum (Table 2)
that may be considered together with the characteris-
tic dimensions of Al atoms in the ZnO structure [33].
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Fig. 4 — Refractive index (left) and extinction coefficient (right)
depending on wavelength of ZnO:Al thin film
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Fig. 5 — Plot of (n2 — 1) -1~ vs. (hv)? for ZnO:Al thin film
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Fig. 6 — Plot of (n2 — 1)-1~ vs. A-2 for ZnO:Al thin film

The M-1 and M-3 moments of the optical spectra can
be obtained from the following relations [29]:

3
R
-3 3

®)

The obtained values are given in Table 2. In addi-
tion, the oscillator strength (f) is expressed according to
Wemple and DiDomenico via the following formula [24]:

Table 2 — Single oscillator parameters of ZnO:Al thin films
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f=Eola, ®)

Aluminium doping of ZnO film (ZnO:Al, 2.5 wt.%)
leads to an increase in the oscillator strength value
from 35.48 (ZnO [24]) to 90.68 eV2 (Table 2). Similar
fluctuations of the oscillator strength for the doped thin
films were observed in other studies [29], but there is
no clear understanding of such behavior of the oscilla-
tor strength till now.

The refractive index dispersion n(l) in the range of
transparency can be approximated also by using Sell-
meier dispersion Eq. (7),

Iy j

1-| 20

(n*-1)7"'= ( <
Sos

where So is the average oscillator strength and Ao is the
average interband oscillator wavelength. When the
dependence of (n?2—1)-1! vs. A-2 is plotted and the
straight-line fit is performed, then the values of So and
Ao can be determined from the relation (7) (Table 2).

, (M

Sample ﬁ;‘gﬁgﬁ Eo, eV | Es, eV | no M1 | Ms, eV-2 f Jo,nm | So,nm-2 | Ref.
(2Z5HVCV)LA§/) RF 448 | 2024 | 2.35 | 4.52 0.23 90.68 | 136.1 | 2.510-4 vrf(})l;f{
. . 0
7n0 Sol-Gel | 6.62 | 536 | 1.35 | 0.89 0.020 35.48 | 285 | 1.0610-5| [24]
(zln(());? Sol-Gel | 6.80 | 856 | 1.50 | 0.81 0.017 58.20 | 305 | 1.3410-5| [24]
. 0

3.3 The Complex Dielectric Function

It is known that the real and imaginary parts, €1 and
&2, of the complex dielectric permittivity e,

=6+, €))

are related to the refractive index n and extinction
coefficient & by Egs. (9) and (10),

& = n®—k?, 9)
& =2nk. (10

For the values of n much greater than k, the value
of £1 is approximately equal to n2, and the dependence
of £1(1) can be fitted using the relation [9] valid for the
free electron light absorption,

2 N,
& = nZ =&, _£7Z-602J( m: j]? , (1 1)

where c is the speed of light, m" is the effective mass of
the carrier, N. is the carrier density, e is the electronic
charge, and & is the high-frequency dielectric constant.
To obtain the high frequency dielectric constant e«, we
plot a graph n? as a function of 42 and extrapolate the
linear part of the curve to 12= 0 (Fig. 7).

Furthermore, the dispersion of the imaginary part
of the dielectric function £2(1) is used to estimate the

relaxation time (7), optical mobility (up:) and optical
resistivity (oopr) in the framework of the Drude free
electron model [23, 34] using the relation

_ eZ i Nc i l 3
82_(480713'03](m*j[r)/1 ’ (12)

The parameter 7 is found from the slope of the plot
£2(13), where the value of Ne/m" is taken from Eq. (11).
Afterwards, the optical mobility up: and optical resis-
tivity popr of ZnO:Al thin films are calculated by the
relations (13) and (14) [34],

er

/uopt = m* ’ (13)

1
=—— 14
Popt et Nc (14)

The calculated values of the relaxation time 7, opti-
cal mobility up: and optical resistivity pop: are present-
ed in Table 3.

It is found that the aluminium doping of ZnO thin
films increases the values of optical mobility and relax-
ation time (Table 3). In addition, it is revealed that
2.5 wt. % doping of ZnO by aluminium leads to higher
values of optical mobility and relaxation time than
those for ZnO thin films doped with Fe-Ni [23].

Additionally, the electron plasma frequency (wp) is
calculated using relation (15) [35],
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g N\U/2
_ (e NCJ
o, = o
Eom
As expected, aluminium doping of ZnO thin films
leads to an increase in wp value in comparison to pure

ZnO (Table 3).

The dielectric loss factor tand is determined by the
known relation

(15)

&
tand =2,
&

(16)
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and the corresponding photon energy dependence tan&(F)
is presented in Fig. 9. The complex optical conductivity
(o0 =0y +i0,) is known to be related to the complex

dielectric constant (8) [29],

O, = W8, Ty = WE,E, 17)

where @ is the angular frequency, o is the dielectric
constant. Both components o1 and o2 of the optical con-
ductivity oincrease with increasing frequency o (Fig. 10).
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Fig. 10 — The optical conductivity dependence of frequency for
ZnO:Al thin film

Table 3 — Optoelectronic constants of ZnO:Al thin films obtained from analysis of optical dielectric functions

N
Sample g/i;t)};?g;f En (m: ] ’ Hopt, m?/V s o f)lof;; 1 T, S Wp, ™1 Ref.
kg-1m-3

Zn0:Al RF 5.48 1.23-1057 6.7-10-3 3-10-5 1.68-10-14 6-108 gg;ls(
Zn0 Coating 2.993 1.208-1057 3.643-10-3 | 3.544-10-¢ | 0.913-10-* 5.720-107 [23]
Zn(OZ:E:)_Ni Coating 3.562 2.167-1057 5.095-10-3 | 1.412-10-6¢ | 1.276-10- 1 8.620-107 [23]
Zn0 Sol-Gel 2.14 2.11-10%6 — — — — [24]
%;100;1)1 Sol-Gel | 2.71 5.77-1056 - - - - [24]
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4. CONCLUSIONS

Optical characteristics of zinc oxide thin films with
2.5 wt. % aluminium content obtained by the RF meth-
od have been studied by the transmittance measure-
ments in the wavelength spectral range of 300-2500 nm
by the interferometry method. The data obtained have
been used to calculate the complex dielectric function
e=¢e1+ie2, complex refractive index n=n1+inz and
several associated optical values of ZnO:Al thin films.
The data obtained have been also elaborated using the
Urbach approximation.

One of the main findings is the increase in Urbach
energy for ZnO:Al thin films in comparison to the
undoped ones. This probably is caused by an increase
in the energy width of the localized electronic energy
states of thin films due to increased atomic disorder.
Also, an almost twofold increase in the optical oscilla-
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tor strength value has been revealed for the thin film
studied.

Several electronic and optical parameters of the
Drude free electron model (relaxation time, optical
mobility and optical resistivity) for the thin films stud-
ied have been estimated for the first time. The doping
of ZnO thin films with Al leads to an increase in the
optical mobility, relaxation time and plasma frequency
that was revealed by comparison with reference data
for undoped ZnO.

Numerous optical parameters of ZnO:Al thin films
obtained allow us to recommend these samples for
applications in optoelectronic devices.
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Onruuni Ta qucnepciiini napamerpu TOHKUX mIiBok ZnO:Al
A.l. Kamry6al, B. Aunpiesceruii?, I A. Iimpuyk!, P.1I0O. Ilerpycs!, T.C. Manuii3, I.B. Cemkis!

1 Hauyionanvruil ynisepcumem «JIvsiscorka nonimexuixar, gyn. C. Banodepu, 12, 79646 Jlveis, Yikpaina
2 Dakxynvmem eslekMPOHIKU ma Komn tomeprux Hayk, Kowanincokuii mexrnono2iunuil yHigepcumen,
75-453 Kowawnin, Ionvwa
3 JIvsiscoruli HaylonanvHull yrisepcumem imeni leana @panka, yn. Kupuna i Megoois, 8, 79005 Jlvsis, Yrpaina

IIpencraBieHi pe3yIbTaTH JIOCIIKEHb JUCIEPCIi IapaMeTpiB Ta OITUYHUX (PYHKINHN JJIS TOHKOI ILTIBKA
OKCHIY IIMHKY, JeroBaHol amominiem. Ocamrerus ToHKuX wiiBok Zn0, seropanux Al (2,5 mac. %), BUKOHY-
BAJIOCh METOJIOM BHCOKOYACTOTHOTO MarHETPOHHOro HammieHHs. Touka maiBka ZnO:Al kpucramisyerbes B
TeKcaroHaJbHIA cTpyKTypi (Tun cTpykrypu ZnO, mpocroposa rpyna Pésmc (No. 186), 3 mapamerpaMu eJe-
MEHTApHOI KOMIpKH a = 3. 226(2)A i ¢=5.155(6) A (V=146.49 (6) A*) CHeKTpy ONTHYHOIO IIPOITYCKAHHS
(300-2500 uM) mokasasu, 1Mo ToHKA mwIiBka ZnO:Al Mae BUCOKY OIITMYHY SKICTh, 4 3HAYEHHS BEJIUYMHU OII-
THUYHOI IMUPUHEA 3a00poHeHol 30HH (3,26 eB) € gyske 6IM3BKUM 110 HeJIETOBAHUX 3pasKiB. BeraHOBIIEHO CIiek-
TpaJIbHY MOBEIIHKY ONTHYHUX (DYHKINN: IIOKA3HUKA 3aJIOMJICHHs, KoedillleHTa eKCTUHKINI, ITOKA3HUKA II0-
TVIMHAHHSA, JleJeKTPUYHNX (PYHKINI Ta ONTHYHOI mpoBigHocTi. BeranosiieHo sHaveHHs eHeprii Ypbaxa Ta
3aJIESKHICTD CHUJIM OCIIMJISITOPA BLT OITHYHOI INMPUHHU 3a00POHEHOI 30HK Ta KOHIIEHTPAIl] JIEryI0Uoro egeme-
ara. Crocrepiraerbest 301abIeHHs eHeprii Ypbaxa s seroasoi Al Torkol By ZnO MopiBHSHO 3 HeJle-
roBauomp. JIJst mocsTipKyBaHOI TOHKOI IUTIBKU BUSBJIEHO MAiiKe MOJABIMHE 301IbIMTEHHS 3HAYEHHS CHUJIN OII-
THYHOTO OCITUJISTOPA B IIOPIBHSHI 13 HEJIETOBAHUMU 3pasKaMy. BIINB JleryBaHHsS aIIOMIHIEM TOHKUX ILTi-
BoK ZnO Ha IuHAMIKY 3MIHH OIITUYHOI PYXJIMBOCTi, OIITUYHOTO OIIOPY Ta Yacy peJIaKcallil BCTAHOBJIEHO BIIe-
pIite IS JOC/IPKYBAHOI CIIOMYKH. TaKoK, BU3HAYAETHCA 3HAYEHHS IJIA3MOBOI YACTOTH Ta I KOPEJIAITS 3
KOHIleHTpaIien HociiB. Jlerypanusa ToHKMX miiBok ZnO aaioMiHieM TPU3BOAMUTH J0 301IBIIEHHS ONTHYHOL
PYXJIMBOCTI, Yacy peJiakcallii Ta maa3MoBOI YaCTOTH, IO OyJI0 BUSIBJIEHO IOPIBHSIHHSAM 3 BIIOMUMU JaHUMU
IIJIS HeJIETOBAHUX TOHKUX IUTiBOK ZnO. BussiieHl onTHYHI BJIACTHBOCTI JOCIIIIMKYBAHOI TOHKOI IJIIBKU BKa-
3YIOTh HA IIEPCIEKTUBY ii MIPAKTUYHOIO BUKOPUCTAHHS K MaTepiaJLy JJIsi OIITOEJIEKTPOHHUX IIPUCTPOIB.

Kmrouosi cnosa: Touki miisknu, [Tormmuanns, Jucnepcisa, [Tokasuuk samomuenns, Ilponycekanss, Onruami
dyuxii, Yac penakcarri.
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