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Abstract. Al-doped ZnO (AZO) thin films were deposited by magnetron sputtering layer-by-layer
growth method on silicon and glass substrates at different substrate temperatures. The atomic force
microscopy analysis shows that AZO films are very flat with average root-mean square roughness 2.3
nm. Energy dispersive X-ray spectroscopy analysis reveals that Al content in AZO films approx. 1 at.
%. X-ray diffraction studies have shown that all aluminum doped ZnO films are polycrystalline ones
having hexagonal wurtzite structure with c-axis oriented perpendicular to film plane (002). Optical
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measurements showed that all as-grown films are highly transparent (84%) in the visible region of
optical spectrum and have band gap energy within 3.34 - 3.41 eV testifying their good optical quality.
The lowest value of electrical resistivity was 1.7x1072 Q-cm for AZO film deposited at substrate
temperature 350°C.

Keywords: XRD, ZnO films, Al-doped, layer by layer method

BIIJIMB TEMIIEPATYPHU NIAKJIAJIKHW HA CTPYKTYPHI, OITUYHI
TA EJIEKTPUYHI XAPAKTEPUCTUKHU JIETOBAHUX AJIIOMIHIEM
TOHKHUX INIIBOK OKCUAY HUHKY OCA/KEHUX METOAOM
IHOIAPOBOI'O MATHETPOHHOT O PO3IITNMJIEHHSA

M. B. llpanuyk, A. 1. €emywenko, B. A. Kapnuna, O. C. Jlumeun, B. P. Pomaniok, B. M. Tkau,
B. A. Bamypun, O. IO. Kapnenko, B. M. Ky3neyos, B. I. [lonosuu, M. I /[yweiixo, I B. Jlawkapbos

AHorauis. JleroBani amominieM ToHKI IiBKkU ZnO (AZO) Oynu BUPOLIEHI Ha KPEMHIEBUX Ta
CKJISTHUX I1JIKJIaJJKaX METOJOM IOIIapOBOTO POCTY Y MarHeTPOHHOMY PO3MUJIIOBAHHI MPH Pi3HIH
TeMIeparypi NiaKIaaKid. AHali3 3a JOIOMOTI0K aTOMHO-CHUJIOBOI MIKPOCKOIIiT IPOAEMOHCTPYBAB, 1110
wiiBkH AZO € y’Ke IIaJKUMU 3 CEPeAHIM 3HAYCHHSIM CepeHbOKBAAPATUYHOT HIOPCTKOCTI 2,3 HM.
B pesynbrari npoBeeHHS €HEpro-IUCIepCiiiHOr0 peHTIeHIBCHKOTO aHalli3y BCTAHOBJICHO, 1[0 BMICT
aIOMiHIIO B TUIiBKax AZO ctaHoBUTH Npubau3Ho | at. %. PeHTreHiBchbki JOCHIIKEHHS MMOKa3aj,
10 Bcl JieroBaHi amoMiHieM TUTiBKH ZnO € MONIKPUCTATIYHUMH 3 TeKCArOHAIBHOK CTPYKTYPOIO
BIOPIIUTY 3 BIiCCIO ¢ OPIEHTOBAHOI NMEPIEHAUKYIAPHO iomuHu wiiBkH (002). OnTHUYHI BUMIPIOBAHHS
MOKa3aJiv, 110 BC1 BUPOIIEHI IUIIBKM MalOTh BUCOKY Mpo30picTh (84%) y BuaAMMIN 061acTi ciekrpa
1 MaloTh MHMpUHY 3a00poHeHO01 30HU 3,34 - 3,41 eB, mo cBiAUUTH TIPO iX 10OpPY ONTUYHY SKICTh.
Haiinmxk4de 3Ha4eHHS eJIeKTPUYHOTOo onopy cranoBwio 1,7-102 Om-cMm mnst AZO 11iBKY, BUPOILEHOT
npu Temmneparypi migkiaanku 350 °C.

Kurouosi ciioBa: PIIA, ZnO mniBky, JeTyBaHHs allOMiHIEM, TOIIAPOBUN METOJ

BJIMAHUA TEMIIEPATYPBI IOJVIOKKHN HA CTPYKTYPHBIE,
OIITUYECKUE U QJJIEKTPUYECKHUE XAPAKTEPUCTUKU
JIETUPOBAHHbBIX AIFOMUHUEM TOHKUX IIVIEHOK OKCHUJIA HUHKA
OCAXKJIEHHBIX METOAOM INOCJIOMHOI'O MATHETPOHHOI'O
PACHIBIJIEHU A

M. B. /lpanuyk, A. U. Eemywenko, B. A. Kapnuna, O. C. Jlumseun, B. P. Ponwaniok, B. H. Txau,
B. A. Bamypun, A. FO. Kapnenxo, B. H. Ky3ueyos, B. U. Ilonosuu, M. I [{yweiixo, I B. Jlawxapeé

AnHoTanus. JlerupoBaHHble antoMuHUeM ToHKUE MiieHKu ZnO (AZQO) OblIu BBIpAlIEeHBI Ha
KPEMHUEBBIX U CTEKJISTHHBIX MOAJIOKKAX METOIOM MOCIOMHOIO pOCTa B MArHETPOHHOM PaCIbUIECHUU
IIPY pa3HOM TEMIIEPATYPE MOUIOKKU. AHAIIN3 C IOMOILBIO0 AaTOMHO-CHUIIOBOM MUKPOCKOIIMH TOKa3aJl, YTo
1wieHKU AZO SIBISIIOTCSI OYEHB [VIaJKUMH CO CPEIHUM 3HAUYEHUEM CPEIHEKBAAPAaTUYHOM 111€POXOBAaTOCTH
2,3 uM. B pesynbrare npoBeeHUs SHEPTIO-AUCIIEPCUOHHOIO PEHTIEHOBCKOIO aHAJIM3a YCTaHOBIIEHO, YTO
coziepyKaHue aloMUHuA B IuieHKax AZO cocrasisieT npuMepHo 1 at. %. PeHTreHoBckue nccienoBaHus
[I0Ka3aJli, YTO BCE JIETUPOBAHHBIE AJIFOMUHHUEM IUIEHKU ZnO SBISIIOTCS MOIUMKPUCTAININYECKUMHU C
IEKCarOHAJILHOW CTPYKTYpPOH BIOPLIMTA C OCBIO ¢ OPUEHTUPOBAHHOM NEPIICHAUKYISPHO ILUIOCKOCTH
wieHku (002). OnTudyeckrue U3MEpeHHsl MOKa3alu, YTO BCE BBIPAIICHHBIE IJIEHKA UMEIOT BBICOKYIO
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npo3padHocTh (84%) B BUAMMON 00MacTH CHEKTpa U UMEIOT LIMPUHY 3amlpelieHHol 30HbI 3,34
- 3,41 5B, 4TO CBUAETENHCTBYET O UX XOPOLIEM ONTHYECKOM KauecTBe. HamMmeHbllee 3HaYeHUE
conpotuBiieHuss cocTaBmio 1,7-102 Om-cMm s miaeHku AZQO, BBIpAIIEHHON TIPU TeMIepaType

nomioxku 350 °C.

Kuarwuesbie caoBa: PJIA, mienku ZnO, nerupoBaHue aIlOMAUHUEM, TTOCTONHBINA METO/

Introduction

Transparent conductive oxides (TCO) having
a wide band gap, high transparency and low resis-
tance are popular materials for photovoltaic het-
erostructure solar energy cells, transparent con-
ducting electrodes, window materials, displays,
LEDs [1].

ZnO is II-VI semiconductor with n-type con-
ductivity and wide direct band gap (3.2 eV at
room temperature). It belongs to hexagonal crys-
tal system with a point group of 6mm (Hermann-
Mauguin notation) and space group C, (P6,mc)
with high exciton binding energy (60 meV at
room temperature) [2—6]. Doped by donor impu-
rities (Al, Ga, In) zinc oxide is a promising mate-
rial for future technologies of electronics and op-
toelectronics. In economic terms, aluminum is the
most favorable donor impurity.

Zinc oxide doped by aluminum (AZO) have
some advantages opposite to ITO: non-toxicity
(on the stages of the production and application),
the prevalence of raw materials in the Earth’s
crust, high stability to temperature changes, has
a wide band gap that allows the material to be
highly transparent (~ 85-95%) in a wide range of
wavelengths, and low resistivity (~2x10* Qcm)
[7].

A variety of techniques such as DC [8] or RF
magnetron sputtering [9], electron beam evapora-
tion [10], pulsed laser deposition [11], spray py-
rolysis [12], chemical vapor deposition [13] and
sol—gel processing [14,15] have been successfully
applied to prepare AZO films. Considering the ap-
plication of flat panel displays such as Thin Film
Transistor-Liquid Crystal Displays (TFT-LCDs)
and Organic Light Emitting Displays (OLEDs),
the sputtering method is most suitable for the in-
dustrial applications.

There are some papers with investigations of
influence of process parameters on structural, op-
tical and electrical properties of AZO films, and
our main aim of this study, is to investigate the
effect of applying the layer-by-layer method at

magnetron sputtering on structural and electrical
properties changes of AZO films prepared at vari-
ous substrate temperatures.

1. Experimental details

AZO thin films were grown on Si (100) and
glass substrates by radio frequency (r.f.) mag-
netron sputtering on vacuum equipment VS350
(SELMI). The composite target of zinc (purity
99.99 %) with aluminum inserts (purity 99.99 %)
have been used for films deposition. To improve
the crystalline perfection of the AZO films and to
maintain a constant growth rate we used a new
approach in AZO magnetron sputtering, namely,
the layer-by-layer growth method [16-18]. Using
start-stop technique (i.e. introducing interrup-
tions at film growth) Al-doped ZnO films were
grown using three stages. Total time of deposi-
tion was 6 min. The substrate temperature T, were
changed from 150 to 350 °C. Other technological
parameters such as r.f. discharge power (200 W),
oxygen and argon gas pressures (0.05 and 1 Pa,
respectively) and target-substrate distance (7 cm)
were kept constant during films growth. So it has
been provided AZO films growth in dependence
on temperature of substrates.

The structural parameters were investigated by
x-ray diffraction (XRD) using DRON-4 diffractom-
eter, applying Cu-Ka radiation (A = 0.1542 nm) at
Bragg—Brentano theta-2theta configuration. Trans-
mittance of AZO samples deposited on transpar-
ent glass substrates was investigated by DMR-4
spectrophotometer equipped with incandescent
lamp as a light source and Si photodetector. The
elemental analysis of AZO films was done by the
ZEISS EVO 50 XVP SEM apparatus using en-
ergy dispersive X-ray spectroscopy (EDX) fur-
nished with INCA 450 (OXFORD Instruments)
analyzer. The grain size and a surface roughness
(surface morphology) were measured with a Na-
noscope Il atomic force microscope (AFM) using
a normal silicon tip (125 pm) in Tapping Mode
scanning the surface with an oscillating tip to its
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resonant frequency (200400 kHz). All measure-
ments were carried out at room temperature (RT).
The root-mean square (RMS) roughness of the
surface is defined as RMS (nm)=[Z (z—z, )*/N]"?,
where z—z_ is the deviation of height from its av-
erage value in the scan area; N is the number of
points. The grain radius and feature dimensions
were evaluated using Gwyddion Program. The
AZO film conductivities were measured by the
four-probe method.

2. Results and discussion

The typical X-ray diffraction patterns of the
AZO films deposited at different substrate tem-
peratures on the glass and silicon substrates is
shown on Fig. 1. The strong (0 0 2) peak of ZnO
indicates that the deposited films have a c-axis
preferred orientation due to self-texturing phe-
nomenon [19]. No Al O, phase was detected in
the XRD patterns. Hopefully, aluminum replac-
ing zinc substitutionally in the hexagonal lattice.
Other peaks were not detected in the range 25-75
degrees. In order to investigate the dependence of
structure on substrate temperature more clearly,
we calculated the stress deformation o, and the
average grain size D based on the X-ray diffrac-
tion data. The stress deformation ¢ can be calcu-
lated by using the following formula [18]:

o=-233.5"%, (2.1)

Sy

where ¢ is a lattice constant and c,is an un-
strained lattice period of ZnO (0.5206 nm).
The average grain size D of the AZO films was
estimated by Scherrer’s equation:

0.9-4

= = (2.2)
FWHM -cos@

where 0 and A are Bragg angle and X-ray wave-
length, respectively.

Fig.2 shows the temperature dependences of
the grain size and compressive stress on substrate
temperature calculated from the data of Fig.1 us-
ing Eq. (2.1) and (2.2). It is interesting that the
relationship between the grain size and stress in
films follows the same tendency for films depos-
ited on both types of substrates, i.e. the enlarge-
ment of grain size and the reduction of residual
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stress with increasing of deposition temperature.
An increase of substrate temperature leads to
the decreasing of FWHM, i.e. improvement of
crystal structure of AZO films. We suppose it is
caused by better substitution of zinc by aluminum
in cation sublattice, by reduction of deformation
stresses and by enlargement of grain sizes. Such
increase of grain size and relaxation of compres-
sive stress during film growth were observed also
in [20, 21].
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Fig. 1. X-ray diffraction patterns of AZO films depos-
ited on a glass (a) and silicon (b) substrates
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Fig. 2. The stress deformation (a) and grain sizes
(b) for ZnO:Al films deposited on different sub-
strate in dependencies on substrate temperature.

The surface morphology of AZO films de-
posited at different substrate temperatures pres-
ent on Fig.3. AFM images reveal that the grain
size slowly increase from 32 to 37 nm with en-
hancement of substrate temperature from 150 to
350 °C. The calculated root-mean-square (RMS)
roughness of the AZO films have not similar ten-
dency as changing grain sizes of AZO films: with
increasing substrate temperature from 150 to 350
°C RMS changed as 1.56 nm, 2.14 nm, 3.38 nm
and 2.13 nm, respectively. So far as we know, the
large increase of surface roughness may cause
deterioration of the electrical and optical prop-
erties [22]. But in our case RMS roughness of
AZO films are practically similar. So the surface
morphology cannot influence significantly on the
structure, electrical and optical properties of the
AZO films.

(@)

)

Fig. 3. AFM 3D images of surface morphology for

ZnO:Al films deposited at different substrate tem-

peratures: (a)150°C, ( b)200°C, (¢)300°C and (d)
350°C.

The EDX spectrum one of AZO film is shown
on Fig. 4. The presence of the Zn peak at about
1.010 keV, the Al peak at 1.490 keV and the O
peak at 0.520 keV could be observed in the spec-
trum [23]. The Al content of the all films are near-
ly the same and equal to 1+0.2 at.%.
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Fig. 4. Energy dispersive X-ray spectrum (EDX)
of AZO films deposited on the Si substrate.

Fig.5 shows the variations of the optical trans-
mittance of the AZO thin films as a function of the
wavelength between 350 and 1100 nm with the
deposition temperature. The films show optical
transmittance not lower 84% in the visible range,
which is important for many applications. The
highest average transmittance 94% is observed
for the AZO film deposited at 150°C. Such varia-
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tion of optical transmittance in the visible region
can be caused by the sample thickness changes,
surface morphology and/or scattering by free car-
riers. In our case when all AZO films have similar
thickness about 100 nm and RMS roughness the
changing of optical transmittance in the visible
region (Fig. 5) can be caused only scattering on
free carriers.

100 +

Substrate temperaature

—1

—200°C——
& —300°C——
——350°C——

Transmittance, %
~
o

400 500 600 700 800 900 1000 1100
Wavelength, nm

Fig. 5. Optical transmittance of AZO thin films de-
posited at various substrate temperatures.

The optical band gap energy () of the films is
obtained by extrapolating the linear part of the de-
pendence (ohv)’=f(hv) to zero, where o — absorption
coefficient. We see that the band gap of AZO films
is increased from 3.34 to 3.41 eV with the increment
of substrate temperature. For calculating of spectral
shift we used Eg value 3.2 eV [24] of undoped-ZnO.
Spectral shifts of the energy gap as a function of
the substrate temperature is shown in Fig. 6. The
shifts of the optical band gap might be ascribed to
Burstein—Moss effect caused by an increasing free
electron concentration due to the better entrance of
aluminum impurity in zinc sublattice at higher tem-
peratures of substrate.

210
200
190
180
170
160
150 [ °
140F o
130',.|.|.|.|.
150 200 250 300 350
Substrate temperature, °C

o  ©

EQ,0aEGz0 MEV

Fig. 6. Spectral shift of the energy gap vs substrate
temperature.
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The resistivity of the AZO films prepared at dif-
ferent substrate temperatures shown on Fig.7. The
resistivity of AZO films decreases with increasing
substrate temperature because crystal perfection
of films increase as we estimated using XRD ana-
lyze. The lowest value is 1.7x1072 Q-cm was ob-
tained for AZO film deposited at T, = 350°C. This
result is consistent with the conclusion expressed
in Ref. [6] stated that higher substrate tempera-
ture is of advantage to increase the carrier con-
centration of AZO films. However, it should be
noted that while Fig.6 demonstrate increasing of
optical gap due to increasing of free carrier con-
centration as substrate temperature raise from 200
to 300°C, Fig.7 demonstrate slightly changing in
resistivity, suggesting that carrier mobility is de-
creased in the same temperature range. So there
is enhancement in scattering of free carriers that
appear also as decreasing of optical transmittance
for AZO films in the visible region about 500 nm
(see Fig. 5). Decreasing in carrier mobility can be
connected with increasing the process of oxygen
chemisorption on AZO film surfaces during film
growth. Being increased oxygen chemisorption
create a depletion layer on AZO film surface that
lower carrier mobility [25]. This effect may be
enhanced as the film thickness is decreased, es-
pecially character for thin (<100 nm) films. Grain
boundaries with adsorbed oxygen are other effec-
tive traps for free carriers [26]. Another possible
explanation for high resistivity (~ 1072 Q-cm) is
the forming of small nanosized AIO_ or Al O,
clusters that cannot be seen in XRD data but could
change resistivity in much. That is why the very
low (but enough for high transparency) oxygen
pressure is favorable to obtain high conductivity
films at magnetron sputtering. The further opti-
mization of deposition parameter is necessary to
obtain resistivity as low as 107 Q-cm.

|}
\

Resistivity, Qcm
3

c350

1 0—2 1 1 1 1
150, . 200, 250 00
Subs?rate temperagure, °

Fig. 7. The dependence of resistivity of AZO films
on substrate temperatures. (Dash line for eye).
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3. Conclusions

The effect of substrate temperature on struc-
tural, electrical and optical properties of AZO thin
films was studied. Substrate temperature strongly
affects the crystallization and lattice periods of
AZO films. Relationship between the grain size
and stress in films follows the same tendency for
the samples deposited on both types of substrates
(silicon and glass): the greater grain size is ac-
companied by the smaller internal stress at in-
creasing substrate temperature. It is determinated
that the main mechanism which influences on op-
tical transmittance in the visible region for thin
AZO films with thickness 100 nm is increasing of
the scattering processes. We suppose that higher
substrate temperature is of advantage to increase
the carrier concentration of AZO films due to bet-
ter substitution of Zn by Al and increasing crys-
tal structure perfection that lead to decreasing the
resistivity of AZO films meanwhile the electron
mobility deteriorate with increasing substrate
temperature. For enhancement the conductivity
of AZO films deposited by layer-by-layer method
in magnetron sputtering the further optimization
of technological parameters is needed.
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