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Influence of the substrate temperature on the optical and
structural properties of magnetron sputtered ZnO thin
films doped with Al and Er
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The influence of Al, and Er in ZnO thin films (ZnO:Al and ZnO:Er) deposited by magnetron sputtering at different substrate
temperatures, Ts, on their optical and electrical properties was investigated. The optical band gaps, Eqp, of the films, from
transmission and reflection spectra, ranged from 3.27 to 3.41 eV. The observed blue shift of Eqt for the Al doped ZnO
(ZnO:Al) was explained by the Burstein-Moss effect. The Urbach band tail width was also calculated. Incorporation of Al and
Er resulted in a reduced and an increase resistivity, p, respectively, and an increase in the Urbach tail width in both cases.
The p of ZnO:Al decreases with Ts, while for un-doped and Er doped ZnO films it increases. A discussion of the influence of

Ts and of Al and Er on the properties is presented.
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1. Introduction

Zinc oxide has gained much attention as a promising
material for different applications in electronic and
optoelectronic devices and sensors [1-4]. Investigation of
the influence of doping with different elements on the
properties of ZnO thin films is of a considerable
importance for their possible applications for solar cells,
displays and gas sensors.

In this work, a study of the influence of Al and Er, and
of the substrate temperature, Ts, on the optical and
electrical properties of ZnO thin films deposited by
magnetron r.f. sputtering is reported.

2. Experimental

Thin films of ZnO were deposited by r.f. magnetron
sputtering of ZnO or ZnO+1%Al1,05 ceramic targets in
atmospheres of Ar (0.5 Pa) at T, values between 150 and
500 °C. Discs of sintered ZnO and (ZnO(99at.%) + Al,O;
(1 at.%)), 100 mm in diameter, were used to deposit
undoped (ZnO) and Al doped ZnO (ZnO:Al) films,
respectively). The Al concentration in the films (measured
by Rutherford Back Scattering, RBS) was about 2%. In the
case of Er doping (ZnO:Er), Er chips were placed
symmetrically on the ZnO target, in the zone of maximum
erosion. The ratios of the ZnO target area to the Er chips
area were 60:1 and 35:1 (ZnO:Erg and ZnO:Erss samples,
respectively). The Er concentrations in the films (measured
by Rutherford Back Scattering) were 0.20 and 0.40 at %,
respectively. The vacuum chamber was evacuated to a
residual gas pressure of 2. 10* Pa. Sputtering was carried
out at an r.f. power of 180W. The thickness of the films
was in the range 350 to 400 nm.

The X-ray diffraction (XRD) spectra were obtained
using a DRON 3 spectrometer with CuKa radiation: A
CuKa; = 1.540560 A and A CuKop, = 1.544426 A
(intensity half that of A CuKa,). The instrumental profile
broadening was 0.08" in 20 geometry. The resistivity of
the films was calculated from the I-V characteristics,
measured in the dark using a Keithley 6517 electrometer.
The co-planar evaporated Al electrodes were verified to
yield ohmic behaviour. Optical transmittance and
reflection spectra were obtained in the range 300-1500 nm,
using a CARY UV-VIS-NIR spectrophotometer.

3. Results and discussion

XRD analysis, obtained for 2@ scans between 25° and
75° indicated that the deposited films were polycrystalline
[5]. Reflections corresponding to the (002), (110), (102),
(110), (103), (112) and (004) planes of wurtzite ZnO were
observed (Fig. 1). The reflection corresponding to the
(002) plane (a peak at about 20=34.40") becomes more
pronounced with increasing T, and the other reflections
almost disappeared, which demonstrates the preferential
(002) orientation of the grains in the films deposited at
higher T,. An improvement in the structural properties
with increasing T, was observed for all sets of films. Only
in the case of ZnO:Al was a deterioration of the crystalline
structure observed with increasing T from 150 to 275 °C.
However, further increase in T, resulted in an
improvement of the structure of the ZnO:Al films. The
(002) peaks showed a deviation from 34.44°, which is the
value for ZnO powder (Table 1). A larger deviation was
observed for ZnO films deposited at lower Ty and those
doped with Al and Er. These deviations indicate that the
interplanar spacing increased relative to that of the ZnO
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powder, which is probably due to factors such as lattice
strain and interstitial defects [6]. The average grain size,
D, in the films was calculated to an accuracy of about
10%, by applying the Scherrer equation to the Full Width
at the Half Maximum (FWHM) of the (002) peaks [7]:

D=(KAZ) /(fcos )

(M

where f is the value of FWHM, corrected for the
instrumental function, K is the particle shape factor taken
as 0.90. The FWHM of the peak corresponding to the
(002) plane decreased with T for ZnO and ZnO:Er films,
which is an indication of an increased grain size. The
incorporation of Al and Er resulted in smaller grain size in
the films.

Table 1. The values of the optical band gap, E,, the Urbach energy, E,, the 20 of (002) XRD peak, the value of its FWHM
corrected for the instrumental function f, and the grain sizes for different series of ZnO films, deposited at different T

Samples T,, °C E, eV E), meV 20, deg. p, deg. Grain size, A
ZnO 150 333 63 34.30 0.52 160
275 3.30 59 34.40 0.47 177
500 3.27 60 34.40 0.33 252
ZnO:Al 150 3.36 100 34.20 0.62 136
275 341 120 34.15 0.61 134
500 333 91 34.27 0.62 134
ZnO:Erg 150 3.33 72 34.10 0.62 134
275 3.34 70 34.30 0.62 134
500 3.28 63 34.20 0.57 145
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a ()= A [(hv—Eg)"/ hv] 3)
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The spectral dependences of the absorption coefficients for
un-doped ZnO, Al doped ZnO (ZnO:Al) and Er doped
ZnO (ZnO:Er) are shown in Fig. 2 a, b and c, respectively.
The values for the optical gap and Urbach energy were
calculated to an accuracy of 2%. The calculated energy
gaps (3.27 — 3.41 eV) are typical for ZnO, and the values
are given in Table 1. E, decreases with increasing T, for
all sets of samples (except in the case of Al doping). The
optical energy gap of the ZnO:Al thin films increases with
increasing T; until 275 °C, above which it decreases. The
observed widening of the band gap in these films could be
a result of the Burstein-Moss effect [10, 11]. The blue shift
of E, in the Al doped ZnO films, as compared to un-doped
ZnO films, could be due to an increase in the donor
concentration, related to shallow Al donors. Incorporation
of Er in the ZnO films does not influence E, significantly,
compared to the value for undoped films.
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Fig. 2. A plot of (o * hv)? against hv, for ZnO (a), ZnO:Al

(b) and ZnO:Ergy (c) thin films, deposited at different

substrate temperatures, T,. The insets show plots of In a
vs hv.

In the lower energy range, where o varies
exponentially with photon energy, it is possible to assume
that the spectral dependence of the absorption edge
follows the Urbach formula [12]:

(hv)y=apexp [ (hv—E))/Ey] 4)

where ay is the Urbach absorption at the edge (E£;), and E,
is the Urbach energy width, which is believed to be a
function of the structural disorder. The exponential
dependence of the absorption on 4v in the Urbach region
(hv < E,) is due to the perturbation of the parabolic density
of the states at the band edge — increasing structural
disorder results in an increase in E, [12]. The energy
dependences of a at lower photon energies are displayed in
the insets of Fig. 2 a, b and c. The calculated Urbach
energies are also given in these figures. It can be seen that
doping with Al produces a significant increase in the
Urbach band tail width, as compared to un-doped ZnO
films — an indication of increasing structural disorder,
which is confirmed by the XRD spectra. The incorporation
of Er results in slight increases in E,_It has to be noted that
the deviations of the (002) peak position of the films under
investigation, compared to the ZnO powder, which is
proportional to the stress, correlate with the changes in
Urbach energy. The stresses are higher in the doped ZnO
films. The width of the Urbach tail decreases with
increasing T for all sets of samples, which could be
related to an improvement in the structure of the ZnO
films, as the XRD analyses show (see Table 1) [5,13].

Fig. 3 shows the resistivity, p, as a function of T for
all sets of samples. Here, the relationship between p and
the free carrier concentration, 7, and mobility, x, has to be
taken into consideration. The p decreases with increases in
both » and p The carrier concentration is expected to
decrease with increasing T, due to the oxidation of the Zn,
Al or Er. The carrier mobility is expected to increase with
increasing Ts, due to the improved orientation and grain
size, and to a decrease in n [5, 12-14].

The resistivity of the un-doped ZnO films decreased
slightly with increasing T, until about 275° C. This is
probably related to an increase in u due to the improved
crystallinity of the films [13, 14], which is confirmed by
XRD analysis - the grain size with (002) orientation
increased from 160 to 252 A with T, increasing from 150
to 275 °C. Further increases in T led to an increase in p by
3 orders of magnitude. This could be related to the
oxidation of interstitial Zn in the films, or to decreasing
concentration of O vacancies at higher Ty, thus resulting in
a decrease in n and an increase in p. It is probable that the
effect of any possible increase in p upon p is less
pronounced than the changes in the stoichiometry of the
films. Similar results are reported in [15].
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Fig. 3. Dependence of the specific resistivity on the
substrate temperature, T, of different ZnO, ZnO:Al,
ZnO:Er;s and ZnO:Erg films.

The values of p for the ZnO:Al films decreased with
T until about 400 °C, and then increased slightly. Having
in mind that the microstructure deteriorates with
increasing T, up to 275 °C (as suggested by the increase in
E)y, and from the XRD spectra), one can suppose that an
increase in 7z is the reason for the observed decrease in p.
The size of the grains with (002) plane orientation was the
smallest in ZnO:Al films (134-136 A) and did not change
with T,. At higher Ty, it is possible that oxidation of the
Al" and Zn" species will have an influence and the carrier
concentration will drop, resulting in a slight increase in p.

The resistivity of the ZnO:Er thin films increased with
the incorporation of Er at T, = 150 °C, and also increased
slightly with further increases in T;. The higher p values of
these films compared to those of the un-doped ZnO films
is possibly related to the partial oxidation of Er in the
plasma during the co-sputtering - as a result Er,Os; would
be present in the films. However, a higher Er
concentration in the films (ZnO:Erg) resulted in a slightly
lower resistivity. This demonstrates that the presence of Er
also probably contributes to the free carrier concentration.

4. Conclusions

Studies of the optical absorption and -electrical
resistivity of ZnO thin films, un-doped and doped with Al
and Er, and their dependences upon the substrate
temperature, have been performed. The spectral
dependence of the absorption coefficient exhibited two
regions: a power law and an exponential one. The value of
the optical gap ranged from 3.27 to 3.41 eV for films
deposited at different T. The optical gap increased with Al
doping, which is explained by the Burstein-Moss effect.
The Urbach tail width was calculated. Doping with Al and
Er caused structural deterioration and a perturbation of the
band structure — doping with Al led to higher structural
disorder than for Er. The changes in the resistivity have
been discussed in terms of the changes of the structural

order of the films and possible oxidation of Zn, Al and Er
with increasing substrate temperature.
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