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Abstract Zinc oxide films were deposited on glass sub-
strates by RF reactive magnetron sputtering and post-an-
nealed in vacuum at 100, 200, and 300 °C. Structural and
optical properties of films were obtained using X-ray
diffraction and UV-visible spectroscopy. Optical parame-
ters were extracted from transmittance curves using the
single-oscillator Drude—Lorentz model. The evolution of
the optical and structural properties of films with the
annealing process was investigated. The films crystallized
into the hexagonal wiirzite lattice structure, with prefer-
ential growth along the c-axis [0002]. The results indicate
that the crystalline quality of films improved with anneal-
ing, whereas transparency was reduced from 90 to 80 % at
300 °C. With post-annealing, the absorption edge shifted to
the red, while the optical band gap decreased from E, =
3.28 to E, = 3.26 eV because of the Burstein—Moss effect.
Calculated values of plasma frequency, wy, fall within the
IR range and decrease with temperature, from w, =
5.56 x 10" rad/s (2950cm™") to wp, = 1.1 X 10'* rad/s

(587cm™").
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1 Introduction

Zinc oxide (ZnO) is a binary transparent conducting oxide
(TCO) with properties of great interest due to their basic
scientific research and potential technological applications
[1-6]. ZnO has a wiirzite crystalline structure (lattice

spacing ay = 3.24 A and co =520 A). ZnO also possesses
a wide ordinary optical band gap (E;) of ~3.3 eV, which
makes it transparent in the UV-Vis-NIR region, and a
large exciton binding energy (60 meV), which enhances
the luminescence efficiency of light emission [1, 7, 8]. This
material has garnered much commercial and scientific
interest compared with other TCO films, such as indium tin
oxide [9]. The numerous advantages of ZnO include the
tuning of its physical properties, its low cost, its abundance
in the earth, its non-toxicity, and its compatibility with
large-scale processes and relative easy fabrication [5, 9-
11]. Several techniques have been used to grow ZnO films,
such as pulsed laser deposition [3], DC reactive magnetron
sputtering [4, 5], atomic layer deposition [6], electron beam
evaporation [12], sol—gel [13], and spray pyrolysis [14]. In
this context, reactive radio-frequency (RF) magnetron
sputtering is an attractive alternative method for growing
ZnO films because of the more accurate thickness control
and a higher uniformity compared with other thin-film
deposition techniques [15, 16]. The properties of the ZnO
films deposited by RF magnetron sputtering depend on the
deposition parameters involved in the growth process, such
as the RF power, sputtering gas pressure, gas flow rate, and
temperature. By adjusting these processing parameters,
ZnO films with properties that are compatible with optical
devices may be obtained [8, 15, 16]. In regard to experi-
mental parameters, post-annealing is a process widely used
to improve the crystallinity and to reduce surface
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roughness of RF-sputtered films [8, 10-12]. Applying
temperature also may result in enhanced carrier concen-
tration and higher electrical conductivity, as annealing
increases the concentration of oxygen vacancies while
removing chemisorbed oxygen [8].

Additionally, TCOs are emerging as possible alternative
constituent materials to replace noble metals such as silver
and gold for low-loss plasmonic and metamaterial (MM)
applications in the near-infrared (NIR) regime. TCOs
additionally offer great modulation and switching possi-
bilities for oncoming generation of tunable plasmonic and
MM devices. Recent studies have demonstrated that ZnO
films are good candidates as plasmonic materials in the
near-infrared frequency range, because they exhibit metal-
lic behavior and smaller losses compared to those of silver
and gold in the NIR [3, 17, 18]. By careful control and
optimization of the fabrication conditions of ZnO, it is
possible to grow thin films that exhibit the critical optical
properties suitable for plasmonic applications in the NIR [3,
8, 18]. These applications require accurate determination of
the optoelectronic parameters of the material, which include
the band gap (E,), the absorption coefficient (a), the
refractive index (n), and the plasma frequency (wp). These
parameters can be conveniently determined from experi-
mental data by applying suitable optical models [8, 18].

Given the potential applications of this type of films,
precise knowledge about the effects of temperature on their
structural and optical properties is an issue that still must be
investigated. In this work, a set of ZnO films were prepared
by RF reactive magnetron sputtering. After deposition, the
films were annealed in a reducing atmosphere (argon). The
ZnO films were characterized using UV—Vis spectroscopy
and X-ray diffraction. From optical measurements, the
envelope model and the Drude-Lorentz single-oscillator
model were used to extract the optical constants of films.
The effects of annealing on the structural and optical
properties of films were investigated.

2 Experimental details

Zinc oxide films were deposited by reactive magnetron
sputtering onto glass substrates. Cylindrical metallic zinc
with a 99.9 % purity, 1”diameter and 1/8" thickness was
used as the target. Before deposition, the substrates and
target were cleaned in an ultrasonic bath. The deposition
chamber (bell jar) was pumped down to a base pressure of
1 x 107 Torr.

The gases were introduced through individual electronic
mass flow meters (Aalborg). The target-substrate distance
was 5 cm, and a movable shutter was placed between the
target and the substrate. Plasma was then generated at an
argon working pressure of 20 mTorr by applying a RF
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power of 50 W and 13.56 MHz. The target was sputter-
cleaned for 5 min with the shutter protecting the sample.
Once the sputter cleaning was completed, oxygen was
introduced into the deposition chamber. The working
pressure was maintained at ~21 mTorr, while the oxygen
and argon flow during deposition was 20 and 1 sccm,
respectively. A quartz crystal oscillator monitored the
thickness and deposition rate. Final coating was achieved
in 15 min. After deposition, the ZnO films were subjected
to thermal annealing at temperatures of 100, 200, and
300 °C under an argon atmosphere of 50 mTorr. The
annealing time was fixed in each case to 1 h. The samples
were allowed to cool down at room temperature (RT) while
vacuum atmosphere was maintained.

For each annealing temperature, the optical and structural
properties of a chosen sample were obtained. The structural
properties were analyzed by XRD using a Rigaku Miniflex
II diffractometer (Cu-Ko radiation). A standard 0-20 Bragg—
Brentano geometry was used for measurements, with a step
size of 0.02°. Optical transmittance measurements were
performed with a Thermo-Scientific Evolution 600 UV-Vis
spectrophotometer. A wavelength range of 300-900 nm with
a bandwidth of 1.0 nm and a data interval of 0.5 nm was
used. The UV-Vis spectrophotometer is equipped with a
high-precision holder device to ensure that the samples are
placed in the same position prior to each analysis

3 Results and discussion
3.1 Structural characterization

Figure 1 shows the X-ray diffraction patterns before and
after annealing at 100, 200, and 300 °C. In general, the
XRD patterns indicate the polycrystalline nature of films.
The peak assignment corresponds to a wiirzite structure
(JCPDS file 36-1451). The most intense (002) reflection
indicates a preferentially oriented film at the c-axis, per-
pendicular to the substrate. Annealing at higher tempera-
tures corresponds to an improved crystallinity, as the
intensity of the (002) reflection increases with the annealing
temperature. Regarding this diffraction peak, the prominent
(002) orientation is due to the lower surface energy of this
surface compared with other planes [8, 11, 12]. This growth
orientation is also achieved if the substrate is kept in a
suitable position with respect to the target [11].

For RF-sputtered ZnO films deposited in similar con-
ditions (pressure and equipment), we conducted XPS
measurements in an attempt to reveal details about atomic
weight ratio Zn:O. Thus, measurements revealed that with
temperature (from RT to 300 °C), stoichiometry tends to
approach to the ideal bulk Zn:O atomic weight proportion
(not detected by XRD measurements). The non-
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Fig. 1 X-ray diffraction patterns before and after annealing at 100,
200, and 300 °C

stoichiometry of films springs from loosely bound oxygen
on the surface, other than lattice oxygen. Further details
about conducted XPS analysis can be found elsewhere
[19].

The Bragg equation, 2d;,Sinf = n, and the distance
between planes for a hexagonal lattice relation

1
dhkl - 4 (h2+hk+k? 2 (1)
() + 5

were used to obtain the lattice parameters from the
diffractograms. Afterward, a multiple correlation analysis
was performed by using a least-squares minimization. The
initial values of ay and c¢o were taken from the JCPDS
standards and introduced as fitting variables. Furthermore,
the crystallite size, L, was estimated through the Scherrer
formula, using the FWHM of the (002) peak.

The structural parameters obtained as a function of
temperature are summarized in Table 1. The annealing
produced an enhancement of both the XRD peak intensity
and the crystallite size. The intensity of the (002) diffrac-
tion peak is the highest at 300 °C along with the smallest

Table 1 Summary of the structural parameters before and after
annealing at 100, 200, and 300 °C. (JCPDS file # 36-1451,

ap =3.24A, co = 5.20 A; 20 = 34.42°)

T (°C) ap (A) co(A) 20(°) re) L (nm)
RT 3.28 5.28 33.91 1.36 6.3
100 3.27 5.26 34.10 1.18 7.2
200 3.25 5.20 34.44 0.73 11.7
300 3.24 5.20 34.42 0.70 12.2

line width, which indicated that the best crystallinity of
ZnO was observed at this temperature.

Regarding the X-ray diffractograms, the angle 20 of
the (002) reflection is lower than that of the bulk value
34.4°, and the lattice constants ap and ¢y are elongated
compared to the stress-free ZnO powder (the powder
standard has an “ideal” lattice parameter because pow-
ders, unlike thin films, are not subjected to an internal
and/or substrate-film stress). Thus, the strain is positive
and the stress is compressive [12, 13]. With annealing, the
diffraction angle 26 shifts toward higher values, while the
lattice parameters decrease in value. Between 200 and
300 °C, the lattice parameters approached the values of
the ZnO standard.

Therefore, annealing helped to release compressive
stress, which results in an improved preferential c-growth
while allowing for the small crystallites to coalesce and
form larger crystallites in the wiirzite phase [8, 10, 11].

3.2 Optical characterization

Figure 2 shows the transmittance spectra in the wavelength
range of 300-850 nm, before and after annealing at 100,
200, and 300 °C. The optical band gap (E,) was obtained
by the Tauc method (inset).

At the onset of the absorption edge, the absorption
coefficient o can be calculated from the relation:

a:émE%%] (2)

where T is the measured transmittance and d is the optical
thickness. The optical thickness and refractive index, n, are
extracted from T using the envelope method [20, 21]. Then,
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Fig. 2 Transmittance spectra before and after annealing at 100, 200,
and 300 °C. Inset Tauc curves
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the refractive index of films was modeled by a Cauchy
dispersion Eq. [8, 9, 22]:

A
n(i):Ao+;—21+... (3)
where Ag, Ay, ... are constants.

The optical band gap, E,, was extracted from Tauc’s
relation:

(ahv)® = A(hv — E,) (4)

where A is the edge width parameter. The value of E, is
obtained by plotting (ohv)” versus hv with r=2 for a
direct transition [2, 4, 12]. The optical parameters obtained
as a function of temperature are summarized in Table 2.

From the data presented, the average transmittance over
the visible wavelength (~400-750 nm) was observed to be
very similar for all samples, with a value higher than 80 %.
A slight decrease in transmittance was detected at 300 °C.
In addition, all samples exhibited sharp absorption edges at
380—400 nm.

Alternatively, the interference fringes, characteristic of
dielectric films, can be used as a qualitative criterion to
evaluate the film quality. In Fig. 2, the fringes detected at
RT and at 100, 200, and 300 °C indicate a homogeneous
thickness. At 300 °C, the decrease in the transmittance and
the shrinkage of the interference fringes can be attributed to
an increased surface roughness, which can cause an
increase in the optical scattering [12].

At the extremes of the annealing regime (RT and
300 °C), it can be observed that the optical thickness of
sample decreases with increase in annealing temperature,
as expected for thin films. However, in the middle (100 and
200 °C), thickness vary. At 100 and 200 °C, the process is
governed by temporary mechanisms of diffusion and
crystalline rearrangement. Thus, the annealing can induce
formation of non-stoichiometric metallic-oxide domains, in
addition to roughness at surface, both factors adding up
dispersion effects before sample recrystallizes at 300 °C.
Hence, the dispersion effects induce changes in the inter-
ference fringes (mainly close to the middle wavelength
region) from which the optical thickness is extracted.

The absorption edge values were observed to depend on
the temperature. The obtained band gap at ~3.28-3.26 eV

is comparable to the values reported for ZnO thin films
deposited by RF [8, 11, 15, 23].

As a function of temperature, the band gap shifts to lower
values. This red shift, known as the Burstein—Moss shift
(where the shift also occurs at the blue), is a result of the
dependence of the optical band gap on the carrier concen-
tration. ZnO is an intrinsic material whose optical properties
close to the fundamental band edge are strongly affected by
excitonic interaction [5]. In the film at RT, the process of
phase formation has not been completed and metallic
unreacted species or oxygen vacancies can produce unin-
tentionally introduced donor centers, which produce shallow
donor or impurity states located close to the conduction
band. When temperature is increased, improvement in
crystal quality tends to remove such donor centers. As a
result, the carrier concentration N, decreases and the band
gap shifts to lower values. It has been reported that for ZnO
films, depending on the annealing regime (temperature and
atmosphere), a narrowing of the band gap (red shift) or
widening of the band gap (blue shift) can be expected [11].
This reduction in N, with annealing can be attributed to the
fact that at RT, the process of phase formation has not been
completed and the metallic unreacted species or oxygen
vacancies can produce unintentionally introduced donor
centers, which produce shallow donor or impurity states
located close to the conduction band.

The highest contribution to N, at RT may be due to
excess zinc, acting as a shallow donor. Such unintention-
ally induced donors on oxygen-deficient non-stoichiomet-
ric ZnO films produced by RF sputtering deposition have
been reported [24]. When the annealing temperature is
increased, improvement in the crystal quality removes
structural defects, with a reduction in N,.

Figure 3 shows the absorption coefficient as a function
of energy. The values of «(E) at the absorption zone,
between 18,000 cm~! << 150,000cm™!, were found to
be similar to those of ZnO films deposited by sol-gel [2]
and RF plasma [8, 23].

Dispersion curves before and after annealing at 100,
200, and 300 °C are shown in Fig. 4. For all of the curves,
the refractive index was found to increase with lower
wavelengths. In addition, the refractive index remains
almost constant in the visible and NIR wavelength ranges.

Table 2 Summary of optical parameters before and after annealing at 100, 200, and 300 °C

T(°C) r(mm) E; (V) ¢ Gopt L (10%/m’kg) Ea (eV) Ep wy, (10 rad/s) v (108 Hz) v (em™) N (10"/cm?)
RT 475 3.28 416 3.80 4.05 224 8 5.56 8.85 2950 10

100 416 3.27 4.07 3.84 249 22.6 7.94 433 6.9 2300 6.3

200 487 3.26 406 3.86 214 22.6 7.92 401 6.38 2127 54

300 432 3.26 523 521 0.22 27.5 6.52 1.1 1.76 587 0.5
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Fig. 3 Absorption coefficient as a function of energy before and after
annealing at 100, 200, and 300 °C
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Fig. 4 Dispersion curves before and after annealing at 100, 200, and
300 °C

This trend fits to the Kramers—Kroning relationships for
normal dispersion [22, 25]. At A =550 nm, n ~ 2.0 for
RT, 100 and 200 °C, while n =~ 2.1 at 300 °C. Thus, the
variation in dispersion reflects a critical dependence on
temperature because at RT, 100 and 200 °C, the dispersion
curves exhibit little variation. The decrease in transmit-
tance and the increase in scattering associated with struc-
tural disorder, chemical defects, surface roughness and the
effect of grain boundaries can explain the differences in
dispersion observed at 300 °C, as a higher refractive index
indicates a higher dispersion. In addition, higher dispersion
can contribute to a reduced transmittance.

Additionally, the fundamental electronic excitation
spectrum of a substance can be analyzed in terms of the
frequency-dependent dielectric constant &,(w):

&(w) = &1 (w) + iea(w) (5)

By applying the Drude oscillator modified to semicon-
ductors, the frequency dependence of the dielectric con-
stant &.(w) is given by [6, 22]:

Neé? 1
&g(W) =topt —— 75— 6
(W) P e (w? + iypw) (6)
where &5, = &op 18 the high-frequency dielectric constant
measured in the transparent spectral region, below the
interband absorption edge, y, = Ti (tp damping time), m”* is

P
the effective mass that accounts for the band structure of
the semiconductor, and
Ne?
w2 =N )
80p[80m

is the plasma frequency. For semiconductors, w;, occurs at
frequencies in the IR spectral range [3, 18, 22].

The refractive index dispersion of samples was evalu-
ated according to the single-oscillator model developed by
Wemple and Domenico [25]. This model depicts the
dielectric response for transitions below the optical band
gap. In this model, the values of E; and E are related to
the refractive index as:

=T () ®)
n—1 E; EoE,

where Ej is the average excitation energy for electronic
transitions and E; is the dispersion energy, which is a
measure of the average strength of the oscillator. In Eq. (8),
E; is related to ¢ (w) at high frequencies above the
& (w) cutoff.

By plotting —— versus —

(hv)*
value of Ey, E; can be obtained. By considering the real
part of the dispersion, n> = &,, = &,(c0).

Conversely, in the low-frequency limit, ¢.(0) = ¢,
where ¢ is the static dielectric constant related to the lat-
tice contribution.

Using the formula

e N

— 12
soofeL—E%/L. (9)

and fitting a straight line, the

by plotting n? versus A* and fitting a straight line, the

values of &, and 2~ can be obtained, where - is the ratio of

the carrier concentration to the electron effective mass.
Once the lattice parameters, N and E, are known, the

m*?

bulk effective mass, m*, was obtained through [7, 26]:

2
m p
—=1 10
m* + 2mE, ( )

where m is the free electron mass, p = 7K, and |K| =
m, /% + L is the magnitude of the shortest reciprocal lattice
0 0
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vector with lattice constants ag and ¢g [27]. In this formula,
a parabolic behavior in the band structure at I’ =0 and a
constant momentum p (momentum matrix element) are
assumed.

According to the theoretical results, the band structure
of hexagonal ZnO shows high-symmetry lines in the
hexagonal Brillouin. Both the valence band maxima and
the lowest conduction band minima occur at the I" point.
Therefore, ZnO is a semiconductor with a direct band gap
[10].

Figure 5 shows an exemplary plot of n® versus 2> for the
as-deposited sample, from which the static dielectric con-
stant, ¢;, was obtained. At long wavelengths, a region of
linearity is extended enough to allow determination of &
and mﬂ At short wavelengths, a positive curvature deviation
due to the proximity of the band edge or excitonic
absorption can be observed.

Figure 6 shows the plot of ;7 versus -; for the as-
deposited sample, from which the optical constant, &y,
was obtained. At long wavelengths, a region of linearity is
extended enough to allow for determination of &gy, Ep and
E,. At short wavelengths, a negative curvature deviation
due to the proximity of the band edge or excitonic
absorption can be observed.

As a function of temperature, the values of & and &y
exhibit little variation from RT to 200 °C. At 300 °C, both
values exhibit a remarkable change. However, at all tem-
peratures, &g, > &p. This observation implies that the
refractive index gradually increases as it goes to the reso-
nance region or the proximity of the band edge, in agree-
ment with the Kramers—Kroning relationships for normal
dispersion [22, 25]. Values of &gy of 3.4 [3] and 3.584.9
[7] for ZnO thin films have been reported in other works,

30 ——— 71—
]
25F .
20 | ]
~
S 15 -
10 |- -
]
. 4
5:———-l—l——-l————l- ——————— m -]
0 [] 1 1 1 1 1 1

Fig. 5 Plot of n? versus A for the film at RT
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Fig. 6 Plot of nz]—_l versus /i, for the film at RT

However, as
(61 — opt) X 2, a gradual decrease in the Ilratio with
annealing is expected (see Table 2).

Values of E; (interband strength parameter) and E
(dipole oscillator parameter) exhibit the highest variation
between 20 and 300 °C, with E,; being the most noted. In
this case, it has been empirically found that E; exhibits a
dependence on coordination number of atoms and valence
and little dependence on the band gap [14, 25]. Thus, the
change in E; can be attributed to an increase in the lattice
disorder that ultimately induces changes in the electronic
distribution. Although a straight comparison is not possi-
ble, it is useful to consider the earlier report of Wemple and
Domenico [25], where they found for bulk ZnO values of
17.1 and 6.4 eV for E; and E,, respectively; note that for
wiirzite and several oxides, (i) E; > Ey and (ii) E, ~ 2E.
Findings (i) and (ii) are confirmed in our work.

Regarding the % ratio, the authors [14], using the

which are consistent with our results.

envelope and Wemple-DiDomenico models, found for
ZnO films (pure and metal-doped, grown by spray pyrol-
ysis) a - ratio on the order of 10°°/m’ kg, that closely
agrees with our results.

The calculated values of w,, (plasma frequency), ’”7:, and
N (electronic concentration) are listed in Table 2. The
plasma frequency for as-deposited and annealed films falls
within the mid-IR range (~ 6000 to 300 cm™"). This range
agrees with the values of plasma frequency expected for
metal-oxide semiconductors [23] and for ZnO films
reported in other works [7, 14]. At RT and all annealing
temperatures considered in this study, a bulk effective mass
of ~0.28 m was calculated, in close resemblance with the
reported values for ZnO [28-30].

With the effective mass calculated through Eq. (10), an
electronic concentration of ~ 10'%/cm? was obtained.
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With annealing, improvement in the crystal quality
removes unintentionally added donor centers, resulting in a
decrease in the carrier concentration. A decrease in the
electronic concentration implies a reduced interaction of
electrons with lattice vibrations. Therefore, the plasma
frequency decreases with temperature. At 300 °C, the
sample showed the best crystal quality but also the highest
dispersion.

4 Conclusions

Zinc oxide thin films were deposited on glass substrates
using RF reactive magnetron sputtering. The effect of
annealing on the structural and optical properties for an
RF-sputtered ZnO film was investigated. Optical models
allowed estimating the optoelectronic properties of film
and their evolution with temperature. Annealing in argon
atmosphere at 100 and 200 °C improved the microstruc-
tural properties, allowing preferential growth along the
(002) direction. As the annealing temperature increased,
the absorption edge shifted to the red, narrowing the band
gap from 3.28 to 3.26 eV. Annealing induces a thermal
activation that removes the unintentionally introduced
donor centers, giving as a result a decrease in the values of
plasma frequency and carrier concentration.
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