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Abstract
The DC reactive magnetron sputtering of metallic target in oxide atmosphere is a simple method of depositing
the intrinsic (undoped) nanocrystalline layers of metal oxides. We have optimized the deposition of the intrinsic
ZnO thin films with submicron thickness 50−500 nm on fused silica glass substrates and investigated the
localized defect states below the optical absorption edge down to 0.01 % using photothermal deflection
spectroscopy from UV to IR. We have shown that the defect density, the optical absorptance and the related
optical attenuation in planar waveguides can be significantly reduced by annealing in air at 400 °C.
Keywords: ZnO, reactive magnetron sputtering, plasma treatment, photothermal deflection spectroscopy,
optical spectroscopy
1.

INTRODUCTION

ZnO is classified as a semiconductor group II-VI, whose covalence is on the boundary between ionic and
covalent semiconductors [1]. It is nowadays a subject of a large attention due to the interesting physical
properties such as wide direct band gap, high refractive index, high thermal conductivity and large exciton
binding energy [2]. These properties uncover a wide range of optical, electrical and magnetic devices and
appliances, i.e. in solar cells [3], electroluminescence diodes [4], surface acoustic devises [5], photodetectors
or biosensors [6]. ZnO layers doped with magnetic metals, such as Mn, Co and Ni have recently attracted
interests as diluted magnetic semiconductors for spintronic device applications [7]. There has been also
theoretically predicted and experimentally confirmed the room temperature ferromagnetism induced by nonmagnetic ionic dopants [8]. First-principles studies have provided an insight into the atomic and electronic
structures of native point defects and impurities and defect-induced properties of ZnO [9]. They predict that
the O vacancy is a very deep donor and cannot be a major source of carrier electrons. The Zn interstitial and
anti-site defects are shallow donors, but these defects are unlikely to form at a high concentration in n-type
ZnO under thermal equilibrium due to high forming energy. Important extrinsic defect can be hydrogen,
presumably a shallow donor [10].
The high optical transparency and the high refractive index contrast opens the way to the implementation of
the ultra-small bending radius, ultra-compact, ultra-dense integrated photonic structures operating in extreme
conditions providing an outstanding platform for the development of new photonic structures in wide spectral
range [11]. However, the requirements for optical quality of optical waveguides are very challenging. The
optical absorption and the optical scattering at grain boundaries are the critical issue in photonic applications
such as multimode interference demultiplexer [12]. The association between the optical absorptance inside
the band gap on one side, and the impurities and defect perturbations inside the atomic structure of the ZnO
lattice on the other, is far from satisfactory. The goal of this paper is to show the effect on thermal annealing
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of the nominally undoped ZnO thin films with the submicron thickness prepared by reactive magnetron
sputtering of metal target on the concentration of the localized defect states in electron energy gap.
2.

EXPERIMENTAL

2.1.

Reactive magnetron sputtering

In the magnetron sputtering process the plate target (cathode) is bombarded by the positively charged
energetic Ar+ ions generated in glow discharge plasma. The bombardment process causes the removal, i.e.,
sputtering, of target atoms, which then diffuse towards a substrate where they condense in the form of the thin
film in a process called physical vapor deposition. Secondary electrons are also emitted from the target surface
as a result of the ion bombardment, and these electrons together with magnetic field play an important role in
maintaining the cold plasma [13, 14].

Figure 1 Reactive magnetron sputtering equipment
Reactive magnetron sputtering has been done in the stainless steel vacuum chamber using Zn target with
purity 99.9 %, diameter 60 mm, sputtered zone diameter 45 mm, distance between target and sample holder
75 mm, see Figure 1. The residual pressure (vacuum) was 0.01 Pa, magnetic field is induced
electromagnetically by current 4.5 A. The target was sputtered in the reactive mixture of argon (purity 99.999
%) and oxygen (purity 99.95 %) under flow rate 2.0 and 0.5 sccm and the pressure 1 Pa. The voltage at the
target was kept constant 400 V and the current 0.13 A. The temperature of the resistively heated substrate
holder stage was regulated from 100 to 450 °C.
2.2.

Optical spectroscopy

Unlike the transmittance and reflectance spectroscopy, the photothermal deflection spectroscopy (PDS)
measures directly the optical absorption of thin films with high sensitivity of four orders of magnitude [15]. Our
PDS setup uses the 150 W Xe lamp, the monochromator equipped with three gratings blazed at 300, 750,
1250 nm and a chopper operating at low frequency a light source. The heat absorbed in the sample generates
the periodical thermal waves in the medium surrounding the sample causing the periodical deflection of the
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laser beam parallel to the sample surface. The amplitude of the deflection normalized on the black sample
spectra gives the optical absorption of thin film. The monochromatic light is partly deflected by the beamsplitter
into the compound detector based on the integrating sphere equipped with Si and InGaAs photodiodes to
monitor the light intensity in the broad spectral range from ultraviolet to infrared region 250−1700 nm. The
compound detectors are also placed in front and behind the sample to detect the reflected and transmitted
light, whereas the optical absorptance is detected by the position detector monitoring the laser beam deflection.
The signal from the detectors is coupled via the multiplexer to the current preamplifier and a lock-in amplifier
referenced to the chopper frequency.
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Figure 2 The measured (R) and fitted (Rfit) reflectance spectra of 270 nm thick intrinsic ZnO layer compared
to the index of refraction dispersion spectra (n)
3.

RESULTS AND DISCUSSION

The reflectance spectrum of the thin intrinsic ZnO layer shows the interference fringes up to the optical
absorption edge in near UV region at 3.3 eV, see Figure 2. To estimate the film thickness and the index of
refraction we fitted the reflectance spectrum in non-absorbing region using mixed Lorentz oscillator and Drude
dielectric function 1 (Eq. 1) where ∞ is the high frequency lattice dielectric constant, A the amplitude (strength)
of the Lorentz oscillator, Ec the center energy of the Lorentz oscillator, Ev the vibration energy (broadening) of
the Lorentz oscillator, Ep the plasma energy related to free electron density, charge and the effective mass and
Ed the damping energy related to free electron collisions [16].

ε1 (E) = ε ∞ 1 +

(1 − f 0 )

E p2
A2
−
E c2 − E (E − E v ) E (E + iE d )

(1)

ε −ε2
ε1 − ε 2
+ f0 0
=0
ε 1 + 2ε 2
ε 0 + 2ε 2

(2)
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To improve the fit quality, we extended our model by two layers system using the effective medium
approximation (EMA). The first (bottom) layer represents ZnO with the thickness d1 while the second (top)
layer with thickness d2 is a mixture of ZnO and voids with the volume fraction f0. The dielectric function of the
second layer 2 (Eq. 2) is calculated from the dielectric function of the first layer 1 and the surrounding medium
0 using the self-consistent Bruggeman model [17].

Figure 3 The optical absorption coefficient calculated independently at each wavelength from the
absorptance spectra of the as grown ZnO layer before and after anneling in air at 400°C
The optical absorption coefficient is calculated in the two layer EMA model independently at each wavelength
from the absorptance spectra using the dispersion spectra of the index of refraction calculated and the film
thickness calculated from the reflectance spectra, see Figure 3. The direct band gap optical absorption edge
is clearly observed at 3.3 eV as well as the defect related optical absorption below the absorption edge and
the free carrier infrared absorption in the case of as grown layer that disappeared after annealing [18].
To estimate the role of the optical absorption on light attenuation in the ZnO/glass planar optical waveguide
(PWG), we applied the 2D geometry finite-element method (FEM) using COMSOL Multiphysics® Software
[19]. Prior to solving for the electromagnetic field in the PWG, mode analysis was done on both ports in order
to calculate the effective mode index and corresponding out-of-plane wavenumber. Then, the electromagnetic
field propagation was solved for the fundamental TE0 mode. Attenuation of the optical signal in the waveguide
was calculated from the 21 component of the S-matrix (provided by FEM software). The calculated optical
attenuations for selected wavelengths are summarized in Table 1 where the values of real and imaginary parts
of refractive index of ZnO were taken from reflectance & absorptance measurements except the k values for
annealed sample at 0.8 eV, where the hypothetical value 1 cm-1 of the optical absorption coefficient was also
used for comparison.
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Table 1 The calculated optical attenuation OA for selected photon energies (En), wavelength ( ), absorp.
coeff. , the real (n) and imaginary (k) parts of the index of refraction. Values marketed * are
hypothetical for comparison
En (eV)
as grown

annealed

(nm)

(cm-1)

n

k

OA (dB/cm)

0.80

1550

1.84

139

1.72E-3

386

0.93

1330

1.89

116

1.23E-3

379

1.38

901

1.90

78

5.59E-4

312

1.96

633

1.93

130

6.49E-4

530

0.8

1550

1.84

8

1.00E-4

5

1*

1.00E-5*

0.5

The optical absorption in the visible region 2−3 eV is dominated by the deep defects that cannot be suppressed
by temperature annealing. Therefore the optical attenuation is too high for applications in optical waveguides.
The nominally undoped as grown ZnO exhibits the characteristic shape of the free carrier optical absorption in
the infrared spectral region at photon energies below 2 eV and the high calculated optical attenuation in planar
waveguide. On the other hand the infrared optical absorption coefficient of annealed sample was below the
detection limit 10 cm-1. Our calculations for hypothetical value 1 cm-1 show that in this case the optical
absorption coefficient will be sufficiently low to drop the optical attenuation below 1 dB/cm.
4.

CONCLUSION

We have optimized the deposition of the intrinsic ZnO thin films with the sub-micron thickness by the DC
reactive magnetron sputtering of metallic target in oxide atmosphere and investigated the localized defect
states below the optical absorption edge in a broad spectral range from near UV to near IR. We have shown
that the optical absorption and related optical attenuation can be significantly reduced in the infrared region by
annealing in air. However, the association between the electron states inside the band gap, the impurities and
the defect perturbations inside the atomic structure of the ZnO lattice is not yet fully understood, which may be
an obstacle when trying to use ZnO in applications such as planar waveguides. Therefore, the information on
intrinsic defects based on the first principles calculations and further basic research is needed.
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