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Abstract

In the present paper, fabrication and structural, optical and electrical characterization of ZnO thin
films grown by electron gun technique are reported and the performances of a prototype of UV
photodetector based on them are illustrated. ZnO thin films, fabricated on sapphire by e-beam
evaporation followed by a two-steps ex-situ treatment (annealing and oxidation), are
polycrystalline, with a smooth surface and show very good visible transparency and an energy gap
of 3.2 eV. Preliminary results on fabrication and characterization of an UV detector are reported.
The Al interdigitated contacts show a Schottky behavior, which is strongly desired in perspective of
applications since it has may advantages in the aspects of high quantum efficiency, response time,

low dark current, high UV/visible contrast and possible zero-bias operation.
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1. Introduction

Zinc oxide (ZnO) has attracted great interest in the scientific community because of its possible

applications in ultraviolet (UV) optoelectronic field, thanks to its large excitation binding energy
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(60 meV) and its wide band gap (3.37 eV) [1]. UV sensors [2] are important from the application
point of view which includes, among others, space communications, bio-medical instrumentation,
high temperature plasma research. During the past few years, ZnO based photodetectors, inclusive
of photoconductors, metal-semiconductor-metal (MSM) photodetectors, Schottky and p-n junctions
photodiodes have been largely studied. In particular, ZnO-based UV photodetectors show good
responsivity, high UV/visible contrast ratio, relatively high speed and low noise characteristics. Up
to now, it has been proved that high quality ZnO thin films can be grown by thermal evaporation [3,
4], molecular beam epitaxy [5-10], magnetron sputtering [11, 12], pulsed laser deposition [13, 14],
spray pyrolysis [15, 16], metal organic chemical vapor deposition [17], sol gel process [18], and
filtered cathodic vacuum arc [19]. By means of these methods, thin films on several substrates can
be grown, such as silicon, glass, and sapphire. In the last decades, many efforts have been made to
achieve good ZnO thin films on c-plane sapphire substrates, both because its oxygen sublattice has
the hexagonal symmetry of ZnO and because high quality and relatively low cost Al,O3 wafers are
commercially available. In order to fabricate a ZnO UV photodetector, the ZnO thin films
properties that must be optimized are good crystallinity, low surface roughness, high purity, good
homogeneity on large areas, reproducibility and stability. In the choice of the fabrication technique
among all those mentioned above, it should be taken in to account the possibility of fabricating ZnO
thin film at relatively low temperatures and by a cheap procedure. To the best of the authors’
knowledge, there are limited reports on the fabrication of high performance ZnO based UV
detectors by electron gun.

In the present paper, fabrication and structural, optical and electrical characterization of ZnO thin
films grown by e-gun are reported. Electron gun evaporation technique, followed by a two-steps ex-
situ post-treatment (annealing and oxidation), has been used because it allows the growth of high
quality ZnO films. X-Ray diffraction (XRD), Scanning Electron Microscope (SEM) and Atomic
Force Microscope (AFM) analysis have been carried out to characterize the morphological and

structural properties of the samples. By Spectroscopic Ellipsometry, the optical constants of the
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ZnO films grown by this technique have been obtained together with an estimation of roughness.
The photodetector has been fabricated by traditional optical lithography and standard lift-off
process for defining both the active area and the interdigitated electrodes. The device has been

characterized in terms of responsivity, in air and in vacuum, and response time.

1. Experimental details

ZnO thin films with thickness ranging from 100 nm to 300 nm have been deposited by electron gun
technique, starting from commercial powder (Alfa Aesar 99.999% ), on sapphire substrates (either
1102 or 0001 oriented). Sapphire is transparent to UV radiation, therefore it allows its backside
illumination during the characterization and the measurement of the device. This would remove the
problem related to the active area reduction due to the interdigitated contacts. During the deposition,
the distance from the source to the substrate was 15 cm. The vacuum before evaporation was 10™Pa
and during evaporation, regardless of the substrate temperature, was about 9x10° Pa. The
deposition rate was about 2-3 nm/sec. After deposition at room temperature (RT), films were dark
gray. This color may be due to the oxygen deficiency and a large number of defects. Therefore,
these films were annealed in air at temperature of 500°C for 30 minutes. After annealing, films
were transparent in the visible range, according to literature data [20]. Other substrates temperatures
(Ts) during deposition (Ts from 100 to 300 °C) and annealing conditions (Tann of 600°C for 45”)

were experimented.

To obtain electrically measurable samples, Al interdigited contacts have been defined on patterned
ZnO. Zinc oxide rectangular areas have been structured by optical lithography and removal of the
unwanted material by chemical etching using an acid solution (HF 25% v/v in water). The ZnO area
was 120 um wide and 530 pum long. An alternative method for obtaining structured ZnO samples
has been also experimented, based on the lift-off technique, followed by the thermal treatment

described above (500°C for 30 minutes). Interdigited metal electrodes have been then defined by
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lift-off technique (optical lithography and deposition of 150 nm of metal) and are 154 um long, 8

pm wide, with an inter-electrodes spacing of 15 pm.

Just before the definition of the interdigitated contacts, the structured ZnO samples are chemically
oxidized using a boiling hydrogen peroxide solution (30% v/v in water) in which they are dipped
for 1 minute. According to literature [21, 22], this treatment is found an effective method to

suppress the chemisorption effect and the oxygen vacancy in nanometer-thick ZnO films.

The XRD spectra of ZnO thin films (as-grown and after annealing) were recorded with an X’pert
PRO PMD Panalytical diffractometer using Cu Ko radiation and grazing angle thin film
configuration that keeps constant at @ = 5° the incident beam while the 26 ranges between 25° and

45°,

Morphological properties have been investigated by Atomic Force Microscopy (DME instruments)

in ScanAsyst mode.

SEM images have been collected by Inspect-F Scanning Electron Microscope (FEI Instruments).

The optical characterization has been performed in ambient by using a Vertical-VASE (Variable
Angle Spectroscopy Ellipsometer of J.A. Woolam Co. Instruments), in a wavelength range between
2 and 4.5 eV. Spectroscopic ellipsometry measurements have been made at different incident angles
closed to the film Brewster angle. Acquired data have been simultaneously interpreted with a
multilayer dispersion model of the film structure for spectral fitting. This theoretical model assumes
an ambient/roughness/film/substrate structure. The surface roughness layer has been modeled using
the Bruggeman effective-medium-approximation (EMA) model [23] by assuming a mixture
between the top layer in the model and the ambient material (air for us). To model the film layer we
started from a collection of oscillator functions that compose a generic Zinc-Oxide transparent

conductive layer in the spectral range 190-1700 nm. The substrates have been previously
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investigated and modelized. The fitting procedure uses a non-linear regression method which aims

to minimize the root mean square error.

The 1-V characteristics of ZnO device have been collected, both in vacuum and in air. The opto-
electrical response of the device has been also evaluated, in terms of responsivity and speed of the
device, both in air and in vacuum, using an LED operating at 365 nm for the generation of the

incident light.

2. Results and discussion

2.1 Structural and morphological characterization

Crystal structure of ZnO is usually the hexagonal wurtzite type with unit cell constants a = 3.24 A
and ¢ = 5.19 A. In Fig. 1 XRD spectra of an as-grown (black line) and after the annealing process
(red line) ZnO film are reported. The structural analysis confirmed a Zn excess in the as-grown

films that has been eliminated by the subsequent annealing at high temperature.

The as-grown film was Zn-rich, and the ZnO peaks appeared just after the thermal treatment. The
sample showed a polycrystalline nature, with (100), (002) and (101) most intense peaks of

hexagonal ZnO at 37.148°, 40.228° and 42.457°. No preferential orientation is detected.

The average grain size of the films has been calculated using the Scherrer’s formula:

D = 0.9M/p cosd 1)

where A, fand Gare the x-ray wavelength (1.789 A), full width at half maximum (FWHM) of the

(101) peak and the Bragg diffraction angle, respectively. The average grain size of the films ranges

between 15 and 20 nm, in agreement with results from literature [6].
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SEM and AFM studies were used to characterize the surface morphology of the films.

SEM analysis (Fig. 2) showed a granular surface, confirmed by AFM morphological
characterization. AFM image with area of 5 um x 5 pum of the as-grown sample is reported in

Fig. 3.

The sample has a mounded surface constituted of rounded grains grown on columnar pillars. The
surface analysis has been performed by the examination of the correlation between the heights of
the surface points through the height-height correlation functions g(R) [24]. The correlation
function is a measure of the relative height fluctuation in a rough surface and for real self-affine

surfaces has the following behavior [25]:

g(R)ex r**, R <<é )

g(R) = 20°, R>>¢ (3)

where R =" - r [r = (X, y) in-plane positional vector]. g(R) is determined by a small number of
parameters: the RMS value o, describing the vertical development of roughness, the roughness
exponent a and the correlation length & The calculated parameter « for the ZnO surface has a value
of 0.6. Usually, a large value of « ( > 0.5) corresponds to a smooth textured surface structure in a
short range, while a smaller value of « ( < 0.5) corresponds to a more jagged local surface
morphology. Following theoretical prediction of Eq. 3, for large R, the g(R) function stabilizes
about the 26 value: in this case, the RMS value o of the roughness is about 20 nm, when evaluated

from 5 by 5 um? image and a little bit less (17 nm) when evaluated on smaller areas (2 by 2 pm?).

The correlation length & quantifies the density of the surface fluctuations and corresponds to the

transition from the power law behavior to the stabilization. It has a value that ranges between 80 nm
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(2 by 2 um? area) and 110 nm (5 by 5 um? area). This is confirmed by the analysis of the particles

dimension, that have an average diameter of about 100 nm.

The particle size of ZnO films analyzed by AFM is much greater than that by XRD. This may
suggest that AFM gives the particle size, while XRD gives the grain size. Other previous works

have reported analogous results and used similar explanation for ZnO and TiO; films [26, 27]
2.2  Ellipsometry
2.2.1 Optical constants

Typical ellipsometric spectra are given in Fig. 4, where the (¥, 4) pairs are the measured

ellipsometric parameters and refer to the Fresnel’s reflection coefficients rsand ry by the Eq. 4:
rs/rp= tan(?)e’” (4)

The VASE measurements were performed at room temperature with a spot beam lower than 2 mm
in diameter, at incidence angles of 55°, 65° and 70° (the sample Brewster angle was observed
around 60°). To acquire high precision data, insensitive to the compensator, polarizer and analyzer
azimuth angle errors and imperfections, the ellipsometer was set to average data at two compensator
angles + 45°. Since ZnO is transparent in the visible region, ellipsometric data were acquired in the
spectral range from 2.50 to 4.55 eV (steps of 0.15eV) corresponding to the wavelength range
250 nm — 620 nm. The aim is to determine the dielectric complex functions (e1 + ig,), or the optical
constants (n + ik) in alternative, of the material, building a realistic model of the thin film structure.
The best fit of the ellipsometric spectra is obtained choosing the model shown in Tab. 1, i.e. a
multilayer model that assumes, on sapphire substrate (Al,O3), a ZnO structure (genosc), a ZnO-type

layer (cauchy) and a surface roughness on the top.

The sapphire substrate refractive index was taken as tabulated values from Palik handbook [28].

The ZnO thicker structure was modeled by exploiting the General Oscillator Layer (or “GenOsc
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layer”) of Wollam VASE software. This layer allows to choose from a large variety of oscillator
models and dispersion equations to compare and fit optical constants starting from a reference
material: in this case, a generic Zinc-Oxide transparent conductive layer, available in the analysis
software. The real &; and imaginary &, part of the complex dielectric function of GenOsc layer are
shown in Fig. 5 (left). The Cauchy layer [29] is an empirical model based on the Cauchy function
employed to simulate an absorption behavior. The top layer is the surface roughness. It was
modeled via the Bruggeman EMA approach assuming a mixture of 50% between the top layer in

the model and the air.

Solid lines in Fig. 4 are the best fit of the measured data for the three incidence angles fitted
simultaneously with the above model. The layer thicknesses were used as fit parameters to know the
goodness of the model, finding an overall structure of 277 nm divided as follows: a thicker zinc-
oxide of 158 nm on the substrate, a thinner absorption layer of 115 nm and on the top a 4 nm of
roughness. The overall thickness results in agreement with an average value measured by
profilometer: 280 nm. Fig. 5 (right) shows the complex dielectric functions of the Cauchy layer
calculated “point-by-point” using the fitting model and they result similar to those of GenOsc layer
(Fig. 5 (left)), but with higher values for imaginary part ¢, (and lower for real values ¢;) that is
related to a less transparent material. Hence probably, the annealing processes have modified the
top side of the zinc-oxide deposited film, building this layer that maintains a trend similar to the
original material, but with a more absorbent behavior. Anyway these complex dielectric functions

are in agreement with those of Matz and Luth [30] measured from a bulk sample.

2.2.2  Optical absorption band gap

The optical band gap E4can be calculated from the Tauc formula [31] akv =A(hv-Eg)1’2

where, A is
a constant, Av is the photon energy and « is the absorption coefficient of the film under test. The
absorption coefficient can be derived from the Beer-Lambert law a = 4zk/2 where k is the

imaginary part of the refractive index and 4 is the wavelength.
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Since the optical model of our film (Tab.1) is not a single layer with a well-defined k, we preferred
to calculate the transmittance T and the reflectance R of deposited film from the model and
rewriting the Beer-Lambert law explicating T and R (Eq. 5), which means to consider an equivalent

single layer from the absorption point of view:
o =(1/d) In(1-R)%T (5)

where d is the sample thickness (277 nm). Fig. 6 shows the Tauc plot: the square of the absorption
coefficient (ahv) as a function of the photon energy (#v). From this plot it is possible to obtain the
energy band gap Ey = 3.20 eV. Similar values are obtained in [2] where is shown how E4 changes as

a function of the annealing temperature in a film of 500 nm thick.

3.2 UV detector characterization

Fig. 7 shows the dark (circles) and photo-illuminated (squares) current-voltage (I-V) characteristics
of the ZnO detector in vacuum, where the rectifying behavior of the interdigitated Al contacts is
clearly visible. This is induced by the oxidation step in H,O, that, according to literature [22, 32],
should remove the conductive —OH layer and make the ZnO-Al a Schottky junction. This is also
confirmed by the increasing of 3 order of magnitude of the resistivity of the ZnO films measured

using a 4-points probe in air before and after the oxidation process.

The maximum photo-current gain [(luv-lgark)/ldark] OF the device is about 9, which is a considerable
values if compared with data in literature [3]. The responsivity under exposure to UV light (365
nm) has been calculated to be 15 A/W at 10 V of bias and no measurable response has been
detected in the visible spectral range. Therefore, the ZnO sensors device acts as a photoconductor
which is sensitive only in the UV region. The time dependent photo-response of the device upon

UV illumination at room temperature in vacuum in illustrated in Fig. 8. The photo-response, due to
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a UV pulse irradiation, follows an exponential growth and decay trend. The photo-current rises

exponentially upon UV illumination following the two-phase exponential association function
L=+ lor (L-677) + lop(1-€7) (6)

according to other data in literature [2]. Turning off the UV ray, the photo-current decreases
following the second-order exponential decay (Eq. 6) and both rising and decay time constants have

been estimated to be 29 s.
4. Conclusions

ZnO thin films fabricated on sapphire by electron gun and a two-steps ex-situ treatment are
polycrystalline and with a smooth surface and show very good visible transparency and energy gap
of 3.2 eV. The Al interdigitated contacts show a Schottky behavior, which is strongly desired in
perspective of application since it has may advantages in the aspects of high quantum efficiency
response speed, low dark current, high UV/visible contrast ad possible zero-bias operation. The
fabricated detector shows a responsivity of 15 A/W at 10 V. The next goal is the achievement of the
same performance in air, by a more robust oxidation step in hydrogen peroxide or in plasma, in

order to passivate the surface of the samples thus limiting the chemisorption phenomena.
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