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Abstract. Zinc selenide (ZnSe) thin films were deposited by radio frequency magnetron sputtering
onto optical glass (for structural, morphological and optical characterizations) and onto indium-tin-
oxide (ITO) coated glass substrates, to be used for producing photovoltaic structures based on zinc
selenide/cadmium telluride (CdTe) thin film heterojunctions. The crystalline structure of ZnSe thin
films was investigated by X-ray diffraction; the films are polycrystalline with a marked (111) texture.
The structure of the films deposited on glass and on ITO covered glass is analyzed comparatively.
Surface morphology parameters of the films were determined by atomic force microscopy.
Spectroscopic ellipsometry and optical absorption spectroscopy measurements were used to
characterize the optical properties of ZnSe films. Experimentally determined band gap values were
2.83 —2.84 eV. The temperature dependence of the electrical resistivity was investigated from room
temperature down to 10 K. ITO/ZnSe/CdTe structures in superstrate configuration were produced by
depositing the absorber CdTe layer by thermal vacuum evaporation (TVE). Action spectra of the
external quantum efficiency (EQE) of the structures were measured before and after irradiation with
protons (3 MeV), and the effect of irradiation is discussed.
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1. INTRODUCTION

A"BV! binary semiconducting compounds are of great scientific and technological interest due to their
applications in electronic and optoelectronic devices. Among them, zinc selenide (ZnSe) is particularly
interesting for applications related to the interaction with infrared and visible light. Having good mechanical
and chemical properties, ZnSe thin films are suitable candidates for semiconductor window layers in the
architecture of photovoltaic cells. ZnSe has a large direct band gap of 2.67 eV at room temperature, high
optical transmittance over a large spectral range between 0.6 —20 um and good photosensitivity.
Optoelectronic devices based on ZnSe thin films were produced and characterized, such as light emitting
diodes [1, 2], solar cells [3, 4, 5, 6], photo detectors [7], transistors [8], dielectric mirrors [9], etc. In thin film
based solar cells technology, ZnSe is a less toxic alternative to the widely used cadmium sulfide (CdS); it
may be used as window layer in CulnGaSe, and CdTe-based solar cells [10, 11, 12, 13, 14, 15, 16]. Various
techniques were used for deposition of ZnSe thin films: chemical bath deposition [17, 18, 19], thermal
evaporation (TVE) [20, 21, 22], chemical vapor deposition [6], molecular beam epitaxy [23] or
electrodeposition [24]. We choose to deposit ZnSe thin films by rf-magnetron sputtering due to the excellent
control of film thickness uniformity proved by this deposition method [25, 26, 27]. The effect of film
thickness on structural, morphological, electrical, and optical properties of sputtered ZnSe thin films
deposited on optical glass was investigated, in view of their use in thin film based solar cells. This paper is
organized as follows: first the results of a study on structural, morphological, electrical, and optical
properties of ZnSe thin films deposited by rf-magnetron sputtering are presented. Next, we report the results
of a study on the photovoltaic response of a structure based on ZnSe/CdTe heterojunction and we describe
how this response is influenced by irradiation with 3 MeV protons. With protons representing the main
components of cosmic rays, such a study is relevant in view of possible applications of this type of
photovoltaic structures in space technology.
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2. EXPERIMENTAL DETAILS

Thin films of ZnSe were deposited by rf-magnetron sputtering on optical glass (Corning) substrate, for
material characterization. Before deposition, the substrates were ultrasonically cleaned in acetone for 10 min.
The deposition chamber was first evacuated to 10~ Pa, before admission of Ar gas up to the working
pressure of 0.86 Pa. The target-to-substrate distance was set to 80 mm, the power applied to the magnetron
was 90 W and the substrate temperature was set to 220°C during deposition. Films with thickness of 110 nm,
150 nm and 175 nm were deposited.

ZnSe/CdTe heterojunctions in superstrate configuration were produced by depositing ZnSe films in the
same conditions on optical glass coated with 35 nm indium tin oxide (ITO) layers (used as front contacts);
the sheet resistance of ITO layers was 12 Q/sq. CdTe absorber layers were subsequently deposited by TVE,
this method being proved to be suitable in obtaining CdTe films with good crystallinity [30]. Cadmium
telluride powder (Aldrich, 99.99% purity) was sublimated, in a chamber evacuated prior to deposition to
4x10-2Pa, at 750°C, onto the glass/ITO/ZnSe structure maintained at 270°C during deposition. The
thickness of CdTe layer was 3 um in the case of all structures. After deposition of CdTe layers, the structures
were annealed at 300°C in-situ for 10 min. This post-deposition treatment was performed to improve the
structural and chemical quality of the films. Next, treatments in CdCl, vapors were performed on the
structure glass/ITO/ZnSe/CdTe in order to improve their photovoltaic response [31, 32, 33]. CdCl, powder
(Aldrich) was sublimated in vacuo from a quartz crucible heated at 250°C, while the temperature of the
heterostructures was maintained at 100°C. Photovoltaic cells were completed by depositing the back contacts
(a 50 nm copper layer followed by a 90 nm gold layer) by TVE. During this procedure, the structures were
maintained at 170°C; after the deposition of Cu:Au back electrodes, the entire cell was annealed at 200°C for
10 min.

Structural properties of ZnSe thin films deposited by rf-magnetron sputtering were investigated by
X-ray diffraction (XRD) using a Bruker D8 Discover diffractometer with Cux. radiation (A=1.5406 A).
Morphological investigations were performed by atomic force microscopy (AFM), in contact mode.

The electrical resistivity of the films was measured using Van der Pauw method, in a temperature range
of 300 K- 10 K. The samples were introduced in an evacuated He closed cycle cryostat, the experimental
setup including a Keithley 6517a electrometer, a Keithley 2400 SourceMeter and a Lakeshore 332
temperature controller, controlled by PC.

Optical properties were investigated by spectroscopic ellipsometry (SE), using a spectro-ellipsometer
Woollam WVASE 32 (spectral range available was between 250 nm up to 1.7 m) and by absorption
spectroscopy, using a double beam Perkin Elmer Lambda 35 spectrometer. Action spectra of
ITO/ZnSe/CdTe/Cu:Au structures were measured by using a setup including a monochromator, a Keithley
2400 SourceMeter and a Newport Oriel solar simulator, controlled by a PC. Experiments related to the
effects induced by irradiation with protons (3 MeV, fluencies of 10™* cm?) on the photovoltaic response of
ITO/ZnSe/CdTe/Cu:Au devices were performed; proton beams were produced by using a 3 MV Tandetron
accelerator [34].

3. RESULTS AND DISCUSSION

3.1. ZnSe films

Grazing incidence X-ray diffraction (GIXRD) spectra recorded for ZnSe films deposited on optical
glass and optical glass covered with ITO are shown in Figure 1. This experimental geometry is well suited
for thin films, as the optical path of X-ray photons is increased in the film and the scattering volume is kept
constant over the entire 20 scanned range. For quantitative determinations, the region corresponding to the
most intense diffraction peak, (111), was scanned in Bragg-Brentano theta-theta geometry, with the step size
A8 =0.005°. The structure of the spectra is similar for both types of substrates used here; ZnSe films are
polycrystalline, containing the thermodynamically stable cubic phase (PDF2 37-1463). All the films show a
(111) texture. For ZnSe films deposited on ITO covered optical glass, supplementary peaks corresponding to
ITO substrates are observed (Fig. 1, right side).
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Fig. 1 — GIXRD spectra recorded for ZnSe films deposited on optical glass (left side) and optical glass covered with ITO
(right side). ZnSel, ZnSe2 and ZnSe3 indicate the films with 110 nm, 150 nm and 175 nm thickness, respectively.

High influx of adsorbed atoms and high growth rate are typical for deposition by plasma assisted
techniques. That leads to incorporation of defects in the structure of the films and stoichiometry variations in
the growth surface associated with these defects have an impact on the surface energy, facilitating the
stabilization of (111) surface (the surface of minimum energy is (110) in the case of cubic structure of ZnSe
[35]). This could explain the presence of (311) peaks, orientation which makes a small angle with the (111)
orientation. The most prominent (111) diffraction peak of ZnSe was scanned in Bragg-Brentano theta-theta
geometry and experimental results were fit analytically using Voigt profiles (the red line in Fig. 2). After
correcting for instrumental broadening, integral breadths Be and B of Gauss and Lorentz components of
Voigt profile were used to extract the crystalline coherence length Des for (111) orientation and the micro-

strain, (e2)?, induced by mechanical stresses developed during growth, by using [36]:

092
“ B cosH’ @)
Be = 2421 ()2 tan®. @)

The results are collected in Table 1. Both microscopic and macroscopic mechanical stresses (the last

one characterized by the average strain % with a, =5.669 A, the ideal ZnSe lattice constant, according to
0

PDF2 37-1463) are small and practically do not depend on the thickness of studied ZnSe samples. Crystallite
sizes have a tendency to increase with film thickness.
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Table 1
Structural parameters of fabricated ZnSe thin films

Sample Thickness 20, a Det 2 12 Aa

(nm) (deg.) A) (nm) (&%) a_o
ZnSe/glass 110 27.41 5.63 54.3 1.97 x 103 6.35 x 107
ZnSe/ITO/glass 110 27.43 5.63 43.1 2.41 %108 6.35 x 107
ZnSe/glass 150 27.38 5.64 76.2 2.80 x 108 5.29 x 1073
ZnSe/ITO/glass 150 27.41 5.63 38.2 1.75 x 10°® 6.35 x 108
ZnSe/glass 175 27.41 5.63 78.4 2.85x 10 6.35 x 1078
ZnSe/lITO/glass 175 27.43 5.62 815 3.07 x 10 7.06 x 107

The morphology of the surface of the films was characterized by atomic force microscopy (AFM,
Fig. 3) and characteristic parameters extracted from AFM scans (surface roughness and statistical parameters
of grains distributions on film surfaces) are shown in Table 2. Relatively smooth surfaces were observed,
without drops formed during sputtering. Thicker ZnSe films have more symmetric distributions of grain
heights over investigated surfaces and smaller roughness values.
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Fig. 2 — (111) diffraction peak of the ZnSe film (110 nm thick), recorded in Bragg-Brentano theta-theta geometry (black line)
and the Voigt profile obtained by fit (red line). The residuals of the fit procedure are also shown.

Table 2

Parameters characterizing the surface morphology of ZnSe films sputtered on optical glass, as extracted from AFM scans,
and optical band gap values

Sample Thickness RMS roughness Skewness Kurtosis Eq
(nm) (nm) parameter parameters (eV)
ZnSe/glass 110 3.1 0.56 2.95 2.84
ZnSe/glass 150 24 0.38 241 2.83

ZnSe/glass 175 2.1 0.26 2.13 2.83
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nm

Fig. 3— AFM images for ZnSe films sputtered on optical glass; samples with thickness of 110 nm (left), 150 nm (center)
and 175 nm (right) are shown.

Optical properties of the films were investigated by absorption spectroscopy and spectroscopic
ellipsometry. The dependence of the absorption coefficient, o on the energy of incident photons near the
fundamental absorption edge, in semiconductors with direct absorption edge (ZnSe belongs to this class of
semiconductors), is given by:

1/2
a(ho) = o, (ro—Eg)™ , 3)
ho

in which Eg is the direct band gap. Equation (3), describing direct allowed transitions, was used to determine
the band gap of the films, shown in Table 2 (see Fig. 4). Optical band gaps of the films are larger than the
band gap of ZnSe bulk crystal (2.67 eV), due to the quantum confinement of electronic states in a smaller
volume inside the crystallites. The quantum confinement explains also the observed trend of the absorption
coefficient, which increases with decreasing film thickness due to a better overlap of the wavefunctions,
associated to valence band and conduction band states, resulting in an increased electric dipole transition
matrix element [37]. Our results regarding structural, morphological and optical characterizations are in good
agreement with those previously reported for rf-sputtered ZnSe thin films in the literature [28, 29].
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Fig. 4 — Dependence of optical absorption coefficient on the energy of the photons, as described by eg. (3),
near the fundamental absorption edge of ZnSe films deposited on optical glass substrates.
ZnSel, ZnSe2 and ZnSe3 indicate the films with 110 nm, 150 nm and 175 nm thickness, respectively.

Spectroscopic ellipsometry was employed to determine the optical constants (refractive index n and
extinction coefficient k) for ZnSe thin films deposited on glass. The ellipsometric (¥, A) spectra were
recorded in reflected light at an incident angle of 70°, with respect to film surfaces. An optical three layers
model (upper rough layer/ZnSe layer/glass substrate) was used and the dispersion model chosen for fitting
spectra was Adachi-New Forouhi (ANF) model [38]. Spectra of refractive indices and extinction coefficients
of the films are plotted in Fig. 5. One can observe that the refractive index tends to increase with increasing
the thickness of the films. This may be explained by the quantum confinement effects associated to the small
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size of the crystallites: there are larger crystallites in films with larger thickness (see Table 1). The decrease
of the refractive index with the increase of photon wavelength in the visible region of the electromagnetic
spectrum (VIS) indicates the normal dispersion behavior of ZnSe thin films in this region. In NIR region the
refractive index tends to be relatively constant, the obtained values being in good agreement with previous
works [39, 40]. Due to the fact that ZnSe films are almost transparent in NIR region, extinction coefficients
were computed only for VIS region, their values increasing with photon energy. Increasing the thickness of

ZnSe films leads to a decrease in extinction coefficients as shown in Fig. 5.
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Fig. 5 — Wavelength dependence of the refractive index (left) and of the extinction coefficient (right) of ZnSe films deposited
on optical glass substrates. ZnSel, ZnSe2 and ZnSe3 indicate the films with 110 nm, 150 nm and 175 nm thickness,

The electrical resistivity of ZnSe films deposited on glass was investigated in a temperature range from
300 K to 10 K (Fig. 6). In the case of ZnSe, in the 300 K — 240 K temperature range, the dominant scattering
mechanism of charge carriers is due to interaction of carriers with optical phonons, with an important
polaron effect manifested in the renormalization of the carrier effective mass and in the peculiarities of the
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Fig. 6 — Arrhenius plot of the electrical resistivity of ZnSe films; a detailed view of the 300 K — 240 K range is shown in the inset.
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ZnSel, ZnSe2 and ZnSe3 indicate the films with 110 nm, 150 nm and 175 nm thickness, respectively.

A further decrease of temperature leads to an increase of the resistivity, more pronounced in the range
of 240 K — 100 K. This range corresponds to gradual freezing-out of conduction electrons, recaptured by

donor centers, leading to an activated temperature dependence of the resistivity:
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in which the activation energy E. is the ionization energy of the main donors. Experimentally obtained
values for the activation energy were 0.024 eV for 110 nm and 150 nm thick films, as well as 0.035 eV for
175 nm thick film. At lower temperatures the resistivity increases slightly with decreasing temperatures, due
to a hopping mechanism. The resistivity values correlate well with the film thickness (thicker films are less
resistive) and with the results of XRD investigations, showing that the crystalline disorder decreases with
increasing thickness.

3.2. ZnSe/CdTe structures

ITO/ZnSe/CdTe/Cu:Au structures fabricated as explained in Section 2 were irradiated with protons
(energy 3 MeV, fluence 10 cm=2) and their electric and photovoltaic characteristics were investigated
before and after irradiation. |-V characteristics before and after irradiation, shown in Fig. 7 for the structure
with a 150 nm thick ZnSe layer, are nonlinear and asymmetrical, being well described by the modified

Shockley equation:
I =1,| exp Vil g +V—rsl, ()
nkgT Rqy

in which n is the effective quality factor of the structure, lo is the reverse bias saturation current, rs is the
series resistance of the structure and Rs, is the shunt resistance. To characterize the effect of irradiation,
experimental |-V characteristics were fitted with equation (5) and the obtained values of the parameters were
collected in Table 3.
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Fig. 7 — Dark I-V characteristics of the structure ITO/ZnSe/CdTe/Cu:Au, before and after irradiation with protons
(3 MeV, fluence 1018 cm=2). The thickness of ZnSe layer was 150 nm.

Table 3
Parameters of dark 1-V characteristics of ITO/ZnSe/CdTe/Cu:Au structure with 150 nm thick ZnSe layer

lo (A) n s (Q) Rsh (Q) Obs.

1.1x104 10.8 950 9.32x10* before irradiation

7.2x10°° 14.8 1208 1.07 x10* after irradiation
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Fig. 8 — EQE action spectra of a ITO/ZnSe/CdTe/Cu:Au structure, before and after irradiation with protons
(3 MeV, fluence 1018 cm=2). The thickness of ZnSe layer was 150 nm.

The asymmetry of I-V characteristics is reduced after irradiation with protons, which leads to an
increased value of the quality factor n. This can be explained by the increase of the recombination rate of
photogenerated charge carriers in the space charge region, due to an increased density of recombination
centers associated with structural defects induced by proton irradiation. Decreasing of reverse saturation
current is due to the decrease in carriers’ mobility.

Action spectra of the external quantum efficiency (EQE) of the ITO/ZnSe/CdTe/Cu:Au structure are
shown in Fig. 8, before and after irradiation with protons. EQE, which measures the number of charge
carriers collected at electrodes for an absorbed photon of a given energy, has a window of spectral response
extending from 850 nm to 390 nm. The spectral range 800 nm — 600 nm corresponds to charge carriers
photogenerated in CdTe absorber layer, while the range 600 nm — 450 nm corresponds to carriers’
photogenerated in ZnSe window layer, proving that the space charge region extends in both layers of the
structure. EQE is severely reduced after irradiation with protons, due to the recombination centers related to
the structural defects introduced in the vicinity of ZnSe/CdTe interfaces.

4. CONCLUSIONS

Highly textured polycrystalline ZnSe thin films were deposited on glass substrates and ITO covered
glass substrates by rf-magnetron sputtering. It was found that, for the deposition conditions described here,
the size of the crystallites tends to increase with increasing film thickness. The results of ellipsometric
measurements have shown that the refractive index of the films increases also with the increase of thickness,
which is attributed to the increase in particle size. There is a dip in the temperature dependence of the
electrical resistivity, associated with a change in the transport mechanism, which at temperatures above
240 K corresponds to scattering of conduction band electrons by optical phonons in the saturation range (all
donors are ionized), while in the range 240 K — 100 K the activated temperature dependence of the resistivity
is due to the freezing-out of conduction band electrons, recaptured by donors. At temperatures below 100 K
the charge transport mechanism is due to electrons hopping between localized states. ZnSe films were used
as window layers in CdTe based photovoltaic structures fabricated in superstrate configuration. After
irradiation with protons (3 MeV, fluence 10® cm~2), although the parameters corresponding to dark 1-V
characteristics are not significantly changed, the photovoltaic response is strongly altered. This is due to
capture centers associated with structural defects introduced by proton irradiation in the space charge regions
of the structure.
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