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Abstract: Cadmium (Cd)-free photodiodes based on n-type Zinc Selenide/p-type Zinc Telluride
(n-ZnSe/p-ZnTe) heterojunctions were prepared by Radio Frequency-Magnetron Sputtering (RF-MS)
technique, and their detailed optical and electrical characterization was performed. Onto an optical
glass substrate, 100 nm gold (Au) thin film was deposited by Thermal Vacuum Evaporation (TVE)
representing the back-contact, followed by the successive RF-MS deposition of ZnTe, ZnSe, Zinc Oxide
(ZnO) and Indium Tin Oxide (ITO) thin films, finally resulting in the Au/ZnTe/ZnSe/ZnO/ITO
sub-micrometric “substrate”-type configuration. Next, the optical characterization by Ultraviolet-
Visible (UV-VIS) spectroscopy was performed on the component thin films, and their optical band
gap values were determined. The electrical measurements in the dark and under illumination at
different light intensities were subsequently performed. The Current–Voltage (I–V) characteristics
in the dark are nonlinear with a relatively high asymmetry, following the modified Shockley–Read
equation. From their analysis, the series resistance, shunt resistance, the ideality factor and saturation
current were determined with high accuracy. It is worth noting that the action spectrum of the
structure is shifted to short wavelengths. A sensibility test for the 420–500 nm range was performed
while changing the intensity of the incident light from 100 mW/cm2 down to 10 mW/cm2 and
measuring the photocurrent. The obtained results provided sufficient information to consider the
present sub-micrometric photodiodes based on n-ZnSe/p-ZnTe heterojunctions to be more suitable
for the UV domain, demonstrating their potential for integration within UV photodetectors relying
on environmentally-friendly materials.

Keywords: zinc selenide/zinc telluride (ZnSe/ZnTe) heterojunctions; radio-frequency magnetron
sputtering (RF-MS); photoelectrical measurements; photodiodes; ultraviolet (UV) photodetectors

1. Introduction

Zinc Telluride (ZnTe) and Zinc Selenide (ZnSe) are AII-BVI semiconducting compounds
having good optical and electrical properties. With a wide and direct band gap varying from
2.67 eV up to 2.75 eV at room temperature for ZnSe, and 1.7 eV up to 2.26 eV for ZnTe [1–3],
they are more sensitive to blue–green and ultraviolet (UV) light. Therefore, ZnSe having
a low absorption coefficient in the visible range of solar spectrum and an appropriate
refractive index is commonly used within optoelectronic devices such as blue-green laser
diodes [4], white light and green light emitting diodes (LEDs) [4–6], in single–junctions as
buffer material [2,7,8] or “window” layer [9,10], but also in multi–junction solar cells [2,11],
as well as within photo-electro-chemical devices [12] or photodetectos [13]. In contrast,
ZnTe presents a high optical absorption coefficient as well as high mobility [14], and
its conduction profile can be easily changed by doping [15], thus making it suitable to
be integrated into optoelectronic devices such as LEDs [16] and in particular blue [17]
or green [18] emitting diodes, photovoltaic and new generation graded band gap solar
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cells [19,20], devices relying onto ZnTe/CdTe heterojunctions [21], thin film transistors,
photodetectors [22,23], and electro-optic field detectors [17].

Since Rajakarunanayake et al. [24], studying these materials was considered to offer
great promise when integrating them into devices for short wavelength semiconductor op-
toelectronics. In particular, ZnTe presents great potential as an inter-layer within Cadmium
Telluride (CdTe)-based solar cells, forming a low resistance ohmic contact due to a small
valence band offset (0.1 eV) between ZnTe and CdTe [25–28]. On these premises, Cadmium
(Cd)-free ZnTe-based heterojunctions attracted much interest, mostly due to the negative
impact Cd has upon the environment, and studies of morpho–structural and electrical
properties of various more environmentally-friendly ZnTe-based heterojunctions are still a
hot topic. Gupta et al. [29] mentioned that ZnSe/ZnTe heterojunctions present high valence
band offset, confirmed also by other authors who computed this offset, finding the value of
1 eV, results suggesting that the ZnSe/ZnTe heterojunctions present good rectifying proper-
ties [30]. This type of heterojunction can contribute to reducing the harmful effect of Cd,
by replacing some of the devices based on CdS/CdTe heterojunctions without significant
performance losses [30,31].

Although a great amount of work was already devoted to studying the physical prop-
erties of both ZnSe and ZnTe sputtered thin films [1,27,32,33], little has been reported re-
garding the electrical characterization of ZnSe/ZnTe heterojunctions. Moreover, the present
study attempts the fabrication of a “substrate”-type sub-micrometric multi-layered struc-
ture based on thin film n-ZnSe/p-ZnTe heterojunctions, focusing on the analysis of its
optical and photoelectrical properties. Hence, the investigated architecture could represent
a Cd-free environmentally-“green” device when comparing to other photodiode coun-
terparts based on CdSe, CdS or CdTe materials, as well as being very thin, light-weight
and low-cost.

2. Experimental Procedures

A Cd-free “substrate”-type structure based on a ZnSe/ZnTe heterojunction was ob-
tained by evaporating onto a cost-effective optical borosilicate glass (N-BK7, Heinz Herenz
Hamburg, Germany) 100 nm gold (Au) via Thermal Vacuum Evaporation (TVE) technique
at 3 × 10−5 Torr working pressure, maintaining through the entire deposition process a
substrate temperature of 100 ◦C. This Au thin film represented the back-contact of the
structure, providing an excellent ohmic conduction of the Au/ZnTe interface. ZnTe was
then sputtered via Radio Frequency-Magnetron Sputtering (RF-MS). The deposition pa-
rameters were: 13.56 MHz (frecquency of the RF generator), 50 W RF working power and
a 2.5 × 10−2 mbar working pressure of the argon (Ar) gas. During this 60 min process,
the substrate’s temperature was kept constant at 200 ◦C. The ZnTe thin film was followed
by ZnSe sputtered at 100 W RF power, 8.6 × 10−3 mbar working pressure and 220 ◦C
substrate’s temperature for 20 min. Afterwards, a zinc oxide (ZnO) ultra-thin film was
sputtered onto Au/ZnTe/ZnSe at 50 W RF power, while the working pressure during this
deposition carried out at room temperature was 7.4 × 10−3 mbar, and the duration of the
process was 35 min. Finally, an indium tin oxide (ITO) thin film was also deposited by
RF-MS at 80 W and 8.6 × 10−3 mbar for 40 min at room temperature. This latter thin film
completed the Au/ZnTe/ZnSe/ZnO/ITO sub-micrometric structure. During all sputter-
ing procedures, the target-to-substrate distance was kept constant at 9 cm. The obtained
Au/ZnTe/ZnSe/ZnO/ITO structure is schematically represented in Figure 1a, as well as
in the top- and back-side view photographs shown in Figure 1b. It is worth noting that
the effective device area formed by successively overlapping the films was about 0.2 cm2,
much smaller than the substrate’s surface, in order to avoid potentially occurring edge
effects such as short-circuits between the layers.
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Figure 1. (a) Schematic representation of the Au/ZnTe/ZnSe/ZnO/ITO sub-micrometric structure
prepared onto an optical glass substrate; (b) corresponding top- and back-side CCD images of the
prepared structure. The scale bar is 5 mm.

More details are presented in our previous papers focused on the morpho-structural
characterizations of ZnSe [1,32], ZnTe [27,33] and ZnO [34,35], respectively. Herewith,
the thickness of the ZnO ultra-thin film was first evaluated by means of X-ray reflectometry
(XRR) using a Bruker D8 Discover Diffractometer (Bruker, Billerica, MA, USA) operating
with CuKα radiation (λKα = 0.154 nm). Optical properties of ITO, ZnSe and ZnTe thin films
were subsequently investigated by transmission and optical absorption measurements in
the 300–1500 nm spectral range at room temperature by using an UV-VIS PerkinElmer
Lambda 750 spectrophotometer (PerkinElmer, Waltham, MA, USA). Via optical trans-
mission spectra, the thickness values of ITO, ZnSe and ZnTe were evaluated, whereas
their optical band gap energy was computed from the optical absorption spectra. Both
current–voltage (I–V) characteristics in the dark and action spectrum at AM 1.5 illumination
conditions of the Au/ZnTe/ZnSe/ZnO/ITO structure were measured at room temperature.
The corresponding transport mechanism and electrical parameters of the structure were
identified. Moreover, a sensibility test, as a UV detector, of the structure for the 420–500 nm
range of solar spectrum was performed by varying the incident wavelength’s intensity from
100 mW/cm2 down to 10 mW/cm2 and measuring the photocurrent electrical intensity.

3. Results and Discussion
3.1. Structural Characterization

The structural properties of the ZnSe and ZnTe thin films, obtained in the same
conditions, were presented in detail in our previous papers, i.e., [1,32] for ZnSe and [27,33]
for ZnTe thin films, respectively. Additional studies have shown a weak tendency to a
crystallographic texture and preferential orientation of sputtered ZnO ultra-thin films,
attributed to the reduced plasma power and associated low sputtering rate [34,35]. Indeed,
the thickness of the ZnO film was evaluated by XRR at roughly 55 nm, as resulting from
the spectrum presented in Figure 2. The latter method uses total external reflection from
surfaces being suitable for estimating layer thicknesses in this range of values, where the
positions of interference fringes within reflectivity curve can be used to determine the film
thickness by the modified Bragg equation [36]:

2dZnO

√
sin2 θi − sin2 θc = mλ (1)

where dZnO is the ZnO thickness, θi is the observed position of the ith interference fringe (ex-
pressed in radians), θc is the critical angle for total reflection expressed in radians (see Figure 2),
m is the integer number of fringe, and λ is the wavelength of the incident X-ray.
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Figure 2. X-ray reflectometry (XRR) spectrum that allowed thickness evaluation of the ultra-thin ZnO
film as ∼55 nm.

3.2. Optical Characterization

Transmission spectra of the ITO, ZnO, ZnSe and ZnTe sputtered onto glass substrates
(the same deposition parameters) are emphasized in Figure 3a. As can be noticed, both ITO
and ZnO are transparent over almost all the entire spectral region, enough to allow light to
reach the “window” layer interface without any considerable losses. As far as the ZnSe
and ZnTe spectra are concerned, one may easily see the high transmittance in the infra-red
region that both thin films have, with values larger than 70%. Transmission spectra were
further used to compute the films’ thicknesses by using the “two-envelopes” method [37].
The latter implies constructing the two envelope functions around the minima and maxima
of the interference fringes within transparent region. Plotting the linear dependence of l/2
as function of n/λ obeying Equation (2) for ITO, ZnSe and ZnTe allowed the evaluation of
the slope as twice the film’s thickness (see Figure 3b–d):

l
2
= 2d

( n
λ

)
− m0 (2)

where l = 0, 1, 2, . . . is related to the minimum and maximum interference conditions,
n is the commonly reported refractive index corresponding to each material (1.83 for
ITO [38], 2.67 for ZnSe [39] and 3.56 for ZnTe [40]), λ is the associated wavelength of
the minimum or maximum point, d is the film’s thickness, whereas m0 represents the
order of the first interference fringe [41,42]. In this way, the transmission spectra of ITO,
ZnSe and ZnTe permitted the evaluation of their corresponding thicknesses as about:
dITO = 275 ± 49 nm for ITO (see Figure 3b), dZnSe = 237 ± 12 nm for ZnSe (see Figure 3c)
and dZnTe = 437 ± 38 nm for ZnTe (see Figure 3d), whereas the indicated uncertainties
represent the standard error of the linear regressions.
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Figure 3. (a) Optical transmission spectra of the ITO, ZnO, ZnSe and ZnTe thin films, RF-sputtered
onto optical glass substrates; (b–d) corresponding plots used for thickness evaluation of ITO (b), ZnSe
(c) and ZnTe (d), respectively, as twice the slope of l/2 = f (n/λ) linear dependency. R2 denotes the
coefficient of determination for the fit of the linear regressions.

The thickness values obtained from the transmission spectra for ITO, ZnSe and ZnTe
were used to compute the optical band gap energies of the fabricated thin films by employ-
ing the absorption spectra presented in Figure 4 and Tauc’s plot method (see the insets
of Figure 4a–c). In order to compute the values for band gap energy of ITO, ZnSe and
ZnTe, the dependence of absorption coefficient (α) on the energies of incident photons (hν)
must be performed. By using relation (3), we can obtain α as the ratio between the optical
absorbance of the thin film (A) and its thickness (d):

α =
A
d

(3)

Subsequently, the dependence of absorption coefficient on the incident photon ener-
gies for direct band gap semiconductors (such as cubic phase ZnSe and ZnTe) near the
fundamental absorption edge is described by the following equation [43,44]:

α(h̄ω) =

(
h̄ω − Eg

)1/2

h̄ω
(4)

where h̄ω is the photon energy, and Eg is the optical band gap corresponding to the Γ point
of the first Brillouin zone. Thus, fitting the experimental data with Equation (4), optical
band gap energies of ZnSe and ZnTe films, respectively, were obtained. The calculated
values for the band gap energies of the sputtered films are 3.54 eV for ITO (see Figure 4a),
2.73 eV for the ZnSe (see Figure 4b) and 2.08 eV for the ZnTe (see Figure 4c), values that are
in good agreement with the theoretical and other experimental determinations [1–3,33,45].
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Figure 4. Absorbance spectra of the RF-sputtered ITO (a), ZnSe (b) and ZnTe (c), representing the
dependency of the optical absorbance coefficient on the incident photons. The insets represent
corresponding linear fit representation (using Tauc’s method) utilized to compute the optical band
gap energies of the thin films.

3.3. Electrical and Photoelectrical Measurements

The electrical measurements in the dark of this heterojunction revealed a nonlinear I–V
characteristics with relatively high asymmetry (see Figure 5a), the rectifying factor being
estimated to be around 50 at 1.25 V. Taking into account the optical band gap energy values
of both materials determined herewith (see Figure 4) as well as in our previous papers
(i.e., [1,32] for ZnSe and [27,33] for ZnTe, respectively), a theoretical energy band diagram
for n-ZnSe/p-ZnTe heterojunction, constructed on the basis of Anderson’s model, would be
similar to the one reported by Rao et al. [30,46] with particularly replacing in the latter the
energy parameters of CdS with the ones of ZnSe. In this context, the observed asymmetry of
the dark I–V characteristics is due to the heterojunction present at the ZnSe/ZnTe interface,
the Au back-electrode and the ZnO/ITO top-electrode featuring a good ohmic behaviour.
Analysing further the measured I–V characteristics in the dark, we found that it follows the
modified Shockley–Read equation [47–50]:

I = I0

[
e

q(U−IRS)
nkBT − 1

]
+

U − IRS
RSh

(5)

where I is the current flowing just through the heterojunction, I0 is the saturation current, q
is the elementary charge, U is the applied voltage to the whole structure, n is the ideality
factor of the diode, kB is the Boltzmann constant, and RS and RSh are the series and shunt
resistances, respectively. By performing the logarithmic plot of the intensity of the current,
i.e., Equation (5) at forward bias, as a function of the applied voltage, i.e., ln I versus U
(see Figure 5b), a first determination of the diode ideality factor is obtained (n1 = 5.44)
along with the saturation current (I01 = 6.93 × 10−9 A) [26,49,50]. Both values are not
accurately computed due to the great impact of series and shunt resistances, i.e., RS and
RSh, on the linearity of this plot. Therefore, the second step was to remove the effect of the
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series resistance and shunt resistance on this procedure to accurately evaluate the ideality
factor and saturation current. To find these resistances, the differential resistance of the
structure (R0) is plotted versus the reciprocal current, i.e., R0 = f (1/I), as the Equation (6)
suggests [26,47–51]:

R0 =
dU
dI

= RS +
1

βI0eβ(U−IRS) + 1
RSh

(6)

Figure 5. (a) Current –voltage (I–V) dark ambipolar characteristics recorded at room temperature of
the Au/ZnTe/ZnSe/ZnO/ITO “sandwich” structure; (b) semi-logarithmic fit (ln I vs. U) at forward
bias, allowing the determination of ideality factor and saturation current; (c) dependency of R0 as a
function of reciprocal dark current permitting the evaluation of series and shunt resistances; (d) linear
representation, i.e., ln(I − Y/RSh) vs. Y, illustrating the more accurate determination of the ideality
factor and saturation current.

The computed values are 40.5 kΩ and 10.5 MΩ for the series and shunt resistances,
respectively (see Figure 5c). The final step, in order to obtain more accurate values for the
ideality factor and saturation current, are a change in variable for the voltage (U) applied
to the structure to the drop voltage (Y) across the heterojunction, i.e., Y = U − IRS, and a
subsequent semi-logarithmic plot of real current I − Y/RSh crossing the heterojunction,
as a function of Y, see Figure 5d that obeys the modified Shockley–Read equation [50,51]:

I = I0

(
eβY − 1

)
+

Y
RSh

(7)

where β = q/nkBT. One can easily see that, after eliminating the effect of both series
and shunt resistances, the linearity in the plot from Figure 5d was extended allowing the
evaluation of the ideality factor and saturation current with better accuracy, as: n2 = 4.87
and I02 = 2.92 × 10−9 A, respectively. The relatively high value obtained for the diode’s
ideality factor, but comparable with other similar structures (i.e., n = 3.9 in [52]), is typically
expected in thin film-based devices due to the fine grain structure of the films. Unlike the
high-end techniques such as molecular beam epitaxy (MBE), the RF-MS films have much
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less grain size and large grain boundary regions containing a lot of defects limiting the flow
of the free charges by acting as carrier traps, as also shown in one of our recent papers [27].

Figure 6a displays the action spectrum (external quantum efficiency—EQE) of the
Au/ZnTe/ZnSe/ZnO/ITO structure when illuminating it at AM 1.5 conditions. This EQE
illustrates that the photo-generation process takes place, as expected, at small wavelengths,
taking into account the threshold wavelengths for ZnSe and ZnTe (λZnSe = 459 nm and
λZnTe = 548 nm). According to Figure 6a, a large peak is observed around 450 nm, which
corresponds to the photon energy of about 2.7 eV, resulting from the photon absorption
within ZnSe layer. A second very small peak is also visible around 550 nm, corresponding
to the energy band gap of ZnTe (i.e., ∼2.1 eV). One may thus easily notice that the action
spectrum is strongly shifted to the UV domain—the barrier at ZnSe/ZnTe interface is
shifted to the ZnO/ZnSe interface (thus the obtained maximum at 450 nm corresponds to
ZnSe’s threshold wavelength). The observed behaviour is expected, while observing the
good agreement of the obtained optical band gap values of ZnSe and ZnTe, respectively,
with equation:

Eg =
hc
λ

(8)

where Eg is the optical band gap expressed in eV, hc is the product between Plank’s constant
and speed of light in vacuum (i.e., 1.23985) and λ is the wavelength expressed in µm. In our
structure, light first falls onto the n-type ZnSe layer where only wavelengths below 450 nm
are absorbed, and the rest of the wavelengths are either reflected or transmitted towards the
p-type ZnTe layer. The p-type layer only absorbs photons which have wavelengths below
the one corresponding to its band gap, and, being very thin, its contribution to photogener-
ation is very low. Indeed, the I–V characteristics of the heterojunction under illumination
in AM 1.5 conditions show a very low photocurrent and photo-voltage. This behavior was
mentioned also by other authors concluding that, in the regime of photoelement, a power
conversion efficiency of ∼10% can only be obtained for multi-junction solar cells containing
CdTe [2] or CdSe [53] in conjunction with ZnSe and ZnTe thin films. Ultimately, observing
that our structure behaves better in the regime of a photodiode, a light sensibility test
for the 420–500 nm range was also performed by varying incident wavelength’s inten-
sity from 100 mW/cm2 down to 10 mW/cm2 and measuring the photocurrent intensity
(see Figure 6b). The variation of maximum sensitivity photocurrent (Ip) at 450 nm with the
power of the incident light (P) is shown in Figure 6c. Theoretically, the photocurrent in a
thin film photodiode varies with light power density according to the relation:

Ip = Pk (9)

where k is a number which can be equal to, less than or greater than 1, corresponding to
linear, sub-linear and super linear behaviors, respectively [52,54]. In the present study,
the variation of Ip with P was found to be slightly sub-linear (k = 0.83). The sub-linear vari-
ation in the ZnSe/ZnTe heterojunction results from the exponential distribution of carrier
traps in the band gap of both polycrystalline thin films [27,54]. As intensity of the radiation
increases, the quasi-Fermi level shifts towards the conduction band edge, increasing the
number of traps that are converted into recombination centers; then, the photocurrent does
not increase linearly with power density. All these observations clearly suggest that the
present device is more suitable for UV-based sensor applications as UV photodetectors.
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Figure 6. (a) The action spectrum of the Au/ZnTe/ZnSe/ZnO/ITO “sandwich” structure at AM
1.5 illumination condition; (b) photo-sensibility test of the present structure between 100 mW/cm2

and 10 mW/cm2 incident wavelength intensity; (c) maximum sensitivity photocurrent (Ip), taken at
λ = 450 nm, represented as a function of the power of the incident light. The inset: corresponding
log-log representation of the photocurrent versus power density with a sub-unitary slope of the
linear regression (k = 0.83).

4. Conclusions

Cd-free photodiodes based on n-ZnSe/p-ZnTe heterojunction structures were pre-
pared by the RF-MS technique. The optical characterization, via UV-VIS spectroscopy,
illustrated that ITO and ZnO have high transparency (with values larger than 85%) as
they should, given their common use as transparent conducting oxide (TCO) materials.
The transmission spectra of ITO, ZnSe and ZnTe permitted the computation of their thick-
nesses as 275 nm, 237 nm and 437 nm, respectively. Using the Tauc’s plot method from
the absorption spectra, the optical band gap energies of all three sputtered thin films were
evaluated to 3.54 eV for ITO, 2.73 eV for ZnSe and 2.08 eV for ZnTe. Fitting the exper-
imental data obtained from the dark I–V characteristics of the diodes recorded at room
temperature, with modified Shockley–Read’s equation, the shunt and series resistances
(10.49 MΩ and 40.5 kΩ, respectively) of the diodes were determined and a method to com-
pute with high accuracy the ideality factor and the saturation current of the heterojunction
was presented. Based on this model, a diode ideality factor of 4.87 and a saturation current
value of 2.92 nA were obtained. The action spectrum at illumination in AM 1.5 conditions
showed that a low photovoltaic response shifted in the UV range of the solar spectrum,
as expected considering the values of the optical band gap of ZnTe and ZnSe. However,
the photo-response in this range of wavelengths (420–500 nm) strongly changed when the
light intensity changes from 100 mW/cm2 down to 10 mW/cm2. The maximum sensitivity
is at a wavelength of 450 nm. Based on these results, we have considered the present
n-ZnSe/p-ZnTe heterojunction–based sub-micrometric structure to be more suitable for
applications sensitive to the UV domain, thus with the potential to be integrated within
sensitive UV photodetectors.
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