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Abstract—The spectral response and quantum efficiency of the visible-range photodetectors based on ZnSe
and ZnCdSe/ZnSe heterostructures are experimentally studied. The spectral response of the detectors is
characterized under various bias conditions. A model of a decrease in the effective height of a reverse-biased
Schottky contact under irradiation is used to interpret the internal amplification of the detectors.
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INTRODUCTION
Until recently, the detection of UV and visible radi-

ation was performed almost exclusively with the aid of
Si and GaAs detectors [1]. The main disadvantage of
such detectors is the degradation of parameters under
irradiation at a photon energy that is much greater
than the band gap of Si and GaAs. In addition, Si and
GaAs photodetectors exhibit the maximum sensitivity
in the IR range, so that a correction using an appropri-
ate filter is needed for operation in the blue and violet
parts of the spectrum, which leads to a complication of
the receiving system and a decrease in its sensitivity
[1–3]. For these reasons, wide bandgap semiconduc-
tor materials (GaN, ZnO, ZnSe and their solid solu-
tions) are being intensively studied as active layers of
UV and visible photodetectors [1, 4]. A wide-bandgap
semiconductor provides a low dark current and high
reliability under irradiation with high-energy photons,
and a narrow-band response of the detector can be
implemented using selection of the parameters of the
heteroepitaxial layers. Such an approach provides fil-
tering of the received desired signal and, thereby, an
increase in the noise immunity of the optical informa-
tion system [4]. It is also known that wide-bandgap
semiconductor materials have a significantly higher
thermal conductivity and radiation resistance in com-
parison with Si and GaAs. Thus, the corresponding
devices can be used at much higher temperatures and
powers of received radiation whereas the strength of
chemical bonds in wide-bandgap semiconductors
ensures an increased radiation resistance [1].

In many works, various types of photodetectors
based on wide-bandgap semiconductor materials and
heterostructures have been fabricated and studied, in
particular, p–n-junction detectors [5], p–i–n photo-

diodes [6, 7], Schottky barrier photodiodes [8], and
photodetectors in a contact system metal–semicon-
ductor–metal (MSM) [9, 10]. Particular attention was
paid to narrow-band detectors. A narrowband response
with a FWHM of 14 nm has been obtained for the
AlGaN/GaN MSM diodes at a wavelength of 361 nm
[11]. An even narrower response with FWHM = 7 nm
at a wavelength of about 370 nm has been obtained for
the MSM detectors based on the (Mg,Zn)O hetero-
structure [12]. The detecting properties of the MSM
diodes based on low-dimensional heterostructures
with the ZnCdS quantum wells separated by ZnMgS
and ZnS barrier layers have been studied in [13]. The
detectors provide two-color detection of optical sig-
nals at wavelengths of 350 and 450 nm with FWHMs
of 18 and 50 nm, respectively. It is seen that there has
been considerable recent interest in narrow-band pho-
todetectors of the visible and UV spectral ranges based
on wide-bandgap semiconductor materials.

In this work, we study the characteristics of the
spectral response and quantum efficiency of the visi-
ble-range MSM detectors. For comparison, two types
of MSM photodetectors were fabricated: ZnSe detec-
tors and detectors based on the ZnCdSe/ZnSe hetero-
barrier structure. The ZnSe MSM detector makes it
possible to obtain a broadband response in a wave-
length interval of 330–465 nm with a maximum
responsivity of 0.14 A/W at a wavelength of 460 nm,
which corresponds to a detector quantum efficiency of
38%. The MSM detector based on the ZnCdSe/ZnSe
heterojunction provides an effective narrow-band
response with FWHM = 4.3 nm, a responsivity of
2.27 A/W, and a quantum efficiency of 612% at a
wavelength of 460 nm.
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Fig. 1. Epitaxial layers and interdigitated contacts of (a) D1 and (b) D2 MSM diodes.
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1. EXPERIMENTAL RESULTS

Zinc selenide and solid solutions based on this sub-
stance (ZnSSe, ZnSTe, and ZnMgBeSe) are promis-
ing semiconductor materials for optoelectronic
devices working in the visible and UV spectral ranges
[1]. They can be grown lattice-matched with a GaAs
substrate, which provides the integration of the photo-
detector with amplification and signal processing cir-
cuits based on GaAs electronics. Fabrication of p–n-
and p–i–n-photodiodes based on ZnSe and ZnSSe
meets difficulties related to the formation of a high-
quality ohmic contact to the p-region of the detector
[14]. Production of heavily doped p-type ZnSe and
ZnSSe is still a problem that impedes fabrication of
optoelectronic devices based on such wide-bandgap
materials. For this reason, a planar surface-barrier
diode structure based on double rectifying contacts in
the MSM system was chosen as the basic structure of
photodiodes in this work [15, 16]. In such a detector,
we can use a semiconductor material of only one type
of conductivity in the absence of ohmic contacts. The
area of the active region of the MSM diode is four
times greater than the area of the p–i–n-diode at
equal capacitances. This circumstance substantially
facilitates focusing of the received optical radiation
onto the light-sensitive region of the detector. In addi-
tion, due to the location of the depletion region of the
reverse-biased Schottky contact directly under the
surface of the semiconductor structure, such a detec-
tor design is preferred in the UV and visible spectral
ranges in comparison with the p–i–n diode and the
p‒n-junction detector, in which light passes through
the p-junction region of the diode, where a significant
part of it is lost.

Two types of MSM detectors (D1 and D2) were
investigated. Photodiode D1 is fabricated as interdigi-
tated Schottky barrier contacts to a 550-nm-thick
JOURNAL OF COMMUNICATIONS TECHN
ZnSe epitaxial film grown with the aid of metalorganic
vapor-phase epitaxy (MOVPE) on a 300-nm-thick
semi-insulating GaAs substrate (Fig. 1a). For the fab-
rication of the Schottky barrier contacts of the MPM
diode, two layers were sputtered: barrier Ni (90 nm)
and protective Au (70 nm). Then, the interdigitated
contacts of the MSM diode with a width of 2.8 μm, a
length of 100 μm, and a distance of 3 μm between
them were formed on the surface of the structure with
the aid of photolithography. The photosensitive area
of the MSM detector is 100 × 100 μm2.

Photodiode D2 was fabricated in a similar way with
the same configuration of interdigitated contacts, but
the ZnCdSe/ZnSe heterobarrier structure was used as
the active layer of the detector. The thicknesses of the
ZnCdSe and ZnSe layers (132 and 805 nm, respec-
tively) were calculated using the reflection spectra.
The details of the deposition of epitaxial films can be
found in [17].

The surface morphology of the grown epitaxial
films of the D1 and D2 diodes was studied using an
AIST-NT Smart SPM atomic force microscope. The
surface of the semiconductor structures of the D1 and
D2 diodes was quite dense and consisted of uniformly
distributed single-crystal units. The experimental rms
roughness of the growth surface of the semiconductor
structure of the D2 diode over an area of 20 × 20 μm2

was RMS = 22 nm. Figure 2 shows a microphotograph
of a surface fragment of the MSM photodiode (D2).

1.1. Characteristics of the MSM Diodes

The I–V characteristics of the MSM diodes were
studied at room temperature using an analyzer of the
parameters of semiconductor devices. Figure 3 shows
the characteristics at different polarities of bias volt-
age. The dark current of the D2 diode is slightly lower
OLOGY AND ELECTRONICS  Vol. 67  No. 7  2022
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Fig. 2. Microphotograph of a surface fragment of the D2
MSM photodetector (the length of the Ni–Au interdigi-
tated contacts is 100 μm, the width is 2.8 μm, and the dis-
tance between the contacts is 3 μm).
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Fig. 3. Dark currents of (1) D1 diode and (2) forward- and
(3) reverse-biased D2 diode.
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due to the ZnCdSe surface layer. At a bias voltage of

30 V, the dark current of this diode is 2 × 10–10 A, which
is comparable with the dark current of an MSM diode
based on a low-dimensional ZnCdS/ZnMgS/GaP het-
erostructure [18]. The dark current of the D1
homoepitaxial ZnSe photodetectors at the same bias is

5 × 10–10 A. Since both shot noise and 1/f noise are
proportional to the current f lowing through the junc-
tion, a low dark current improves the signal-to-noise
ratio of the detection system. The dark current in the
diode structure depends on the height of the barrier
contact. The MSM diode consists of two series-con-
nected Schottky barrier contacts. When voltage is
applied to the diode, one contact is forward-biased
and the second contact is reverse-biased. Thus,
despite the fact that the polarity of the bias voltage
across the diode can be reversed, only the reverse
branches of the I–V characteristics can be measured
for each contact.

Therefore, we cannot study the MSM structures
using the conventional method for estimation of the
parameters of the Schottky barrier based on measure-
ment of the forward branch of its I–V characteristic
[19, 20]. We measured the height of the Schottky bar-
rier in the MSM system of contacts of the D1 and D2
diodes with the aid of the method of [21]. The analysis
shows that the dark current of the barrier contacts
under study is well described in terms of the theory of
thermionic emission. The experimental and calcu-
lated heights of the potential Schottky barrier in the
D1 and D2 diodes are 1.15 and 1.3 eV, respectively, and
the ideality factor of junction in both cases is n ~ 1.2.
Such parameters indicate the absence of a sufficiently
thick intermediate oxide layer in the metal–semicon-
ductor contacts under study and a relatively high qual-
ity of the Schottky barriers in the fabricated MSM
diodes. The experimental height of the potential bar-
rier of the Ni/Au–ZnSe contact is close to the previ-
ously published results (1.17 eV [22] and 1.20 eV [23]
for the Au–ZnSe contact).
JOURNAL OF COMMUNICATIONS TECHNOLOGY AND
Note also a slight asymmetry of the I–V character-

istics of the MSM diode D2 for forward and reverse

biases due to minor differences in the heights of the
potential barriers of two series-connected Schottky

interdigitated barrier contacts. Presumably, this is due

to different densities of states at the metal–semicon-
ductor interface of two adjacent barrier contacts and

inevitable growth defects, leading to inhomogeneity of

the surface of the grown semiconductor structure and,
hence, unequal effective areas of two neighboring con-

tacts. For the D1 diode, we do not observe differences

of the I–V characteristics for forward and reverse
biases. The breakdown voltages of the D1 and D2

detectors range from 90 to 100 V, which indicates

potential resistance to possible bias voltage surges
under real conditions. In addition, high breakdown

voltages and, consequently, high electric fields in such

semiconductor structures make it possible to use them
in MSM diodes with submicron intercontact gaps to

increase the photodetector bandwidth due to an

increase in the drift velocity of photogenerated carriers
at high fields [24].

1.2. Spectral Responsivity of the Detectors

The spectral responsivity of the diode structures

under study was measured at room temperature using

a xenon lamp as a radiation source. The radiation of
the lamp having passed through a monochromator was

chopped at a frequency of 400 Hz and focused on the

active area of the MPM diode by a system of optical
lenses. The resulting photocurrent was measured with

a PAR-124A lock-in amplifier. The power of optical

radiation incident on the photodiode was measured
with a calibrated silicon photodiode. The responsivity

of the photodetector was calculated as the ratio of the

measured signal current of the MSM diode to the radi-
 ELECTRONICS  Vol. 67  No. 7  2022
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Fig. 4. Plot of the responsivity of the D1 MSM photode-
tector vs. wavelength for bias voltages of (1) 5, (2) 15,
(3) 20, and (4) 30 V.
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Fig. 5. Spectra of the responsivity of the D2 MSM detector
at bias voltages of (1) 5, (2) 10, (3) 20, and (4) 30 V.
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ation power of the xenon lamp incident on the diode
at the corresponding wavelength.

Figure 4 presents the dependence of the responsiv-
ity of the D1 detector on the bias voltage. The detector
provides a broadband response in a wavelength inter-
val of 330–465 nm. The detector response signal
sharply increases with an increase in the bias in an
interval of 5–15 V, which is a consequence of the
expansion of the depletion region between the inter-
digitated contacts of the diode. The maximum of the
detector response signal is at a wavelength of 460 nm,
which corresponds to a ZnSe band gap of 2.7 eV. One
of the practical applications of the D1 detector can be
its use for detection of the UV radiation that is harmful
to humans. It is well known that an excess dose of solar
radiation can lead to diseases [4]. The photosensitivity
interval of the D1 detector coincides with the interval
of the maximum effect of the pigmentation solar radi-
ation (0.36–0.44 µm), so that the photodetector based
on the D1 MSM diode can serve as a tan sensor.

Figure 5 shows the dependence of the photore-
sponse of the MSM detector D2 based on the
ZnCdSe/ZnSe/GaAs heterostructure on the wave-
length of optical radiation. Such a detector provides a
fairly narrow-band response. At a wavelength of
460 nm, the FWHM of the detector response is
4.3 nm. The results of [1, 25] show that the ZnSe,
ZnSSe photodetectors based on the Schottky barrier
provide a sharp drop in photosensitivity in the long-
wavelength part of the response signal (the long-wave-
length cutoff). Figure 5 also shows such a result. When
optical signals are detected at shorter wavelengths, an
increase in the photon energy leads to a sharp increase
in the absorption coefficient of radiation incident on
the detector. The radiation is absorbed closer and
JOURNAL OF COMMUNICATIONS TECHN
closer to the surface of the heterostructure [19, 26]. In
this case, the concentration of photogenerated elec-
trons and holes in the narrow surface region of
ZnCdSe is very high, which causes a sharp increase in
the probability of surface and bulk recombination and
a decrease in the lifetime of carriers [27–29]. The car-
riers recombine in the thin ZnCdSe layer before they
reach the interdigitated contacts of the MSM diode.

Figure 6 presents the dependence of the response
signal of the MSM diodes D1 and D2 on the bias volt-
age. The response of the detector to the optical signal,
first, increases linearly with increasing bias and, then,
a region of photocurrent saturation appears. 2D simu-
lation of an MSM diode shows that the detector oper-
ates under conditions for partial depletion of the active
interelectrode region of the diode when the gap
between the interdigitated contacts is 3 μm and the
bias voltage is less than 10 V [30]. Such a result is
proven by the low level of the detector response signal
at bias voltages ranging from 5 to 10 V (Fig. 6). An
increase in the bias voltage leads to the expansion of
the depletion region of the reverse-biased Schottky
contact, and the maximum responsivity of the D2
detector at a wavelength of 460 nm rapidly increases
from 0.05 A/W at 5 V to 1.5 A/W at 20 V (Fig. 6). This
leads to an increase in the quantum efficiency of the
photodetector from 13.5% to 400%. The voltage that
determines the beginning of the saturation of the
detector photocurrent (the condition for f lat bands of
metal–semiconductor contact) is calculated using the
equation [31]

where  is the concentration of free carriers in the
surface layer of semiconductor, εs is the permittivity,

and  is the intercontact gap.

2

,
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d
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qN tV =
e

dN

t
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Fig. 6. Plot of the responsivity of (1) D2 and (2) D1 MSM
diodes vs. bias voltage.
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The level of doping for the surface layer of the
ZnCdSe/ZnSe heterostructure of the D2 diode was
determined from the capacitance–voltage character-

istic of the Schottky contact:  = 2 × 1015 cm–3. For
 = 3 μm, we obtain V = 20 V, which is in good agree-

ment with our experiment. The experimental results
show that the concentration of free carriers in the sur-
face layer of the semiconductor structure of the D1

diode is 1015 cm–3. Thus, the bias voltage correspond-
ing to the condition for f lat bands for the D1 diode
decreases to ~10 V (Fig. 6).

At a bias voltage of 30 V, the measured responsivity
of the MSM diode D1 is 0.14 A/W and the calculated
quantum efficiency is 38%, which is in good agree-
ment with the results of [22, 32, 33]. The responsivity
of the D2 detector at the same wavelength is 2.27 A/W,
and the quantum efficiency is 612%. Thus, at the same
bias voltage, the responsivity of the D2 heterobarrier
MSM diode is about 16 times higher than the respon-
sivity of the D1 homoepitaxial diode. The quantum
efficiency of the D2 detector is much higher than
100%, which indicates an internal amplification of the
photocurrent in such a diode structure. Several theo-
ries have been proposed to interpret amplification of
photocurrent in MSM detectors based on the
Schottky barrier; in particular, one of them assumes
enhancement of electron tunneling through the bar-
rier [19, 34]. However, the ideality factor of the barrier
contact in our structure is close to unity, which indi-
cates the key role of the above-barrier electron emis-
sion in the current conduction in the diode. We
assume that the photoamplification observed in the
D2 detector under study is due to trapping of minority
carriers (holes) at the trapping centers of the
ZnCdSe/ZnSe heterojunction. The existence of trap-
ping centers at the interface between two semiconduc-
tors is well known from [12, 35]. Under irradiation of
the junction, the holes photogenerated in the deple-
tion region of the reverse-biased contact are trapped at
the trapping centers of the ZnCdSe/ZnSe heterojunc-
tion and produce a positive charge Qhi = qNhi, where

Nhi is the concentration of trapping centers at the het-

erointerface. Note that the total charge of the transi-
tion must satisfy the electrical neutrality condition
Qm + Qd + Qhi = 0, where Qm is the negative electron

charge on the surface of the metal forming the
Schottky barrier and Qd is the positive charge provided

by uncompensated donors in the semiconductor
[36, 37]. Thus, the positive charge of the trapping cen-
ters of heterojunction leads to a decrease in the posi-
tive charge of the depletion region Qd. Consequently,

the width of the depletion region of the contact, its dif-
fusion potential, and the effective height of the
Schottky barrier decrease [35, 37]. A decrease in the
barrier height is given by

dN
t

ΔΦ =
ε
hi

b ,
2

qN d
JOURNAL OF COMMUNICATIONS TECHNOLOGY AND
where Nhi is the density of trapping centers, d is the

width of the depletion region of the reverse-biased
contact, ε is the permittivity of the semiconductor, and q
is the electron charge. Already at , a
decrease in the height of the Schottky barrier under
conditions for complete depletion of the intercontact
region of the MSM detector is 0.25 eV, which leads to
an additional component of the photocurrent of the
D2 detector under irradiation in comparison with the
barrier contact of the D1 diode, in which the trapping
centers for carriers are missing, the barrier does not
decrease, and, therefore, the photocurrent is not
amplified. It is known that trapping of carriers
increases with the applied bias [35]. Thus, the
response signal of the D2 photodiode increases with
an increase in the external bias, which leads to a quan-
tum efficiency of the detector that exceeds the theoret-
ical value. An accurate calculation of the photocurrent
amplification of the D2 diode necessitates measure-
ment of the distribution of the density of states (trap-
ping centers) at the ZnCdSe/ZnSe interface and tak-
ing into account the inhomogeneous spatial distribu-
tion of the electric field in planar surface-barrier diode
structures [30].

The responsivities and quantum efficiencies of the
D1 and D2 detectors are in good agreement with the
existing data. In particular, the ZnSe Schottky-barrier
diode operates in [38] in the absence of internal ampli-
fication and, at a wavelength of 460 nm, the peak pho-
toresponse of the detector corresponds to a responsiv-
ity of 0.1 A/W and a quantum efficiency of 27%. The

−= 10 2

hi 10 cmN
 ELECTRONICS  Vol. 67  No. 7  2022
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responsivity of a vertical ZnSe Schottky diode at a
wavelength of 460 nm is 0.1 A/W [33]. The ZnSe
MSM detector shows a responsivity of 0.128 A/W and
a quantum efficiency of 36% at a wavelength of
448 nm [32], which is in good agreement with the
characteristics of the D1 diode. A narrow peak of the
ZnSe p–i–n photodiode corresponds to a responsivity
of 0.17 A/W at a wavelength of 450 nm [22].

At the same time, the maximum photoresponse of
the MSM diode based on interdigitated Ni contacts to
ZnO at a wavelength of 385 nm corresponds to a
responsivity of 1.6 A/W and the dark current is 1.04 ×

10–6 A [28]. The responsivity of the MSM detector
based on the (Mg,Zn)O heterostructure at a wave-
length of 369 nm is 1.8 A/W [12]. A record-high
responsivity for silicon detectors (1.77 A/W at a wave-
length of 405 nm) has been obtained in [39] for planar
metal–insulator–semiconductor–metal photodetec-
tors fabricated on a silicon-on-insulator substrate with
an n-type silicon active layer. Note that the aforemen-
tioned detectors exhibit quantum efficiencies that are
higher than the theoretical value due to the effects of
internal amplification. Thus, the results of this work
are in good agreement with and, sometimes, better
than the results of other authors.

CONCLUSIONS

Visible-range MSM detectors based on ZnSe and
the ZnCdSe/ZnSe heterobarrier structure have been
fabricated and studied, and the differences in the char-
acteristics of the photoresponse signal and quantum
efficiency of the two types of detectors have been
established. The ZnSe MSM detector exhibits a
broadband response in a wavelength interval of 330–
465 nm with a maximum responsivity of 0.14 A/W and
a quantum efficiency of 38%. Such a detector can be
used in practice for detection of UV radiation that is
harmful to humans. The effective narrow-band spec-
tral response of an MSM detector based on the
ZnCdSe/ZnSe/GaAs heterostructure has been exper-
imentally determined. The peak response of the detec-
tor with FWHM = 4.3 nm and a responsivity of
2.27 A/W have been measured at a wavelength of
460 nm. Hole trapping at the ZnCdSe/ZnSe heteroin-
terface leads to a decrease in the effective height of the
Schottky barrier under irradiation of the reverse-
biased junction of the MSM diode, internal amplifica-
tion of the detector photocurrent, and an increase in
the quantum efficiency. The narrowband response of
the detector can provide efficient filtering of the
desired input signal and, consequently, high noise
immunity of the optical information-measurement
system.
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