INJECTION PHOTODIODE BASED ON AN
Al—p—Si—l’l—Zl’l85Mg150—n—ZH65Mg350—Ag STRUCTURE

V. MORARI}, E. V. RUSU', V. POSTOLACHE?, V. V. URSAKI?, 1. M. TIGINY ANU?,
A.V.ROGACHEV?, A. V. SEMCHENKO®

'D. Ghitu Institute of Electronic Engineering and Nanotechnology, MD-2028 Chisinau,
Republic of Moldova
2 National Center for Materials Study and Testing, Technical University of Moldova,
MD-2004 Chisinau, Republic of Moldova
E-mail: vvursaki@gmail.com
3 Francisk Skorina Gomel State University, Gomel, 246019, Republic of Belarus

Received April 22, 2021

Abstract. A series of Zn;_,Mg,O thin films with the composition range
x = 0.00-0.60 has been prepared by aerosol spray pyrolysis deposition on Si or quartz
substrates. The morphology, composition, crystals structure, and optical properties of
the prepared films were studied by scanning electron microscopy (SEM), energy dispersive
X-ray analysis (EDX), X-ray diffraction (XRD), and optical spectroscopy. It was found
that the morphology of films is not significantly different for films with different
compositions, while the compositions correspond to those preset in the spray solutions,
and all the films are of wurtzite structure up to the x value of 0.6. The optical bandgap
of films was determined from the absorption spectra, and the dependence of the bandgap
on the Mg content was compared with previously reported data. A photodetector with
a design composed of two Zn;_ ,Mg,O layers with different compositions was developed
and characterized. It was found that the photodetector operates as injection photodiode
with improved parameters as compared to a previous device with a single ZnMgO
film prepared by spin coating.

Key words: Thin ZnMgO films, aerosol spray pyrolysis, photodetector, current-
voltage characteristic, injection photodiode.

1. INTRODUCTION

Due to its suitable for applications optical and electrical properties (wide bandgap
of ~3.36 eV, large exciton binding energy of ~60 meV, high electron mobility, high
optical transparency, and low cost) the wurtzite zinc oxide become a technologically
important material for a wide range of applications, such as UV light-emitting diodes
(LEDs) [1, 2], lasers [3—-8], photodetectors [9—13], solar cells [14—16], gas sensors
[17, 18], and transparent electronics [19]. Some of these applications, particularly
photodetectors and light emitting devices, require means of changing the material
bandgap, in order to tune the spectral range of emission or optical sensitivity.

Alloying with Mg in ZnMgO solid solutions offers a possibility to tailor many
important physical properties by varying their composition. This alloy system covers
a wide ultraviolet (UV) spectral range between the direct bandgaps of 3.36 eV for
Zn0O and 7.8 eV for MgO at room temperature.
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ZnMgO films have been previously prepared by a variety of technological
methods such as radio-frequency [10, 12] and direct current [20] magnetron sputtering,
radio-frequency plasma-assisted molecular beam epitaxy (RF-MBE) [11, 21, 22],
plasma-enhanced atomic layer deposition (PE-ALD) [23], pulsed laser deposition
(PLD) [24], metal—organic chemical vapor deposition (MOCVD) [25], chemical bath
deposition (CBD) [26], spray pyrolysis [22, 27] and sol-gel spin coating [28, 29].
The last three techniques are more advantageous from the point of view of simplicity
and processing cost. Recently performed studies revealed that the sensitivity of
photodetectors in the metal semiconductor metal configuration with ZnMgO films
prepared by spin coating and Pd contacts is higher as compared to those obtained
by spray pyrolysis [30]. On the other hand, the photoresponse to UV irradiation is
faster for films prepared by spray pyrolysis.

Concerning photodiodes with p-n heterojunction, apart from classical devices
operating at reverse bias, photodiodes operating in the mode of internal amplification of
the primary photocurrent at both reverse and forward biases have been demonstrating
with more complex structures consisting of several semiconductor layers [31-33]. It has
been found that reversal of photocurrent occurs in such structures at low luminance levels
and low forward bias voltage making it possible to develop selective photodetectors
with injection properties. At high forward bias voltage of these structures, they also
operate as injection photodiodes and exhibit a much higher integrated sensitivity as
compared to diodes operating in the traditional mode with the reverse direction of the
photocurrent. Working of p-Si/n-Zn;_,Mg,O heterojunctions with ZnMgO films
prepared by spin coating as injection photodiodes has also been demonstrated at
low forward bias voltage of 0.1-1.0 V [34]. However, it was found that the ratio of
photocurrent to the dark current decreases with increasing the forward bias voltage.

The goal of this paper is to elaborate a photodetector on the basis of Zn;-,Mg,O
films prepared by aerosol spray pyrolysis deposition on Si substrates operating as
injection photodiodes al higher forward bias voltage.

2. SAMPLE PREPARATION AND EXPERIMENTAL DETAILS

A solution has been prepared from 99.999% purity zinc acetate dihydrate
and 99% purity magnesium acetate tetrahydrate dissolved in ethanol. The prepared
solution was sprayed onto the Si(111) substrate by means of a homemade sprayer
using an oxigen gas flow. 0.35 M zinc acetate and magnesium acetate solutions
were mixed during 30 minutes at a temperature of 50-60°C in an ultrasonic bath in
various proportions to produce ZnMgO films with Mg content from 0% to 60%.
The substrate was heated at the temperature of 500°C during the deposition. The
distance between the sprayer and the heated substrate was kept at 18 cm to produce
a uniform coverage of the film on the substrate. The solution was injected into the
oxygen gas flow by means of a syringe controlled by a stepper motor via a computer
interface. The produced film thickness is determined by the rate of precursor solution
injection and the duration of deposition process. An injection rate of 0.33 mL/min
was used to produce films with needed thickness with the duration of the deposition
process of 15 min.
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For optical characterization, similar films were deposited onto quartz substrates
and optical transmission spectra were measured at room temperature with a Jasco
V-670 spectrometer.

The morphology and chemical composition of the produced films were studied
with a LEO-ZEISS Gemini 1530 scanning electron microscope equipped with tools
for energy dispersive X-ray analysis (EDX). X-ray diffraction (XRD) measurements
were carried out on a Rigaku SmartLab X Ray Diffractometer using CuK, radiation
(A =0.15406 nm).

For the preparation of an Al-p-Si-—n-ZngsMg;sO-n-ZngMgzsO—Ag heterostructure
photodetector, the Al ohmic contact was deposited by thermal evaporation on the
backside of the Si substrate. The front-side contacts were fabricated by deposition
of an Ag film on the surface of the ZngsMgssO film through a special mask with
heating the sample at the temperature of 300°C in vacuum. The current—voltage
characteristics of the photodetector structure were measured with a Keithley 2400
Source Meter Unit (SMU), while the photocurrent was generated by a xenon
DKSS-150 lamp passed though different optical filters.

3. MORPHOLOGY, COMPOSITION AND CRYSTAL STRUCTURE
CHARACTERIZATION OF THE PREPARED FILMS

Apart from the ZnMgO films with the Mg content of 15% and 35% implemented
in the photodetector device, films with other compositions were prepared for a
wider characterization. Figure 1 illustrates the morphology of two films with the
composition of ZnygMgy,0 and ZngsMgy4O. The SEM images with low magnification
demonstrate the uniformity of films over a large surface, while the cross section
images with higher magnification show that the films with thickness around 300 nm
have a dense packing of nanocrystals. The sizes of nanocrystallites as well as the
surface morphology on the frontal SEM images are not significantly different for
films with different compositions.

lp T —"200 nm o — 200 nm

Fig. 1 — SEM images of Zn, 3oMg,0 (a,b,c) and Zny {Mg, 4O (d,e,f) films deposited
on p-Si substrates by spray pyrolysis method.
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The results of the EDX analysis shown in Fig. 2 suggest that the compositions
of the Zn;_,Mg,O alloy films are stoichiometric and they correspond to those
preset in the zinc acetate — magnesium acetate spray solutions, within the limits of
the errors defined by instrumental accuracy.
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Fig. 2 — Elemental composition of a ZnO (a), Zny sMg,,0 (b), Zny Mg 4O (c), and Zny4Mgy 6O (b)
films determined by EDX analysis.

The XRD pattern of a Zng4sMgosO film (Fig. 3) revealed only reflexes
related to the wurtzite ZnMgO phase (PDF Card No. 01-078-3032), demonstrating
a single phase composition of the film with as high content of Mg as 60%, which is
an important result suggesting existence of possibilities to avoid mixed phase
compositions in the ZnMgO alloy system, or at least to strongly restrict the x-value
range with mixed phases.
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Fig. 3 — XRD pattern of a Zny 4Mg, cO film deposited by spray pyrolysis methods on a Si substrate.
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4. INVESTIGATION OF OPTICAL PROPERTIES

Concerning the optical properties, it was found that all the prepared films
exhibit a fairly high transparency at a level of 80% in the visible spectral range up
to 3.3 eV. The optical bandgap was deduced from the Tauc plot (Fig. 4a), and the
dependence of the bandgap on the Mg content in films is shown in Fig. 4b, along
with previously reported data.
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Fig. 4 — (a) Tauc plot of optical absorption spectra measured at room temperature for Zn;_, Mg,O
films deposited by aerosol spray pyrolysis methods on quartz substrates. (b) Dependence of the
bandgap of Zn;_, Mg,O films on Mg content x in the films.

The experimental data concerning the dependence of the MgZnO alloys
bandgap on the composition of films were fitted by a standard bowing equation as
described in ref. [24]. One can observe that the experimental data are well fitted by
two curves, the upper one corresponding to the cubic ZnMgO phase with the
bangap value parameters of 4.44 eV and 7.30 eV for ZnO and MgO, respectively,
while the lower curve is for the wurtzite ZnMgO phase with the bandgap value
parameters of 3.31 eV and 7.41 eV for ZnO and MgO, respectively.

The experimental data for Zn,_Mg,O films prepared by PLD were fitted in
ref. [24] by the curve corresponding to the wurtzite phase up to the x value of 0.27,
and by the curve corresponding to the cubic phase down to the x value of 0.4. At
the same time, the data of the present work show that the bandgap of films
prepared by spray pyrolysis are fitted by the curve corresponding to the wurtzite
phase up to the x value of 0.60, which corroborates the structure deduce from the
XRD pattern in Fig. 3. This is an important finding demonstrating possibilities to
produce ZnMgO films with wurtzite structure up to a Mg content of 60%.
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5. PHOTODIODE DESIGN AND CHARACTERIZATION

As mentioned above, photodiodes with injection properties working at low
forward bias voltages have been demonstrated in a previous work on p-Si/
n-Zn;_Mg,O heterojunctions with ZnMgO films prepared by spin coating [34].
However, those devices had a drawback of working only up the bias of 1 V, therefore
impeding achieving of high responsivity and detectivity parameters. In order to extend
the forward bias operating range as well as the selectivity of the photodetector, a
structure design with two Zn;- Mg,O layers with different compositions is proposed
in this work as shown in Fig. 5a on the basis of films prepared by spray pyrolysis.

Apart from creating a complex band diagram, as shown in Fig. 6, the wider
bandgap ZngssMgp 350 upper layer plays a role of window, which protects the UV
absorbing layer with the composition of ZnggsMgj 150 and reduces the density of
surface states. Such a design improves the selectivity of the photodetector, which is
practically insensitive to the infrared (IR) radiation, and is by a factor of 7 less sensitive
to the visible radiation as compared to the UV radiation as shown in Fig. 5b.
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Fig. 5 — (a) Schematic diagram of an Al-p-Si-n-ZngsMg;s0-n-ZngsMg3;sO—Ag photodiode.
(b) The relaxation of photocurrent measured at 300 K with reverse bias voltage of 5 V
under irradiation with different wavelengths.

The bandgap of Si and its electron affinity are 1.12 eV and 4.05 eV, respectively
[38, 39]. The reported value of the electron affinity of ZnO is in the range of 4.0 eV
to 4.5 eV [40—43], while the most accepted value is of 4.35 eV [44—46]. The electron
affinity of Zn,; ,Mg,O solutions decreases with increasing the x value. The conduction
band offset and the valence band offsets were calculated to increase as 1.57x and
—0.79x, respectively, on the basis of density functional theory within the linear
muffin-tin orbital (LMTO) approach [47], i.e. the band offset ratio (CBO:VBO) is
about 2. The experimentally reported values of the CBO:VBO ratio vary in the range
of 3:2 to 7:3 [48], or from 1.5 to 2 [49]. At Mg concentration of 15%, the calculated
CBO (VBO) is 0.23 eV (0.11 eV) [10], while the experimentally measured data are
0of 0.16 eV (0.09 eV) [49], or 0.18 eV (0.13 eV) [50].

With a value of CBO of 0.2 eV and the electron affinity of 4.35 eV for ZnO,
one can deduce the value of 4.15 eV for the electron affinity of ZngygsMgy50. The
calculated value of CBO for ZngMgy3s0O is 0.55 eV [47]. With this value, the
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electron affinity for the Zn, 4sMgj 350 is estimated to be of 3.8 eV. The energy band
diagrams of the p-Si—n-ZngsMg;sO-—n-ZngMgzsO heterojunction with these data
are presented in Fig. 6.
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Fig. 6 — Energy band diagrams of the p-Si—n-ZngsMg;s0—n-ZngsMg350
heterojunction device under thermal equilibrium.

The current-voltage (I-V) characteristics of a p-Si—n-ZngsMg;s0-n-ZngMgzs0O
heterojunction device in different coordinates are presented in Fig. 7.

101
0.08}
(a) (b)
0.07} 102
—~ 0.06 |
< o
= 0.05F
< § 103+
2 004+ 1
S o
O 0.03F S 104
0.02F e
0.01} -5
105+
0.00 J
1 1 1 1 1 1 1 1 | 10.6 | \ \ \ \ |
-10 -8 6 4 -2 0 2 4 6 8 10 0 2 4 6 8 10
Bias (V) Bias (V)

101 102
(c) / /

(d)
102F =
36 < 103
= 23

103} /

104r
104

1051
1051

L 5V
0.1

A

Current (A)
Curren

106k - ‘ 5V 106

10

1 1
Bias (V) Bias (V)
Fig. 7 — Current—voltage characteristics in dark (black line) and under UV illumination (red line)
for an Al-p-Si—n-ZngsMg;s0—n-ZngsMg3s0—Ag structure plotted on linear (a), semi-logarithmic
(b) and double logarithmic (c, d) coordinates at forward (b, c) and reverse (d) bias voltages.
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One can see from Figure 7b that the current-voltage characteristic at forward bias
U
voltage does not fit the classical formula for a p-n junction / =/ {exp(%) - 1} ,
n

since it is not a straight line in the semi-logarithmic coordinates. Only a narrow
segment of the curve measured under illumination can be approximated by a
straight line. Apart from that, in contrast to a classical p-n junction which works as
a photodetector only at reverse bias, the investigated hetero-junction operates as
photodetector at both forward and reverse bias voltages, as deduced from Figs. 7¢
and 7d.

The I-V characteristic fits a straight line in the double logarithmic coordinates
at forward bias voltage up to 5 V in dark, therefore corresponding to a power
function I oc U", which is predicted by the Lampert theory [51]. The n value is
about 2, which corresponds to the space charge limited (SCL) current injection
according to the Mott-Gurney (MG) law [52]. It means that the investigated
heterojunction works as an injection photodiode at forward bias, similarly to
previously reported data on complex Si-CdS [33], CdS-CdTe [53], and CdS-
CdSTe-ZnCdTe [32] heterostructures.

At reverse bias voltages, the value of the n parameter varies from 1 to 2 both
in dark and under UV illumination, while the n value switches under the UV
illumination from less than 2 to more than 3 at a forward bias around 0.6 V. This
phenomenon significantly improves the photosensitivity of the photodetector at
forward biases higher than 1 V, in contrast to previously reported injection
photodiodes with a single ZnMgO layer prepared by spin coating [34]. The ratio of
photocurrent to the dark current increases from 2 to 36 with increasing the forward
bias from 0.6 V to 5 V, while this ratio equals 23 for the reverse bias of 5 V, i.e.
the sensitivity of the photodetector is by a factor of 1.5 better at forward bias as
compared to reverse bias.

The parameters of the photodetector (responsivity and detectivity) were calculated
from the experimental data according to the formula (2) and (3), respectively [54]:

R= (]photo - ]dark ) / ])ill 2 (2)
2€Idark

where 1,0 1s the current under illumination, /4,4 is the current in dark, Py is the
illumination power, 4 is the active area of the photodetector, and ¢ is the elementary
charge.

The parameters of a device with an active area of 0.125 cm® under the UV
illumination with a power of 63 mW are presented in Table 1.
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Table 1
Parameters of an Al-p-Si—n-ZngsMg;s0—n-ZngsMgssO—Ag photodetector
Bias Responsivity (R) Detectivity (D")
Reverse 5V 35mA - W! 2% 10°cm - HZ2 - W !
Forward 5V 460 mA - W' 1% 10° cm - HZ2 - W1

6. CONCLUSIONS

The results of this study demonstrate the preparation of ZnMgO thin films by
aerosol spray pyrolysis on Si substrates with homogeneous morphology insignificantly
affected by the Mg content. The films are of wurtzite structure up to the Mg content
of 60% as demonstrated by the results of XRD and optical bandgap analysis. This Mg
content is higher than previously reported data for films with wurtzite structure,
therefore demonstrating prospects for avoiding mixed phase alloying in the ZnMgO
system, or at least to strongly restrict the composition range with mixed phases.

The analysis of the energy band diagrams of the developed p-Si-n-ZngsMg;sO—
n-ZngsMgssO heterojunction device suggests a small conduction band offset over
the heterostructures interfaces under thermal equilibrium, as well as a small valence
band offset at the ZngsMg;50/ZngsMg;50 interface.

The analysis of the current-voltage characteristics in dark and under UV
illumination suggests the operation of the elaborated photodetector devise in the
injection photodiode mode at forward bias voltages. The operation forward bias
range is significantly wider as compared to a device with a single ZnMgO film
prepared by spin coating, which results in significantly improved parameters. The
responsivity of 460 mA - W' and detectivity of 1 x 10'° cm - Hz"* - W' measured
at forward bias of 5V are by an order of magnitude better than these parameters
measured at the reverse bias.
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