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Abstract: The p-cui/n-InSe photodetector was studied using the SCAPS-1D simulation program.
We improved the detector by changing the thickness of some layers and introducing back-
reflecting layers (BSL) onto the basic detector until we obtained the highest specific detection
value, which was 8.29*10%cm.HZY?W-1. Then, we added interlayers with a thickness of 0.03
mW until we obtained the highest specific detection value, which was 9.30*10%3cmHZzZY2W-L,
Then, the best back-reflecting layer, which was InP, was combined with the best interlayer,
which was PEDOT: PSS, and placed between the p-cui layer and the n-InSe absorption layer.

Thus, we obtained an improved detector with a specific detection value of 2.57*10°cm.HZY? W-
1

Keywords: p—Cul/n—InSe heterojunction . SCAPS-1D simulation. photodetector. optoelectronic
properties.

Introduction

Photodetector technology in general, and near-infrared detectors in particular, are considered
among the most important industrial technologies today due to their significance in a wide range
of applications, such as gas sensors, spectroscopy, and night vision. A photodetector is defined as
a device used to detect light radiation by absorbing incident photons. It converts light energy into
electrical signals in the form of current and voltage. Sometimes it is called a photosensitive
device, and the principle behind this process is known as photo detection [1]. For several decades,
researchers have focused on using compounds such as InAs, Insh, and CdTe in the manufacture of
thin films for electronic devices such as photodetectors and solar cells. This is due to the high
efficiency of these materials. However, their high cost, large footprint, scarcity of some, and
toxicity of others have led researchers to seek alternatives. Therefore, researchers have sought to
replace them with other readily available, non-toxic materials with good electrical and optical
properties. One such material is the chalcogenide InSe, which is a good candidate due to its
availability, low cost, and direct energy gap. With an energy of 1.25eV, close to the ideal value,
interest in these materials and the study of their optical and electrical properties has increased.
Indium selenide is a semiconductor material belonging to Group 111-VI, and in its natural state, it
is of the n-type [2]. This compound has been used in near-infrared detection, as infrared radiation
is part of the electromagnetic spectrum with wavelengths ranging from 0.7 um to 30 pum. Infrared
detectors are used to convert light signals into electrical signals. Equation (1) illustrates the
relationship between the photon energy E, the wavelength m, and the frequency f [3].

Infrared radiation has been divided into five regions as shown in Table (1).
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Table 1. Infraed Wavelengh regions [3].

am Name

0.7-1 Near Infrare(NIR)

1-3 Sort-wave Infrared (SWIR)
3-5 Mid-Wave Infrered (MWIR)
8-12 Long-wave Infrared(LWIR)
12-30 Very-long wave Infrared(VLWIR)

In our current study, near-infrared radiation was detected using the absorption layer of the InSe
photodetector. The experimental results were compared with the simulation results, and the
possibility of improving the photodetector's properties was explored by adding a reflective layer
and an interlayer, and by adding substitution elements to the InSe composite to improve the
photodetector's efficiency.

Simulation Method

SCAPS-1D is a one-dimensional device simulation program developed in the Department of
Electronics and Information Systems (ELIS) at the University of Ghent [4-5] in Belgium. The
program uses one-dimensional simulation of conventional semiconductor crystalline materials for
p-cui/n-InSe photodetector layers. It allows the user to describe photodetector properties such as
optical absorption, thickness, doping concentration, energy gap, and other characteristics. Various
detector parameters are defined, including quantitative efficiency, spectral response, qualitative
detection, and the magnitude of the current-voltage curve change, which are calculated when the
detector is exposed to light and in darkness. SCAPS-1D is a free program that relies on solving a
set of equations, including Poisson's equation [6].

V(E) = % (p-n+N- N ) (2)

Where q is the electron charge, E is the electric field, n is the electron density, p is the hole
density, Np is the electron donor concentration, Na is the electron acceptor concentration, and d is
the absorption permittivity.

The continuity equation is given by the following relation [7].
2= (TO)+GrRi (3)

Z = -2 (7(3r)+ Gp- Re (4)
Where G is the electron generation rate, Gp is the hole generation rate, Jn is the electron current
density, Jr is the hole current density, Ry is the electron recombination rate, and R represents the

hole recombination rate.

The charge carrier equations for diffusion and drift currents are calculated according to the
following equations:[8]

Jn= q(p iNE+Dn¥n) (5)
Jp: q(ln'.,l nPE+DPE"P) (6)
Where D is the diffusion constant and un and py are the electron mobility and hole mobility.

The device structure was defined by the properties of suitable materials, their thickness and
dimensions, and then the main parameters such as bias voltage, incident light wavelength,
required frequency and intensity were determined according to the simulation requirements. The
simulation was conducted under specific conditions of temperature (300K) and hypothetical
illumination conditions (1000 mW/cm? = 1000 W/m?) with a global air mass of 1.5 [9]. To
measure the performance of the photodetector, it is necessary to study its parameters, namely
quantitative efficiency, spectral response, specific detection, and current-voltage relationship.
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These parameters are interconnected and related to equations 5 and 6. The spectral response, R, is
defined as the ratio of the photocurrent (len) generated by the photodetector to the incident
luminous power (Popt) at a specific wavelength (m), and is expressed in units of A/W (amperes per
watt). The photoresponse was then calculated using the following formula [10]:

Ink Vok

R= ﬁ Or R= ;ﬂ (7)

Where Ipn is the optical current, and Po is the incident optical power. Quantum efficiency is
defined as the ratio of the number of electrons collected at the detector terminals to the number of
incident photons. Quantum efficiency is expressed as a percentage and is calculated using the
following equation [11]:

_ Nearriers _ (Ipk/d)
= N phetens B (Py/hvy (8)

Where Ipn is the optical current, q is the charge, h is Planck's constant, v is the frequency, and Ps is
the optical power.

Specific detection (D*) is a term used to compare different types of photodetectors. Specific
detection is measured in cm/Hz”2 W and is defined by the following relationship [11]:

pr= A0 _ a apy D (9)

NEP

Where A is the area of the photodetector, Af is the frequency bandwidth and D is the detection
range.

Device Structure

The photodetector in its simplest form p-cui/n-InSe (Figure 1) consists of two layers: the p-cui
transmitting layer, a semiconductor material with a relatively wide energy gap and a suitable
thickness of 0.06um and a concentration of 8*10'8m=3, followed by the n-InSe absorbing layer,
which has a small energy gap and a thickness of 0.8um and a concentration of 3*10%cm?,
according to Table (2), which shows the program parameter values at room temperature 300k and
at a reverse bias voltage of (-0.5)V.

Incident light

Transparent Contact

p-Cul
Ey = 3.1eV

Back contact

Fig 1. Shows Device Structure.
Table 2. shows the most important basic detector parameters in the SCAPS simulation program.

Electron Donor | Accept

Layers | Eg(eV) | un(cm3/v.s) | P(cm?/v.s)u | Ne(cm®) | Nv(cm?) - density | density
affinity y(eV) 3 3

(cm™) (cm

p['f;]' 3.1 100 50 2.8%10%° | 1*10% 2.1 8*10%8 | 1*10"
'[rl‘ij’ 1.25 1000 100 1.57*10% | 3.63*10% 4.7 3*105 | 0

Simulation Parameters

The simulation was conducted at 300 K with AM1.5G solar spectrum illumination (100 mW/cm?).
The applied voltage ranged from -0.8 V to 0 V, and it was assumed that the front and rear contacts
were both Ohmic. Defect densities, carrier mobilities, electron affinity (y), and bandgap energy
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(Eg) were among the components of the model that were borrowed from earlier theoretical and

experimental investigations [3-5]. Table (1) displays the key photodetector parameters utilized in
the p-Cul/n-InSe simulation.

Table 1. presents the principal fundamental detector settings inside the SCAPS simulation

software.
Lavers Eq Un Hp Nc Nv Electron
Y (eV) | (cm?/v.s) | (ecm?iv.s) | (cm®) | (cm®) | affinityy(V)
p'[%“' 3.1 100 50 2.8%10% | 1*10 2.1
*101 *
InSe 3] | 1.25 | 1000 100 | 157710 3'?)?9 1 4.7

Results and discussion

In the current study, a p-cui/n-InSe type photodetector is discussed and simulated. When the p-cui
transducer layer is exposed to light at room temperature 300k and a reverse bias voltage of -0.5V
is applied, the characteristics of the photodetector in its simplified form are studied. Then,
different back-reflective layers (BSL) and interlayers are added to improve the best performance
of the photodetector. The best reflective layer and the best interlayer are then selected, and the
effect of this on the photodetector parameters is studied. The final stage involves changing the

energy gap by adding elements in certain proportions to the InSe absorption layer to broaden the
spectral region.

Simulation of the p-cui/n-InSe photodetector in its ideal state

The 0.80um thick InSe absorption layer has an energy gap of 1.25eV and operates at a voltage
range of -0.7V to OV. When the program is run in the dark, we observe, as shown in Figure (2-a)
of the (1-V) curve characteristics, very low values of dark current, which equal 2.03*101° mA/cm?
at a reverse bias voltage of -0.5V, resulting from the thermal energy of the minority carriers.
Figure (2-b) shows the quantum efficiency as a function of wavelength, which starts at a
wavelength of 200nm and then gradually increases until it reaches its highest value at near-
infrared wavelengths, and then begins to decrease at a wavelength of 980nm. This is consistent
with the behavior of the photodetector with an n-InSe absorption layer and an energy gap of
1.25eV [14]. Figure (2-c) shows the spectral response and Figure (2-d) shows the specific
detection as a function of wavelength, which begins to decrease when approaching the absorption
edge because the photon energy becomes less than the energy gap of the InSe material [15]. Thus,
InSe-based photodetectors show a wide-range response from visible wavelengths to near-infrared
wavelengths, and this is consistent with the researcher’s practical study [16].
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Fig 2. Shows (a)- Current-voltage characteristic curves of the p-cui/n-ins photodetector (b)-
Quantum efficiency as a function of wavelength (c)- Spectral response as a function of
wavelength (d)- Spectral detectability as a function of wavelength.

Table 3. Key parameters of the p-cui/n-InSe photodetector.

model IDmA/cm? QE%
p-cui/ n-InSe | 2.03*10%0 83.89

Responsivity(A/W) | D*(cm.HZY2.W1)
0.595 7.94*10'3

Simulating the effect of a background reflection layer

To improve the p-cui/n-InSe photodetector, we study the effect of adding different backscatter
layers (BSL), which consist of the following compounds: (ZnSe-TiO2-Azo-Inp-GaAs), which are
of the n type, and whose properties are shown in Table (4). The benefit of the backscatter layer
(BSL) is primarily to reflect the photons passing from the absorption layer, and this leads to an
increase in the concentration of carriers and reduces the recombination process [17].

Table 4. Basic parameters of the BSL (Back Reflection Layer).

Parameter 5(3; r;‘i%" 2”59[118’19 TiOz[20] | AZO[21] | Inp[22] | GaAS [23, 24]
Thickness d(um) 0.05 0.03 0.03 0.03 0.05
Band gap Eg (eV) 2.8 3.2 3.3 1.34 1.42
Eﬁféff; x(eV) 4.09 45 45 43 4.07
pErIr(;Iﬁ(t:;[\rlllfy rele 9 10 9 125 12.9
CBeffective
density of | Nc(cm?) 4101 | 1%10% | 4*10%8 | 1*107 | 4.35*10V
states
VB effective
density of Ny(cm™) 1*10%8 1*101° | 9*10'® 1*10%° 1.29 *10%
states
Electron
thermal Vn(cm/s) 1%107 1*%107 | 1%107 | 1*107 1%107
velocity
Hole
thermal Vp(cmis) 1*107 1107 | 1*107 | 1*107 1%107
velocity
E'ggﬂﬁ; pn(cm?/v.s) 530 1*10-3 | 1*102 | 55*102 88102
Hole pp(cm2/v.s) 28 1%102 | 2.5%10! | 3*10° 4*107
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mobility

Donor Np (cm'®) 1%10Y7 1101 | 1*10% | 1*10%® 1*1016
density

Acceptor 3

density Na(cm™) 0 0 0 0 0

Important parameters that determine the conduction band shift are electron affinity and the energy
gap. The basic equation that can be used to determine the conduction band shift is as follows:

CBO=vE; =X Absorbers= X Reflection (10)

Where VE. represents the electron affinity difference between the two conduction bands, A

XAbsorbers 1S the electron affinity of the absorbing layer, and A yrefiection IS the electron affinity of
the reflecting layer.

The valence band shift equation is determined by the following relationship:
VBO =vEy =[X Absorber +Eg(Absorber)]'[X Reflection +Eg(Reftection)] (11)

Where VE, represents the electron affinity difference between the two valence bands, Egabsorber) iS
the energy gap of the absorption layer, and Egefiection) IS the energy gap of the reflection layer.
Figure (3-a) shows the effect of adding BSL layers by comparing them to the photodetector before
the addition. This had a significant impact on the current-voltage characteristic curve. Regarding
the quantum efficiency, spectral response, and specific detection curves as a function of
wavelength and at a reverse bias voltage (-0.5V), as shown in Figures (3-b), (3-c), and (3-d),
which illustrate the photodetector parameters, an increase in the quantum efficiency, spectral
response, and specific detection is observed when compared to the photodetector before the
addition of the back reflection layers. A clear improvement is also observed in the specific
detection curve, especially for the Inp and GaAS back reflection layers, thus making it superior.
The two reflection layers are (Inp and GaAS layer). This is due to the displacement of the
conduction band between the reflection layer and the absorption layer. This prevents
recombination and increases the efficiency of the photodetector [25]. Although the highest
specific detection was obtained with the GaAS back reflection layer, the Inp layer was considered
the best reflection layer because of its compatibility with the other detector layers and its ability to
give the best results later on.
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Fig 3. Shows (a)- The curve illustrates the inverse current-voltage (I-V) characteristic after the
addition of a BSL layer. (b)- Quantum efficiency as a function of wavelength and, upon the
addition of BSL back-reflective layers (c)- Spectral response as a function of wavelength and,

upon the addition of BSL back-reflective layers (d)-Spectral detectance as a function of
wavelength upon the addition of a BSL layer.

Table (5) shows the output results of the photodetector after adding the back reflection layers.

Table 5. Photodetector outputs after adding the reflective layer.

Material | Jwt(mA/cm?) | QE(%) | Responsivity(A/W) detecti(ogrllj(aclz Ir';alﬂ;?,z W)
Znse 3.025%10% 99.38 0.65 0
TiO; 3.003*10°%° 99.38 0.65 0
AZO 3.02*10% 99.38 0.65 0
Inp 2.07*1012 99.53 0.66 8.29*10%
GaAS 3.00%10" 99.47 0.65 2.16*10%
Without *10-10 %113
BSL 2.06*10 82.50 0.57 7.9*10

From the above, and through the results in Table (5), it is clear that the best reflective layer is the
Inp layer, as the back reflection layer led to the generation of a high electron potential barrier,
which in turn led to a greater reflection process, and consequently, a significant improvement in
the parameters of the photodetector [25]. Thus, the photodetector, after selecting the best
reflective layer, becomes as shown in Figure (4):

111

p-cui

n-inse

AP

Fig 4. The photodetector after adding the reflective layer.

Simulating the effect of the interlayer

After selecting the best reflective layer, the Inp layer, and adding it to the original detector layers
in this study, the best buffer layer placed between the Cui transmitting layer and the InSe
absorbing layer will be tested, and its effect on the photodetector parameters will be studied.
Several p-type buffer layers were added to the detector after optimization, while maintaining the
stability of all photodetector parameters. These layers are (Pss, Cu20, CuO, CZTSSe, CUShs3),
which are characterized by having the lowest absorption loss and the ability to output
photocurrent carriers created with minimal recombination losses, then transfer them to the
external circuit. They also have a suitable energy gap to allow the passage of the maximum
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possible number of carriers to the absorbing layer. The main role of this layer is to form an
interface with the absorbing layer and conduct the maximum number of photons [26].

Table (6) shows the most important parameters of the buffer layers.
Table 6. Basic parameters of p-type buffer layers.

Parameters | Symbol(unit) | PEDOT:Pss[27] | Cu.O[28] | CuOJ[29] | CZTSSe[30] | Cusbs;[31]
Thickness W(um) 0.03 0.02 0.03 0.03 0.03
Bandgap Eg(eV) 2.2 2.2 2.1 13 15
Electron
affinity x(eV) 2.9 3 3.2 4.1 4.2
Dielectric €r 3 75 7.11 13.6 10
Permittivity

CB effective
density of Nc(cm™3) 2.2*10%° 2*10%° 2.2*10%° 2.20*10% 2.2*10%8

states

VB effective
density of Vv(cm3) 1.8*10%° 1*10%° 5.5*10%° 1.8*10%° 1.8*10%

states
Electron
thermal Vn(cm/s) 1.000*10*" 1.00*10*" | 1.000*10*" | 1.00*10"’ 1.00*10*'
velocity

HOJZI?CE;;;"&' Vp(cmis) 1.000¥10*7 | 1.000*10*7 | 1.000%10*7 | 1.00%10*" | 1.00*10*
Electron ) 12 12 12
mobility Un(CM4/V.S) 2*10 200 3.4 1*10 1.00*10

Hole mobility | py(cm?/v.s) 2*10* 8600 3.4 25*10' | 2.500%10"

Donor density | ND(1/cmq) 0 0 0 0 0
Adccer?tor NA(L/cm?) 1*1018 1*1018 1*1018 1*10 | 1.000%10%

ensity

Coefficient a(L/cm) 1#10* i 1*10% ; i
absorption

When studying the p-cui/n-InSe photodetector with the addition of several interlayers in order to
obtain the best photodetector tool, an improvement in the detector parameters was noted. When
using the PEDOT:PSS layer, which has an energy gap of 2.2eV, which gave the best results, the
PEDOT:PSS layer with the original P-CUI detector layer was formed as a double buffer layer,
which improved the interface with the n-InSe absorption layer. This layer had higher current
carriers in the short wavelength region of 400nm to the long wavelengths corresponding to near-
infrared radiation due to its 2.2eV energy gap, which allows for maximum absorption of photons
by the absorption layer, which had an effect on improving the photodetector parameters [32].

Figure (5-b) shows the quantitative efficiency, Figure (5-c) the spectral response, and Figure (5-d)
the qualitative detectivity as a function of wavelength when adding the PEDOT:PSS layer and at
the reverse bias voltage (-0.5V). The figures show a clear improvement in the photodetector
parameters compared to the original p-cui/n-InSe photodetector, as the detector has a wide
spectral response ranging from 200 nm to 1000 nm. Thus, we can conclude that the additional
double buffer layers are transparent for wavelengths greater than 200 nm, and this helps to absorb
the greatest number of photons that reach the absorption layer [33].
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Fig 5. Shows (a)- Current-voltage characteristic curves as the interfacing layers change (b)-
Quantum efficiency as a function of wavelength with interfacing layer change (c)- Spectral
response as a function of wavelength with interfacing layer change (d)- Spectral detection curve
as a function of wavelength with interfacing layer change.

Table (7) shows the output values of the photodetector and the effect of the buffer layer on its
operation and performance. It is observed that by changing the PEDOT:PSS buffer layer, we
obtained the lowest value for the dark current. Therefore, reducing the dark current of the
photodetector can achieve a high detection rate and low noise current.

Table 7. represents the photodetector output after adding buffer layers.

Material | Jtot(mA/cm?) | QE(%) | Responsivity(A/W) detectigrllj(il: Ir']:alﬂéei,z W)
Without 2.085E-10 | 82.50 0.588 7.90E13
buffer
PEDOT.PSS | 1.7706E-10 | 99.67 0.643 9.30E13
CU20 2.0916E-10 | 99.032 0.651 8.63E13
Cuo 2.16E-10 | 99.07 0.652 8.84E13
CZTSSe 2.25E-10 | 99.25 0.658 8.36E13
CUSbs3 255E-10 | 99.29 0.656 7.73E13

Study and simulation of the best reflective layers and interlayer for the photodetector

After simulating and studying the addition of back reflection layers and the addition of different
interlayers at a reverse bias voltage (-0.5V) and a temperature of (300K), we note that the
photodetector with the following configuration (P-cui/ P-PEDOT:Pss/ n-InSe/n-Inp) as shown in
Figure (6) gave the best results for the photodetector parameters compared to the original p-cui/n-
InSe photodetector. Table (8) shows the outputs of the photodetector after adding the two
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reflection layers n-Inp and the P-PEDOT:PSS interlayer, as we note a clear improvement in all the
photodetector parameters.

P-PEDOT : pss

‘ n-inse \

Fig 6. The selected photodetector after adding the reflective layer and the interlayer.
Table 8. Photodetector outputs after adding the reflective layer and interlayers

Material Jtot(mA/cm?) | QE(%0) | Responsivity(A/W) detectigrlljgz Ir'r:aﬂ\;,z W)
P-cui/ P-
PEDOT:Pss/ n- 2.12*1013 99.8 0.67 2.57*10%
InSe/n-Inp
Conclusions

A p-cui/n-InSe photodetector was simulated by SCAPS software and then the detector was
improved by adding BSL back reflection layers, which resulted in an increase in both the
detector's specific detection and spectral response. The reflection layer reduced recombination on
the back surface. An interlayer was added, placed between the transmitting layer and the
absorbing layer, which led to an increase in the specific detection process, as it allowed photons to
pass to the absorbing layer. The best reflection layer with the best interlayer was then selected to
achieve an improvement in the detector's characteristics.
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