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Abstract: Recently, nanowire detectors have been attracting increasing interest thanks to their advan-
tages of high resolution and gain. The potential of using nanowire detectors is investigated in this
work by developing a physically based model for Indium Phosphide (InP) phototransistor as well as
by performing TCAD simulations. The model is based on solving the basic semiconductor equations
for bipolar transistors and considering the effects of charge distribution on the bulk and on the surface.
The developed model also takes into consideration the impact of surface traps, which are induced by
photogenerated carriers situated at the surface of the nanowire. Further, photogating phenomena and
photodoping are also included. Moreover, displacement damage (DD) is also investigated; an issue
arises when the detector is exposed to repeated doses. The presented analytical model can predict the
current produced from the incident X-ray beam at various energies. The calculation of the gain of the
presented nanowire carefully considers the different governing effects at several values of energies
as well as biasing voltage and doping. The proposed model is built in MATLAB, and the validity
check of the model results is achieved using SILVACO TCAD device simulation. Comparisons
between the proposed model results and SILVACO TCAD device simulation are provided and show
good agreement.
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1. Introduction

Semiconductor nanowires (NWs) have demonstrated auspicious performance in multi-
diverse fields such as light-emitting diodes [1], transistors [2-4], FETs [5], solar cells [6-11],
lasers [12,13], and quantum physics [14], as well as their use in light detection in the infrared
to the ultraviolet range [15-22]. Furthermore, X-ray detection has been exhibited in single
NW detectors [23,24] thanks to their long penetration depth. The need for the enhanced
spatial resolution of X-ray microscopy is increasing because of the growing attention to
nanomaterials [25,26].

In recent experiments, hard X-ray beams was focused to less than 5 nm using Kirkpatri-
ck-Baez (KB) mirrors and zone plates [27,28]. However, the spatial resolution of X-ray
microscopy not only changes according to the spot size of the X-ray but also depends on the
pixel size of the X-ray detector. As direct detection by semiconductor detectors is centered
on the pixel size in multiples of 10 pm that have thicknesses of over 100 um [29], there
is a need for novel structures to cope with the spot size reduction. Moreover, there are
main factors that are required to achieve high-resolution X-ray detection. These include a
minimum active region and appropriate thickness suitable for radiation absorption. Based
on the above key reasons, NW-shaped detectors have been suggested as appropriate X-ray
detectors. A nanowire has optical features that show considerable size dependence, which
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renders them appealing contenders as light absorbers with a potential high gain. Thus,
developing and understanding NW detectors is mandatory to meet future applications in
distinctive fields [23].

Further, the main X-ray absorption scales in accordance with the volume, which
instinctively indicates a low carrier concentration for small pixel sizes. Meanwhile, for NW
structures, the lifetime of the secondary electron-hole pairs can be significantly different
from bulk as the recombination can be influenced by surface states [23]. Furthermore,
mobility reveals a decline at low doping levels [6]. Moreover, the high surface-to-volume
ratio, as well as the occurrence of deep-level surface trap states in nanowires, extend the
photo carrier lifetime, while decreasing the active area reduces the carrier transit time [16].

Direct detectors involve high-quality semiconductor materials that have low trap state
densities to collect the photo-excited carriers before recombination due to the Shockley—
Read-Hall (SRH) process. In this respect, materials such as Si and CdTe could be utilized
for direct X-ray detection [30]. In addition, InP and InGaP nanowires have been utilized to
develop X-ray detectors [26]. In [23], a 100 nm InP NW structure was employed to image
an X-ray nano focus. Regarding this fabricated photoconductor structure, the induced
conductance due to the incident X-ray dose was more than other reported results by five
orders of magnitude. So, because of its high density, large atomic number, and relatively
high intrinsic resistivity, InP material is a strong potential candidate for use in solid-state
nuclear detectors. InP is supposed to provide superior quality as a solid-state detector [31].

Nanowire phototransistors can be a promising candidate for X-ray detection due to
their unique properties and advantages over other X-ray detectors, such as photodiodes
and photoconductors. A nanowire transistor has better detection sensitivity and higher
image quality [32,33], in addition to its a relatively fast response time. Moreover, nanowire
phototransistors can be easily integrated into existing microelectronic devices due to their
small size and compatibility with standard microfabrication techniques. This reduces the
cost and complexity of device manufacturing [34].

In this article, we present a proposed InP NW X-ray phototransistor detector. To
provide design guidelines and to understand the operation of this novel structure, we
introduce a physically based model that incorporates the impact of trap charges and other
physical effects that are crucial in modeling NW structures. The model can predict the
photoconductive current and gain in semiconductor NWs. The advantages of this model
appear in the early design phase to develop a new NW detector. The proposed model
results reveal the uniqueness of NWs for hard X-ray applications. In addition, the proposed
model explains the charge trapping at surface states, which is known as the photogating
and photodoping phenomenon. Furthermore, SILVACO TCAD device simulator is used to
validate our proposed model and to further investigate some phenomena that cannot be
predicted by the analytical model, such as the effect of biasing voltage on the behavior of
the NW phototransistor and leakage current.

This article is planned as follows. In the following section, the main structure and
design parameters are presented. In Section 3, the model description and equations are
derived. In Section 4, the simulation techniques are presented and discussed. The results
and discussions are provided in Section 5, including the NW device orientation along the
X-ray beam to enhance the absorption and the investigation of the displacement damage
effect on the behavior of the NW detector. Section 7 is dedicated to the conclusion of
this work.

2. Main Structure and Design Parameters

As stated herein, there are some factors to drive the development of InP to be used
in solid-state nuclear detectors. These factors include the main properties of InP, such as
its density, atomic number, and energy gap. For InP, a high density (o) of approximately
4.79 g/cm? and a large atomic number (A = 80.2) are reported in the literature. Furthermore,
the bandgap energy is approximately 1.34 eV, which is considerably wide, resulting in
allowing room temperature operation [31]. Therefore, InP is selected in our work as a
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favorable material for X-ray detection, to be investigated through analytical modeling and
TCAD simulations.

The basic NW structure, presented here, is shown in Figure 1, and a list of the main
design parameters is displayed in Table 1. It is similar to a previously fabricated device [35];
however, for the fabricated detector, it was a photoconductor in which only n-type doping
is invoked, while, in our structure, we propose an NPN transistor. Our device is composed
of three different regions, emitter, collector, and base, which is considered the active region.
The distance between the two metal electrodes is 3.2 um. The lengths of the different
regions are 0.9, 1.4, and 0.9 um for the collector, base, and emitter, respectively, while the
NW diameter is 100 nm. An n-type region with a doping density of 9 x 10'8 cm~3 (which
can be obtained by the doping of S, Fe, or Sn) for the collector and emitter is used, while the
middle base segment is doped with p-type with a doping density of 1 x 10> cm~3 (which
can be obtained by the doping of Zn). These values are similar to those used in [35], except
for the doping type of the base, which is p-type. Regarding InP physical parameters, the
mobility is taken as 200 cm?/V.s, and the recombination bulk lifetime is T ~ 1 ns [5,36].
The principal physical properties of a InP nanowire detector are listed in Table 2.

| 0.9 um | 1.4 um | 0.9 um |
N-type P-type N-type “ ‘.‘
9x10*8cm3 1x10%¢m3 9x10'8cm3 "' )
Collector T Emitter
Base

Figure 1. Schematic representation of the 3D NW detector used in our analysis.

Table 1. Principal technological parameters of the proposed nanowire detector [5,36].

Description Value Unit
Nanowire diameter 100 nm

N-doping concentration 10% em~3

P-dope concentration 101 cm—3
Active region length 14 um
Length between electrodes 32 pum

Table 2. Physical parameters of the InP material [5,36].

Description Value Unit
Bulk Lifetime (Tgg) 10—° s
Mobility () 200 cm?/V.s
Energy gap (Eeg) 1.34 eV
Density (p) 4.79 g/ cm?®
Atomic number: Indium (In): 49
Phosphorus (P) 16

3. Model Description

Notably, a conventional phototransistor is different from a bipolar transistor because it
has a larger base-collector junction as a light absorber region [37,38]. On the other hand, in
NW, the base-collector junction cross-section is the same as the base-emitter cross-section.
Because the surface-to-volume ratio is large, a photogating process occurs. In this process,
the trapped charges develop a virtual electrostatic gate, which alters the Fermi level and
increases the conductance. Additionally, a photodoping process may occur in which holes
are confined in long-lived traps. According to this phenomenon, additional conduction
band electrons are produced, resulting in a possible conductivity rise [5,26].
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Here, we present a mathematical derivation for the proposed model, starting from the
basic semiconductor principles, to develop the photocurrent, gain, and signal-to-noise ratio.
The principle physical terms used in the derivation are indicated in Figure 2. It should be
pointed out here that the trapping (or de-trapping) time of electrons and holes is different;
however, in our analysis, the minority carriers inside the base are of the most interest
(electrons here). Therefore, our concern will be focused on the electron flow through the
device structure. When the InP NW phototransistor is exposed to hard X-rays, the incident
beam generates an electron-hole pair. The surface trap captures charges for a period equal
to the trapping time (7;), then the charges release from the surface for a period equal to the
de-trapping time (74y,), as displayed in Figure 2.

t Period of incident time of flux

Flux (Ph./s) from 0 to time (t) T, Trapping time for electrons
7,  Trapping time for holes,
(independent of the flux density)
® - ¢ Bulk lifetime (1~2 ns)
Th etn Tht - 1 1
. d .., De-trapping time for electrons

De-trapping time for holes

5 @ Th:}ur
T, °
t Teqen Hole symbol
°

Electron symbol

Figure 2. Representative diagram of the important terms of the NW phototransistor modeling.

In our model, it is assumed that the electrons and holes generated in the photogenera-
tion process will be directly trapped, assuming that the trapped electron density (N, (t)) is
changing with time, ¢. The traps will release electrons at a rate of N, (¢) /7, where 1} is the
average time of traps (trapping time). This can be written as a rate equation,

ON; (t)  —Ni (1)
Et)t N é M)

where N, (t) is the trapping charge as a function of time, which is accumulated on the
surface during the whole time of the incident beam (). From Equation (1), one can easily
obtain N, (t) as,

N~ (t) = Nye /™ )

where Ny is the total trap density, which is the number of trap charges per cm?. The trap
charge on the surface, N(t), is equal to the total trapped charge, Ny, subtracted from the
release charge, which is given by Equation (2). Therefore, the trapped charge on the surface
is given as,

N(t) = Ntt — Ntteit/Tt = Ntt(l — eit/Tt) (3)

To obtain the dynamic response of the nanowire detector, the generation rate is calcu-
lated as a function of the flux density and the thickness. We assume that the incident flux is
®o (Ph./cm?/s). Then, the photon flux, upon traversing into the NW material, as a function
of distance x is given by,

¢(x) = goe™ ™ @)

where « is the absorption coefficient. The absorbed photon flux in a thickness, d, is
given by @, (1 — e~*?). Assuming ad << 1 results in an absorbed photon flux of approxi-
mately @oad [39-41]. Then, the number of generated electron-hole pairs is #p,ad, where
1 is the number of the created electron-hole pairs per X-ray photon, which is equal to
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3290 electron-hole pairs at 13.8 keV photon energy [14]. Thus, the generation rate, g (per
unit volume), can be expressed by,

ad
g = W; = g, (5)

This is correct when the time is insufficient to deplete all the trapped electrons. After
the incident beam is switched ON, the corresponding boundary condition is N~ (0) = 0.
The overall dynamic response is expressed by the rate equation [42],

The solution of the previous equation, based on the appropriate initial condition, is,

N~ (t) =gnu (1 - e*t/Tf) @)

The steady state trap density after a significant amount of time is g7y, as verified in [43].
Similarly, the reduction of the traps is exponential according to the following equation
when the beam is switched OFF,

N*t(t) = NT(0)e ™/ Tder 8)

where N1(0) is the full trap charge at the X-ray beam switched OFF, and 7y, is the de-
trapping time. The de-trapping electrons will be free within the base, and their rate will
constitute the base current, which is provided by [43],

_ gAN" (H)Wp

I
B T

©)
where Wp is the base width and A is the NW cross-sectional area. Additionally, the collector
current (Ic) will be formed by the diffusion of this charge towards the collector junction, as
given by [43],

_ qAN" (HWs
= T
where pyy,p is the trapping probability and T, is the transient time towards the collector,
which is given by [37],

Ic Ptrap (10)

2

2Dy,

where D, is the diffusion constant, which is related to the mobility by the well-known

Einstein relation. Notably, the transit time of the minority carriers in the base puts an upper

limit for the effectiveness of a transistor to operate as an amplifier [20]. Then, the gain (B) is
given by,

Tc

(11)

IC Tt
ﬁ = E = Tcptrap (12)

Because the lifetime is 7; = 0.3 s at 2 x 10° Ph./s, the lifetime is inversely proportional
to the flux according to 7 = 6.0 X 108/® [23]. Thus, T. can be calculated as,

_4\2
o (L4x10)

= 3% 200 %0025  8%°ns

For piap ~ 2.3 % 1079, the gain can be estimated as p = 0.36 X 103, 2.0802 x 103,
and 1.2135 x 10* for fluxes of 2.0 x 107, 3.5 x 108, and 6.2 x 107 (Ph./s), respectively.
Although the lifetimes are much higher than Tpg, the gain is relatively low because only a
fraction, pyp, of the generated holes is trapped. Thus, the main factor of the gain decline
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is according to the low trapping probability. However, the gain of the transistor with the
trapping charge is still higher than that expected from a scaling of bulk parameters [23].
The relation between the collector current and the base current is provided by the
following equation [37],
Ic = (Ig +1Ico)(B+1) (13)

where I is the collector current, I is the base current, Ico is the leakage current, and finally,
B is the gain of the phototransistor detector; the above equation is valid only when the base
is open.

Next, the signal-to-noise ratio is given by the following equation [38],

5 2 (1/2) (q7popt /10)*

S _ _ 14
N <2>+<i2> 2qIB+4kTB/Ry (14)

where B is the bandwidth, assumed to be 1 Hz, 7 is the number of the electron-hole generated
per photon and equals 3290. The thermal noise is given by the following equation [38,44],

i% = 4kTB/ R, (15)

Ieq is the equivalent noise current and is given by [41],

2hg?
Leg = Iceo | 1+ (16)

hrg

where hy, is the incremental common-emitter current gain. In addition, the noise-equivalent
power (NEP) is calculated to study the noise at different beam energies, and the NEP is
given by the following expression (when S/N =1, B = 1 Hz) [38],

NEP:(hU> 2leq (17)
)\ 4

The NEP can be calculated as 1.0325 x 10%, 4.2754 x 103, and 1.7796 x 10% keV at
2 x 10%, 3.5 x 108, and 6.2 x 107 Ph./s, respectively. The incremental common-emitter
current gain (/i) is given by the following equation [44],

dlc
hpe = o (18)

At the same value of V,,, the magnitude of hfe and hrp will be the same at every point
on the characteristics if Icro = 0 pA, or very small [44]. The calculated values of gain, NEP
and S/N are listed as functions of the photon flux as illustrated in Table 3.

Table 3. Gain, NEP, and S/N as functions of the flux density.

Photon Flux .

(Ph.Js) Gain NEP (keV) S/N
6.2 x 107 1.214 x 10* 1.0325 x 10* 70.71
3.5 x 108 2.080 x 10° 42754 x 10° 79.07
2.0 x 10° 0.360 x 10° 1.7796 x 103 83.72

4. TCAD Simulation Techniques

Regarding the simulation of the presented structure in the TCAD environment, we
began with the DevEdit module within SILVACO TCAD to generate the structure by
defining the regions, materials, doping densities, and electrodes of the structure, and
then an appropriate mesh is created. A 3D view of the generated structure is displayed
in Figure 3a. To test the structure operation, we used the Atlas module [45] to simulate
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(a)

the structure. In the device simulator Atlas, the fundamental differential equations of
semiconductor physics are concurrently solved with appropriate boundary and initial
conditions. As a first test, the InP NW phototransistor is subjected to nano-focused hard
X-rays, and the corresponding energy band diagram is demonstrated in Figure 3b. As
shown in the figure, the accumulation of holes increases the potential and, in turn, permits
a larger flow of electrons from the emitter region to the collector region.
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Figure 3. (a) 3D the nano wire detector and (b) Energy-band diagram under bias for a simulation
case study.

4.1. Simulation Models

In our simulation, the bipolar models are applied, which include a general mobility
model that enables concentration and temperature dependency. In addition, the recombi-
nation models are enabled, such as Concentration Dependent SRH (CONSRH) and auger
model (AUGER) [45]. In the concentration Dependent SRH (CONSRH) recombination
mode, the lifetimes are taken to be dependent on concentration. Regarding the Auger
recombination model, a dependence of recombination lifetime on carrier density is utilized,
which is significant at quite high carrier densities [45]. Further, carrier Fermi statistics and
Bandgap Narrowing (BGN) models are included [45].

In addition, the capability of a single event upset/photogeneration transient simula-
tion is included in 2D and 3D using the SINGLE-EVENT-UPSET (SEU) statement. It allows
specifying the radial, length, and time dependence of generated charge along the tracks.
There can be a single particle strike or multiple strikes that can be inputted by the user [45].
Additionally, a user-defined SEU can be defined by the user by incorporating C-Interpreter
to generate any arbitrary generation rate profile as a function of time and/or position. The
parameters of the SEU statement, such as start time, end time, and step time, are defined in
the solve statement. In our simulation, start, end, and step times are chosen to be 0, 4.9, and
10~* s, respectively. The X-ray beam can be incident in two ways, either vertical (parallel to
the NW) or horizontal (perpendicular to the NW), and the two cases are explained in detail
and compared to each other.

The maximum charge of the incident beam equals e x N [46], where e is the charge of
electron and N is the number of electrons and holes generated by incident beam energy.
The electron-hole pair generated within this process is ## = E/¢€, where E is the incident
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X-ray beam energy, and € is the ionization energy. In addition, the charge generation rate
can be computed by specifying the bandgap energy by the analytical equation € = 2.75E,
+ 0.55 eV [47]. The generation rate (in cm3s~1) in terms of the photon flux, ¢, can be
expressed by the following equation,

P
Gup =1 /‘;i’;"’ (19)
where P, is the X-ray absorption probability. The area of the incident X-ray beam is
denoted by A, d is the thickness of the InP material, and # is the number of electron-hole
pairs generated by every photon of the X-ray beam. The maximum absorption probability
is Pys = 6.2 x 1074, It is well-known that a single X-ray absorption event produces
3290 conduction band electron-hole pairs at 13.8 keV photon energy [47].

4.2. Simulation Tools Calibration

Calibration is one of the major concerns encountered by TCAD device simulation.
SILVACO TCAD tools incorporate advanced and accurate physical models for a huge
variety of devices. However, in order to check the validity and reliability of the simula-
tion when new devices or materials are concerned, one has to calibrate the models and
parameters versus experimental work. Here, we calibrate our simulation model, including
the physical models and material parameters versus the published measurements of an
InP-based X-ray detector. The parameters, incorporated into the simulation, are surface
trap level, bandgap, mobility of holes and electrons, and other physical model parameters.
In addition, the lifetime is taken as a function of flux density according to REF [23]. Two
different conditions are considered. The first simulation is performed when the device is
not exposed to the X-ray beam. In this context, the leakage current is displayed in Figure 4a.
The second simulation is performed when the device is exposed to the X-ray beam at
2 x 10° (Ph./s). The conductance as a function of time is illustrated in Figure 4b when the
X-ray beam is turned ON at 0 s and turned OFF at 4.9 s. For both cases, the simulation
results are compared with measurements for a single 100 nm diameter InP nanowire [23].

0.40 T T T 7 ™ s ur
S I [/ ! ! [ -
0.35 I | I TCAD GT;I”’T””T’ =,,T TCAD
I I I I I I I [ I
. 1
0.30- — — — — b ———— P - 4 E | | I |
| | | ’V, 'EST 77777777777|L7777777 77777
—_ R R R [ = \l' | | q | |
g 025 i [ I [ = | | | |
- | | I 4 | S 7] E Wty il iy My Sty
£ 020 - - — - F————#———;'————Jr 77777 g | | | | |
: o | R S LOREE R
I
CO0IS-————7 -~ ~g@f ~ 7T~~~ 77-~777 Rl I I I I
2 2 i
I ad I I Sl N
0.01F — — — — IR T T S | | I
| oA | | | [l | | |
| | | DT I N R
0.05 — — L | | \\\ |
I I I I I I I |
0 1 1 1 1 0 1 | | \\ -
0 0.1 0.2 0.3 0.4 0.5 0 2 4 6 8 10
Voltage (V) Time (sec)
(a) (b)

Figure 4. (a) Leakage Current of the NW photoconductor. (b) Current of the NW photoconductor
detector as a function of time at values of flux is 2 x 10° (Ph./s). Measurements are extracted
from REF [23].

5. Results and Discussions

The physics-based model formulated herein is crucial for determining the dependence
of the device performance on various design parameters, such as doping concentration,
diameter, and surface charges. A critical balance between these design parameters is needed
to maximize the photo transitive gain and minimize the leakage current. Therefore, the
effect of both radiation flux and doping concentration on the gain is studied. The impact of
both radiation flux and biasing voltage on the leakage current is also investigated.
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5.1. Leakage Current

Remarkably, the dark current is a key factor, which is used as a measure of effective
operation of the detectors. Minimal leakage current is a crucial factor that defines a detector
quality [37]. In addition, the leakage current determines the minimum detectable signal
strength. The leakage current is calculated based on the TCAD simulation, and it is found
to be approximately 0.49 nA at 0.45 V, as shown in Figure 5. Unfortunately, the results show
that the leakage current is amplified by the same gain factor as given in Equation (13).

0.5

S e =
%) X =

Collector Current (nA)

e
[

1
0 0.1 0.2 0.3 0.4 0.5
Collector Voltage (V)

Figure 5. Leakage current of the NW phototransistor detector.

5.2. Transient Simulation

When the proposed device is subjected to X-ray beams, the electric current changes
from 0.49 nA (corresponding to dark condition) to 0.28 pA, 0.265 pA, and 0.18 pA at a flux
of 2 x 10, 3.5 x 108, and 6.2 x 10”7 Ph./s., as shown in Figure 6a, Figure 6b, and Figure 6c,
respectively. In these simulations, the incident beam was turned ON at t = 0 s, while it was
turned OFF at t = 4.9 s. The rise time and maximum current are also shown in Figure 6d for
the different values of the flux. The rise time is calculated as the time at which the current
reaches 90% of its maximum. Both the TCAD simulation and model results are shown,
revealing a good agreement. As can be depicted in the figure, collection time is significant,
which is a main disadvantage of the NW detector. These results could be explained by
photogating and photo doping impacts, which have been reported in experimental studies
on NW detectors based on X-ray and UV excitation [21].
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Figure 6. Cont.
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Figure 6. Current of the NW detector as a function of time for various values of flux, (a) 2 x 10°
Ph./s.; (b) 3.5 x 108 Ph./s.; (c) 6.2 x 107 Ph./s.; (d) rise time and maximum current variation
with flux.

5.3. Effect of Doping Concentration on the Gain

At low doping concentrations, the surface states can be fully depleted, but the gain is
low due to the low impurities within the NW, which are trapped on the surface. Thus, the
photogating phenomena impact is minor. As doping increases, on the other hand, more
holes are trapped at the surface, which leads to a rise in the surface charge, which in turn
increases the gain, as shown in Figure 7. At a certain limit, the gain shows a decline, as
demonstrated in the figure, as the surface states become unable to trap additional ionized
holes [43]. It should be pointed out that mobility degradation due to high doping is taken
into consideration.

A= I

TCAD (]
‘ ‘ =@-Model [

Doping Concentration (cm's)

Figure 7. NW gain vs. doping concentration.

5.4. Effect of Flux Density on the Transistor Gain

The dependence of gain on flux density is also investigated through the TCAD simula-
tion and our model, as shown in Figure 8. At low flux intensity, the gain of the proposed
structure is high because of the low charge density at the surface. In addition, at low flux,
the lifetime exceeds 1 min, while it is about 0.3 s at full flux [23]. At high flux values,
the lifetime is inversely proportional to the flux, which means that the de-trapping rate
is also proportional to the flux [23]. Increasing the photo generation rate has the effect of
drastically reducing the carrier lifetimes, which lowers the gain, as evident in Figure 8.
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5.5. Effect of Biasing Voltage on the Transistor Current

Here, an X-ray beam with a flux up to 2 x 10° ph./s is incident on the NW detector,
and the current is calculated at different biasing voltages using SILVACO TCAD. The I-V
characteristic is displayed in Figure 9. The figure demonstrates that when the biasing
voltage increases, a linear increase in the current occurs until the biasing voltage reaches
0.3V, and then the current almost saturates. Figure 9 shows that the suitable biasing voltage
is less than 0.3 V because, if the biasing voltage is increased by more than the 0.3 V, the
leakage current will increase without increasing the output current. The explanation of this
trend is as follows. For low voltage values, the electric field is low, and the drift velocity is
consequently proportional to the electric field. For higher voltages, the field is considerably
high, and mobility becomes nonlinear, causing a saturation of drift velocity, also implying
a saturation in the current, as indicated in Figure 9.
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Figure 9. Relation between biasing voltage and output current.

5.6. Effect of Flux Density on the Current

The conductivity strongly increases by raising the X-ray flux. Thus, the current
increases linearly with the increase of the flux. This phenomenon is illustrated in Figure 10,
which shows the variation of the detector current versus flux density. The results are shown
for both the TCAD simulation and our analytical model. The current increases as expected
until the flux reaches a value of 5 x 10® ph./s, and then the current nearly saturates as
shown. The interpretation of this trend is that the lifetime decreases as the flux density
increases, leading to an increase in the recombination rate. Thus, the mobility saturates,
and the current becomes almost flat, as shown in Figure 10.
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5.7. Effect of Orientation of the X-ray Beam

Notably, a light beam, upon its incidence on a material, will be absorbed near the
surface if the absorption coefficient of the material is high. On the other hand, if the
absorption coefficient is relatively low, the light beam can penetrate deeper inside the
material [28]. Therefore, we will study a different orientation of our NW transistor along
the X-ray beam in order to investigate the possibility of more efficient energy absorption.
Here, the incident beam is assumed to be parallel to the NW axis, and it is absorbed
efficiently because the thickness of the NW detector is high, so the detector gives high
probability to absorb the beam energy along the axis of the NW device, as shown in
Figure 11a. As can be inferred from the figure, the photogeneration rate is maximum at
the top in the center of the nanowire (the generation rate equals 27.6 (1/ cm?)). Then, the
charge is trapped at the surface and the photogeneration rate decreases along the nanowire
direction according to the attenuation coefficient of the InP material (the generation rate
equals 19.4 (1/cm?)). For this configuration, the X-ray absorption can happen along the
NW length, while the spatial resolution is limited by the diameter of the NW device [48].
The current of the NW detector as a function of time for a flux of 2 x 10° Ph./s is displayed
in Figure 11b, while Figure 11c reports the maximum current versus flux density. It is noted
that the simulation conditions, performed in this part, were the same as those applied in
Section 5.3 for both the analytical model and the TCAD simulations.
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Figure 11. Nanowire structure oriented along X-ray beam: (a) Attenuation along the nano wire
detector in the Z direction, (b) Current of the NW detector as a function of time for a flux of
2 x 10° Ph./s, and (c) Maximum current versus flux density.

It can be inferred from the figure that, in this case of parallel beam incidence to the NW
axis, the output current is less than that in Figure 6a, although the incident beam energy
is the same value (2 x 10° Ph./s). Thus, the gain, in this case, is less than that obtained
previously for perpendicular absorption due to the low trapping probability at the base
region and the encountered long distance, which makes the carriers take more time, thus
the probability of the recombination process is increased.

6. Effect of Displacement Damage

When energetic particles collide with the semiconductor lattice, the atoms may become
dislocated from their lattice site and pushed into interstitial positions within the crystal.
This cascade of collisions caused by energetic particle irradiation can result in a large,
disordered region called a defect cluster [49]. Displacement damage is a complex function
of radiation type, radiation energy, flux/dose rate, and pulsed or continuous irradiation.
Vacancies are mobile at room temperature and can combine with donor atoms. The general
result from energetic particle irradiation is the production of defects within the bandgap.
Thus, this process changes the behavior of the detectors. Although there is no reported data
in the literature on displacement damage from X-ray to bulk InP, some research studies
revealed this effect on nanowires fabricated from different materials [50-52]. Therefore, in
this section, we theoretically investigate the effect of displacement damage that may occur
in InP nanowires to gain more insight towards the development of this type of detector.
Figure 12 demonstrates that as the X-ray beam is incident multiple times on the InP
nanowire, both output and leakage currents decrease due to displacement damage defects.
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Figure 12. (a) Output current due to displacement damage. Lines: TCAD and dotted: Model, and
(b) Leakage current due to displacement damage.



Materials 2023, 16, 2637

14 of 17

In our simulation and modeling, this effect of displacement damage is accomplished
by using the radiation fluence model, which allows the simulation of the defect dislocation
generation rate due to energetic particle bombardment in the semiconductor. The results
are shown in Figure 12, demonstrating the current for a value of the radiation flux of
2 x 10° Ph./s. This incidence is repeated three consecutive times. These results show
that the detector gives less current upon increasing the radiation, as expected. In addition,
the impact of the displacement damage on the leakage current is explored, as shown in
Figure 12. When the NW phototransistor is exposed to radiation, the leakage current is
decreased because traps due to displacement damage impact the density of space charge in
bulk, as well as the recombination statistics. The provided results indicate the importance
of including such an effect, which should be taken into consideration when designing an
InP-based NW detector.

Finally, a comparison between different NW detector materials is presented to high-
light the state-of-the-art, as indicated in Table 4. Ultra-high resolution X-ray detection in a
single NW device, comprised of InGaP with a diameter of 175 nm, has been demonstrated,
but the detector has a low gain [26]. On the other hand, a 100 nm NW, based on an FET
structure, from InP has a high gain [23]. In addition, the fabrication of a phototransistor
based on ZnO nanowire has been reported [16], which gives the highest gain but with the
widest NW diameter. Additionally, the silicon NW phototransistor response was investi-
gated under the influence of the visible wavelength region and ultraviolet, reporting a gain
of 103~10° [43]. Our work demonstrates a proof-of-concept of a novel design of a NW InP,
which is based on a phototransistor and gives a comparable gain. More investigations are
needed to provide enhancement of our proposed design in order to bring such technology
closer to the fabrication phase.

Table 4. Figures-of-merit in typical low-dimensional photodetectors.

Structure Material Di(ann;f)ter Gain DIe{tae;;i:n REF
Phototransistor (NPN) InP 100 0.36 x 103~10* X-ray Our work

FET (N*NNY) InP 100 103~10° X-ray [23]
FET (N*NN™) InP 60 0.34 X-ray [25]
Phototransistor (NPN) Si 100 10%~10° uv [43]
FET (N*NNY) InGaP 175 0.34 X-ray [26]
Phototransistor (NPN) InP 53.2 VL [53]
FET (N*NN™) ZnO 1200 2 x 108 uv [16]

7. Conclusions

In this work, a simple analytical model based on solving the basic semiconductor
equations for bipolar transistors has been presented to describe the behavior of a proposed
NW phototransistor detector, which is based on InP material. The model takes into consid-
eration the impact of charge distribution in materials, especially the trap charges on the
surface of the nanowire detectors. The proposed model is built in MATLAB and compared
to a simulated model by applying SILVACO TCAD device simulation to check its applica-
bility. In addition, the comparison between the proposed model results and the SILVACO
TCAD simulator results shows good agreement that validates the presented model.

The effects of various parameters on the device behavior were carefully studied and
illustrated. The leakage current of the designed detector was found to be approximately
0.49 nA at 0.45 V. Regarding the transient simulation, the electric current changes from
0.49 nA (corresponding to dark condition) to 0.28 nA, 0.265 uA, and 0.18 pA at a flux of
2 x 10%,3.5 x 108, and 6.2 x 107 Ph./s., respectively. The influence of doping concentration
on the gain has also been studied. A deterioration in the gain was observed beyond doping
of approximately 1 x 107 cm~3, which is due to mobility degradation. Further, the impact
of flux density on the transistor gain, and on the detector current, was explored. Moreover,
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the effect of biasing voltage on the transistor current was examined. According to this study,
an appropriate design of the operating voltage of less than 0.3 V is recommended. We also
studied the detector performance upon modifying the orientation of the X-ray beam. The
effect of displacement damage was finally investigated, demonstrating the reduction of the
detector current when repeating the X-ray incidence three consecutive times. Based on the
developed analytical and TCAD simulation performed in this work, the proposed structure
can be a potential candidate for the design of future X-ray NW phototransistor detectors.
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