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Three samples of indium phosphide (InP) were prepared by electrochemical deposition
method on porous nickel substrates. The results of X-ray diffraction of InP showed that it crystallizes
in one direction (220). There is an increase in the intensity of the diffraction peak with increasing
deposition time for the prepared samples. By calculating (C-V) at a fixed frequency and drawing the
relationship between the (1/C2) and (V), it was found that the slope has a negative value, indicating
that the prepared samples are of the p-type, the built-in potential (Vbi) of the samples was determined
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to be (1.42, 1.54, 1.66)eV.(I-V) was calculated for the samples prepared for InP at different
temperatures (303,313,323)ko , the relationship between | and V showed that the current intensity
increases with increasing temperatures, and the electrical resistance (R) of the samples decreases with
increasing different temperatures, the activation energy (Ea) values of the samples ranged
(0.14,0.07,0.06) eV at different temperatures. from the study of the thermoelectric properties, it was

O
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found that the best value of the Seebeck coefficient (S) is for the sample with a deposition time of (4h).
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Table 1. Nomenclature and Definitions Used in the Study

InP Indium phosphide € crystal lattice strain
XRD X-ray diffraction ) dislocation density
FCC Face centered cubic v barrier height of the system
wz Waurtzite Vi built-in potential

ZB zincblende R electrical resistance

ad crystal lattice constant Ea activation energy

nm nanometer K Boltzmann constant

dh distance between the crystal planes S Seebeck coefficient

N integer called diffraction order FWHM Full Width at Half Maximum
D crystallite size
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1.INTRODUCTION

Nanostructured semiconductors have attracted much
attention due to their good optical properties, especially
nanowires belonging to group (I11-V) which are well-
known electronic and optoelectronic materials (Li, He, et
al., 2023) , and can cover important spectral ranges
extending from the visible to the infrared range. The direct
energy gap is one of the main advantages of most
compound semiconductors of group (111-V) (Cipriano, Di
Liberto, et al., 2020), making the study of these materials
very desirable. Among these compounds is indium
phosphide (InP) (Li & Lu, 2008). Indium phosphide has a
direct energy gap (1.42-1.35) eV, at 300K° and has an
absorption wavelength between (873-918) nm (Al
Hammade, 2022) , in the infrared range (Almeida,
Ubbink, et al., 2023) , and has various applications in
electronics and optoelectronic devices as it s
characterized by high electronic mobility (4000 cm?/V.S)
(Yue, Shi, et al., 2023). The crystal structure of indium
phosphide is face-centered cubic (FCC). It exists in two
crystal forms (WZ), (ZB) as in Figure (1), and its crystal
lattice constant is (a= 5.8687A° ).Its molar mass is
(145.792 g/mol ) and its density is (4.81g/cm?).

Figure 1. Shows the crystal structure of (InP),(A) Wurtzite and
(B) zincblende (Almeida, Ubbink, et al., 2023)

Applications of indium phosphide include solar cells
(Lasheer, Fathy, et al., 2023), photodiodes, photosensitive
sensors, light-emitting diodes (LEDs) (Sticklus, Hoeher, et
al., 2020), transistors (FETS) (Malik & Kharadi, 2020),
wireless communications, medical and biological
applications (Almeida, Ubbink, et al., 2023) (Bhagya &
Kim, 2021) .InP nanowires can be fabricated using several
techniques including multiphase (vapor-solid-liquid)
method (Jafari Jam, Persson, et al., 2020) , organic
complex method (Zhang, Xu, et al., 2017) solution-phase
(liquid-solid) method, hot solution method (Wang, Dong,
et al., 2016) .laser-assisted growth method (Ahmed, Qi, et
al.,, 2023) , and electrochemical deposition method
(Zhang, Feng, et al., 2020). This is the method used in this

research. The electrochemical method is a simple and
inexpensive method compared to other preparation
methods. Many parameters (concentration, temperature,
deposition time) can be changed, which ultimately affect
the properties of the prepared compound.

2. THEORETICAL CONSIDERATIONS

Based on Bragg's law for X-ray diffraction in relation (1),
we can determine the distance between the crystal planes
(dhk|). 2dhki Sin(ehk|) =nh......... (1)

Where 6= diffraction angle, n= integer called diffraction
order, A= wavelength of X-rays (A=1.5405A°). The crystal
lattice constant was calculated using the relation (2) which
gives the crystal distance of the parallel planes in terms of
the crystal lattice constants of the face-centered cubic
structure: (Bandoh, Nkrumah, et al., 2021) (Bandoh,
Nkrumah, et al., 2021)

a=dVRZ+kZ+ 12 ......... )

where a ( crystal lattice constant). From the Scherrer
equation, the crystallite size (D) was calculated

where k= constant (0.9), f =Full Width at Half Maximum

(FWHM) of the diffraction peak, 6= diffraction angle, A=
wavelength of X-rays (Ravi & Chitra, 2020). The crystal
lattice strain (¢) and the dislocation density (8) in the
crystal lattice were calculated using the two relationships.
(Filipovic, Obradovic, et al., 2018),

d=— .ot (5), where (n=1).

The type of semiconductor can be determined from the
Schottky relationship. (Ashajyothi & Reddy, 2021) ,

1 1)\ 2
(E - E) = ceo e (Nal) W+V) ... (6), where
(e) electron or elementary charge, (&) relative permittivity,
(e0) permittivity of free space, (Nq) density of donor atoms,
(Na) density of acceptor atoms , (¥) barrier height of the
system. (Co), (C) are the capacitance per unit area of a
grain boundary biased and (V) volts. We find from the
relationship (6) that when the density of the acceptor
atoms is greater than the density of the donor atoms, (Na>>
Ng). the density of donor atoms can be neglected, and
therefore when plotting the changes in (1/C?) in terms of
the applied voltage (V) on the prepared samples, we obtain
a graph with a negative slope. This means that the
semiconductor is of the p-type, and if (Ng>> N,) then when
plotting the changes in (1/C?) in terms of (V), we get a
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graph with a positive slope, so the semiconductor is of the
N-type

The activation energy (Ea) was calculated based on the
following relationship:

I=loe®K ... (7) (Filipovic, Obradovic, et al.,
2018) (Schubert, 2022) where 1= current intensity at
temperature (T), lo = current intensity at absolute zero, k=
Boltzmann constant. Taking the (Inl) of relation (7) we
get

Il =1nlo- Ea/kT ........... 3).

The Seebeck coefficient (S) (which is the basis for

choosing the material in power generation devices) was

found for the samples prepared using the electrical circuit

shown in figure (2) within the range of temperature

changes of (310-430) k° through the following equation.
AV

S = o eeeeen(9) (Van & Mitterhuber, 2023) .

Ty To<Ti< T2 T,

n QP =
Ty

Figure 2. Electrical circuit ( Seebeck coefficient)

3. EXPERIMENTAL PART

A high purity nickel substrate was taken and its surface
was smoothed with sandpaper of different sizes to obtain
a mirror-smooth surface. The substrate was cleaned with a
solution of (CH3COOH) and (CH3COCHS3;) using an
ultrasonic device to enhance the surface quality of the
substrate, after which the surface was oxidized under a
constant voltage of (40)V at (0.3)mol/L of oxyacetylene as
an electrolyte for 30min. The substrate was used as anode
and the temperature was maintained at 25°C during
oxidation. After that, the oxide layer was etched with 0.5%
of HCL at a temperature of 65°C for 20minutes. Thus, a
large number of surface pores were obtained in the Ni
substrate, which is suitable for Indium phosphide (InP)
deposition. After that, the oxide layer was removed from

the back part of the slide and attached with an insulating
tape to prevent the deposition of (InP) on the back part, but
the deposition was only on the front part that contains the
surface pores.

Indium chloride (InCls) solution was prepared by
dissolving (0.482)gm in indium oxide (In,0s3) in 50 ml of
distilled water and placing it on a magnet, then add a few
drops of (HCI) until complete dissolutionm, after that a
solution of indium chloride (InCls) and phosphorus acid
(H3PO4) was prepared.

The surface-porous nickel substrate were washed with
ethanol and then washed with distilled water. A nickel
substrate was used as a cathode and a platinum electrode
was used as an anode. They were placed in the prepared
electrolyte solution where the distance between the two
electrodes was (3cm) under a voltage (5)V. The deposition
process continued for two hours for the first substrate,
denoted as (2h), three hours of deposition for the second
substrate denoted as (3h), and four hours of deposition for
the third substrate denoted as (4h). The samples were
washed several times with distilled water and placed under
a temperature of 200 °C for two hours. Thus three samples
of InP were obtained

4. RESULTS AND DISCUSSION

Figure (3) shows the X-ray diffraction of the prepared
(InP) samples. The crystal planes formed follow the cubic
structure and they are face centered cubic (FCC), with the
appearance of three peaks for nickel and one peak for (InP)
in the direction (220). This indicates that InP crystallizes
in one direction when
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Figure 3. X-ray diffraction of prepared InP samples.

growing on a nickel substrate with surface pores. It is also
clear that the intensity of the diffraction peak increases
with increasing deposition time. This means that the
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growth of the samples increases with deposition time.
Based on Bragg's law for X-ray diffraction in relation (1),
we can determine the distance between the crystal planes
(dnki). The crystal lattice constant was calculated using the
relation (2) which gives the crystal distance of the parallel
planes in terms of the crystal lattice constants of the face-
centered cubic structure. From the Scherrer equation, the
crystallite size (D) was calculated using the relation (3).
The crystal lattice strain (¢) and the dislocation density (8)
in the crystal lattice were calculated using the two
relationships. (4), (5). The table (2) reveals the values of
the distance between crystal planes, crystal lattice
constanat, crystallite size, crystal lattice strain and
dislocation density for InP wires prepared on nickel
substrates with surface pores in the (220) direction where
there is an increase in the values of (¢) and () and a
decrease in the values of (D).This indicates the presence
of crystal distortion

Table 2. Shows the results of X-ray diffraction of the prepared
InP wires.

20 d(A°) a(A%) B (rad) D(nm) [ex10* [6x10%
(lines” (lines/m?
‘m*) )

2h  |43.8 [2.065 [5.83 [0.0034 (4590 |7.88 4.74

3h 438 [2.065 [5.83 [0.0061 (2558 |14.14 [15.28

4h |43.8 [2.065 |5.83 [0.0087 (17.93 |20.18 (31.10

To determine the type of semiconductor, the capacitance
was measured with a device (LCR- meter) with a variable
voltage (0.1-2)V at a fixed frequency (1KHZ) at room
temperature. From the relationship between (1/C?) and (V)
for the prepared samples, the graphs shown in figure (4)
showed linear relationships with negative slopes. This
indicates that the semiconductor formed is of the p-type.
Even at voltage (0.5)V the slope is negative and at values
greater than (0.5)V the slope is also negative. Thus, the
total slope is negative. As shown in the figure (4) there is
a large decrease in capacitance at (0.22)V and a small
decrease in capacitance that is almost constant when the
voltage increases to (2)V.
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Figure 4. Variations of (1/C?) with respect to (V) for prepared
samples

Figure (4), we find the built-in potential (Vi) of the
samples prepared from the point of intersection of the
slope line with the V-axis, we notice that increases the
deposition time of the prepared samples increases the
values of (Vi) as shown in table (3)

Table 3. Vi values for prepared samples.

Deposition time 2h 3h 4h

Vi (eV) 1.42 1.54 1.66

To identify the electrical properties of the prepared
samples of (InP), the (1-V) characteristics were studied at
different temperatures (303, 313, 323) k° As shown in
figure (5), the relationship between current and voltage is
a linear relationship, and the current intensity increases
with increasing temperature, which in turn increases the
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movement of charge carriers, leading to an increase in resistance with

electrical conductivity.

By studying changes in electrical
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Figure 5. (I-V) For samples prepared InP at different

temperatures.

temperature changes of (303, 313, 323) k° for the samples

prepared at (300)mV, and as they are shown in figure (6)
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Figure 6. Shows the decrease in electrical resistance (R) of InP
100 with increasing temperatures.
1 1ma) . ) ) ) )
350 323k>  3h / The data exhibits an approximately linear relationship.
200 ] = 313k° This is due to the increase in the movement and density of

charge carriers thermally, which indicates that the behavior
of InP is a natural behavior for semiconductors, as the
electrical resistance of the prepared samples decreases with
increasing temperatures according to table (4).

Table 4. Showing the decrease in electrical resistance of InP
samples with increasing temperatures

V(mv)
2h 3h ah
T(K) R(Q) R(Q) R(Q)
303 0.92 0.87 0.85
o) 313 0.85 082 080
0 323 0.80 0.78 0.77

The relationship between (Inl) and (1/T) is shown in the

figure (7).
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Figure 7. Shows the changes in (Inl) as a function of (1/T) for
InP.

From the slope of the straight line in the curves resulting
from figure (7) and by applying the relationships (7),(8)
the (Ea) values for InP were calculated at temperatures of
(303, 313, 323) k° as shown in table (5).

Table 5. Shows the (Ea) values of InP.

Depositin time Ea(eV)
2h 0.14
3h 0.07
4h 0.06
0.0025
——1h
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Figure 8. Shows the changes in (S) as afunction of temperature
changes for InP.

Using relation (9) the Seebeck coefficient (S) was found.
Figure (8) shows that (S) has a positive value. This
confirms that the formed semiconductor is of the p-type.
The best value of (S) for the sample is InP at a deposition
time of (4h).

5. CONCLUSION

The results of X-ray diffraction of InP showed that it
crystallizes in one direction (220), and increase in the
intensity of the diffraction peak with increasing deposition
time for the prepared samples. It was found from the
calculation of (C-V) that the slope is negative value. This
indicates that the prepared samples are of the p-type. (Vbi)
which was determined to be (1.42, 1.54, 1.66) eV. This
increases the deposition time of the prepared samples and
increases the values of (Vy;). (I-V) was calculated for the
samples prepared for InP at different temp (303,313,323)
k° .The relationship between | and V showed that the
current intensity increases with increasing temp, and
electrical resistance (R) of the samples decreases with
increasing different temp. (Ea) values of the samples
ranged (0.14,0.07,0.06) eV at different temp. Seebeck
coefficient (S) is positive for prepared samples. This
confirms that the formed semiconductor is of the p-type.
The best value of (S) for the sample is InP at a deposition
time of (4h).
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