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Article history:

Hybrid organic-inorganic heterojunction solar cell, Au/tetraphenylporphyrin (TPP)/p-Si/Al, was fabri-
cated. The TPP films were deposited by thermal evaporation technique onto p-type silicon single crystal
wafer. The current-voltage characteristics of the heterojunction diode have been studied at a tempera-
ture range of 298 - 390 K and the voltage applied during measurements varied from -1.5 to 2 V. The
device showed a rectification behavior like a diode under different temperatures. It was found that the
conduction mechanisms of the diode are controlled by the thermionic emission at forward voltage bias
<0.5V and the single trap level space charge limited conduction (SCLC) mechanism at forward voltage
bias >0.5 V. Dependence of the [-V characteristics on temperature, illumination and X-ray irradiation
dose of 50 kGy for such a device have been studied. The dependence of photovoltaic parameters on
annealing temperatures, illumination conditions and irradiation dose has been estimated. The calculated
parameters are: series and shunt resistances, ideality factor, barrier potential, open-circuit voltage,
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1. Introduction

In recent years, there has been growing interest in the field of
organic semiconductors due to their successful application in opti-
cal and electronic devices. However, up to the present time, most
of fundamental properties of organic semiconductors have not
yet sufficiently been clarified since most traditional measuring
techniques developed for inorganic semiconductors are not neces-
sarily applicable to them. In order to improve the performance of
the organic devices, it is necessary to obtain a deep focus into
chemical and physical properties of these organic semiconductors.

Porphyrin dyes are called pigments of life because they play an
essential function in many biological processes starting from oxy-
gen transport to photosynthesis and from catalysis to pigmenta-
tion changes. Moreover, they have an extended m-conjugation
system that results in a wide range of wavelengths for light
absorption and emission, charge generation and transport [1-3].
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Porphyrins have excellent films that were prepared by chemical
and physical methods, such as thermal evaporation, chemical
vapor deposition, spin coating and Langmuir Blodgett techniques
[4-9]. These films are used successfully in fabricating electro-
luminescent devices [10], photonic devices [11], solar energy
conversion devices [12], photo-electro-chemical cell [13], opto-
electronic devices [14] and gas sensors [15].

Tetraphenylporphyrin, TPP, has the chemical formula C3;H4oNy.
The basic structure of TPP is centro-symmetrical with two inde-
pendent pyrroles and phenyl groups as shown in Fig. 1. TPP has
an extended m-conjugation system with 24-m electron that results
in a wide range of wavelengths for light absorption. The absorption
spectra of TPP have been reported by using different techniques,
such as Langmuir-Boledget films [16], thermoplastic media [17],
solvents [18] and nematic crystals [19]. TPP absorbs visible light
and then converts photo-energy into electrical and chemical
energy. A great deal of effort has been exerted to study the optical
properties of TPP because of its high optical absorption potential in
UV-Vis. region.

Extensive research has been conducted for applying porphyrins
compounds as semiconducting materials to obtain many electronic
and photo-electronic devices by using heterojunction of
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organic-organic and hybrid organic-inorganic structures. Some
authors [20-22] have fabricated organic-inorganic devices to ben-
efit from the advantages of both materials in a single device.

The application of TPP and its derivatives in solar cell
manufacturing process will be provided as thin film sandwich.
The sandwich may be constructed in homo- or hetero-junction
configuration. Different homojunction cell structures utilizing
TPP as a semiconductor were developed [23,24]. Indium tin oxide,
ITO, sandwich-type cell, into which a long-chain tetraphenylpor-
phyrin was injected without any metal ions in the central core
has been constructed [23]. The current-voltage, I-V, characteristics
exhibit a remarkable rectification behavior for both crystalline and
low-temperature lamellar phases. The TPP layer, 25-65 nm in
thickness, was deposited by molecular beam epitaxial on ITO sub-
strates and covered by aluminum as a back contact. Transport and
trapping of carriers and the occurrence of electrochemical phe-
nomena in the device are studied by performing the C-V measure-
ments at low frequencies [24]. Furthermore, metal-semiconductor
interactions at the contacts are investigated when the signal fre-
quencies are high in comparison with the carrier transit time in
the device. Such homojunction devices have loss factors including:
photo carrier generation is a function not only of bulk optical
absorption, but also of available mechanisms for exciton
dissociation, non-irradiative recombination at the interfaces and
non-geminate recombination at impurities. Single layer solar cells
of this type deliver quantum efficiencies of less than 1% and power
conversion efficiencies of less than 0.1% [24].

In heterojunction solar cells, the local electric fields are strong
and may break up photo generated exciton provided that the dif-
ferences in potential energy are larger than the exciton binding
energy. The organic donor-acceptor interface separates exciton
much more efficiently than the organic -metal interface; efficient
photovoltaic devices may be made from heterojunction solar cells.
A heterojunction sandwich cell of Al/Al,O3/MnTPP/Au was
designed [25]. The photovoltaic efficiency of porphyrin com-
pounds increases with decreasing film thickness from 200 to
100 nm [25].

In this work, the attention has been focused on fabricating a
hybrid heterojunction device of Au/TPP/p-Si/Al and providing a
complete investigation about its electronic transport mechanisms
and photovoltaic properties. In addition, the influence of environ-
mental conditions, such as temperature, illumination and high
energy (6 MeV) X-ray irradiation on the efficiency of the solar cell
has been reported.

Fig. 1. Molecular structure of TPP.

2. Experimental techniques

Tetraphenylporphyrin, TPP, was purchased from Aldrich Chem.
Co. with purity 99% and it was used in a powder form of as received
condition without further purification. The hybrid junction of Au/
TPP/p-Si/Al solar cell was fabricated by conventional thermal evap-
oration technique. The vacuum system used for this purpose is a
high vacuum coating unit (type E306A, Edwards Co., England).
The pressure inside the vacuum work chamber was pumped down
to 1.5 x 107> Pa before starting the evaporation process. Evapora-
tion of the material is carried out with quartz crucible heated by
a tungsten heater. Rate of deposition (0.5 nm/s) and film thickness
were controlled by using quartz crystal thickness monitor (model
TM-350 Maxtek Inc. USA).

The cell has been prepared by using a polished p-type Si sin-
gle crystal wafer with [100] orientation parallel to the surface,
hole concentration of 1.6 x102®*m™> and it’s thickness is
400 pm. First, the p-Si wafer was chemically cleaned and etched
by PC4 solution (HF: HNOs: CH3COOH in ratio 1:6:1) for 10s,
then rinsed with deionized water and isopropyl alcohol and
oven-dried.

In designing such a device we took into consideration the fac-
tors influencing the photovoltaic properties in heterojunction solar
cells [26]; namely optical filter effect, type of the dye and its thick-
ness [26]. The optical filter effect of Au on TPP has been reduced by
designing an Au mesh electrode instead of a continuous Au thin
film electrode. TPP molecule has a good absorption in the UV-
vis. range of spectra which is improved by annealing at 390 K
for 2 hrs as will be shown in Fig. 3. The back contact was made
by depositing a relatively thick film of pure Al to the bottom of
p-Si substrate. TPP organic layer with thickness of 95 nm was
deposited on the front surface of p-Si wafer. Then, a front contact
of pure gold was evaporated on TPP layer as a mesh grid electrode.
The active area of the junction is 1.65 x 1072 cm?. Fig. 2 shows a
schematic diagram of hybrid heterojunction, Au/TPP/p-Si/Al, solar
cell.

The current-voltage, I-V, characteristics of the pristine hetero-
junction device were measured under dark and illumination condi-
tions for different annealing temperatures by using Keithly 617
electrometer. The incident power density of light illumination was
50 mW/cm? provided by tungsten lamp. The intensity of the inci-
dent light was measured by using a digital lux-meter (Lutron-Model
LX-107).

These measurements were also performed for the heterojunc-
tion device after being exposed to high energy (6 MeV) X-ray.
The irradiation dose was 50 kGy generated from linear accelerator
(Philips Co., linac multi-energies model SL15).

Au mesh electrode

TPP

Al electrode

Fig. 2. A schematic diagram of the structure of Au/TPP/p-Si/Al solar cell.
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3. Results and discussion
3.1. The absorption spectrum for TPP thin films

Fig. 3 illustrates the absorption spectra of the as deposited,
annealed and irradiated TPP thin films. The highly conjugated tet-
raphenylporphyrin macrocycle of the as deposited film shows
intense absorption termed Soret band that appeared in the wave-
length range of 360-490 nm. The Soret band has two peaks, By
and By, at 395 and 443 nm, respectively. Four additional weaker
absorption bands termed Q bands is in the range of 500-720 nm.
Those bands are superimposed on the absorption edge of TPP mol-
ecule. It is also noted that the bands B, N and M appear with inten-
sities that are comparatively higher than of Q band, this is because
absorption transitions in the Q-band region have small oscillator
strengths due to opposite direction of the electric dipoles and the
cancellation of electric dipoles that occurs leading to low intensity
in the Q bands [27]. Annealing temperature results in an increase
in the value of the absorption all over the spectra and a significant
broadening of all absorption bands is observed. A red shift of
Q-bands indicates the increase in m-conjugation due to increased
planarity of TPP molecules and the decrease in the energy gap of
TPP molecule. Exposing H,TPP film to X-ray irradiation dose
reduces the value of absorbance over all the spectra and influences
peaks position in comparison with absorbance of the as-deposited
and annealed ones. A blue shift is observed which will result in
increasing the value of energy gap of TPP molecule.

3.2. The energy band diagram for TPP/p-Si heterojunction device

Depending on work functions (®s;, ®@1pp), electron affinities
(Psi, Wrpp) and energy gaps (Es;, Erpp) Of two semi conductors.
The band profile of Si/TPP can be constructed. The work function
is the energy to excite electron from Fermi level to the vacuum
level, it is 4.97 eV for Si and can be calculated according to:
@512T51+0.56+k'i n& (1)

aq n;
where ¥s;=4.1eV [28], N, is the concentration of acceptor atoms
and n; is the intrinsic concentration of carriers. Rojas [29] using tun-
neling spectroscopy determined the work function for TPP as 4 eV.
Electron affinity, or the energy difference between vacuum and the
bottom of conduction band, Ec, in Si or the bottom of (LUMO) in TPP,
respectively. The larger electron affinity, the more energetically
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Fig. 3. The absorption spectrum for TPP thin films in as-deposited, annealed at
390K for 2 h. and X-ray irradiated with a dose of 50 kGy.

favorable it is to gain charge, and the easier it is for electrons to bind
for the molecule. Wrpp is 1.68 eV [30]. As the TPP molecule is differ-
ent from the Si atoms, the vacuum energy of the free molecule is not
necessarily the same as the Si atoms. The interface results from the
difference in the lattice parameter of both materials.

The total built in voltage, Vp, is due to the difference in work
functions (®@si-®@1pp = 0.1 eV) is equal to the sum of built - in volt-
ages on both sides (VD = VD,Si + VD,TPP)v VD,TPP = Qrpp- lPTpp =0.77 eV
and AE, = (Wsi+ Egsi)—(W1pp *+ Egtep) = 1.04 €V. The condition of
constructed device is as follows:

Vpaee < AE,, Psi > Prpp, ¥si > Prpp, Egsi < Egarp and ¥ + Egsi
> Yrpp + Egtep > Wsi

Therefore, the band profile of Si/TPP heterojunction device can
be constructed as shown in Fig. 4 [31].

Makhlouf, et al. [32] showed that TPP has HOMO-LUMO band
gap of 2.45 eV and there are excitation bands available inside the
energy-gap at various energy levels together with the localized
energy states. At thermal equilibrium, the hole current density
from Si to TPP equals the current density from TPP to the Si but
with positive potential in the Si relative to TPP. The magnitude of
the hole current density from the Si to TPP is greater than the cur-
rent density from TPP to Si. The application of positive potential to
Si steers the holes from Si to TPP. As a result, it is assumed that the
bending profile of the valence band moves upward from the Si side
indicating the lowering of the barrier.

3.3. Dependence of the I-V characteristics on temperature at dark
conditions

Fig. 5 shows typical I-V characteristics of Au/TPP/p-Si/Al hetero-
junction diode in the temperature range 292-390 K where the
applied bias potential varies from -1.5V to 2 V during measure-
ments. The results show that curves have the same [-V behavior.
For the same applied voltage, current increases with increasing
temperature, this indicates a negative temperature coefficient for
the resistivity [33]. The results show also the existence of a weak
leakage current in the reverse bias direction and it proves a good
rectification performance for the diode. The rectification ratio, RR,
is calculated as the ratio of the forward current to reverse current
at a certain applied voltage. The RR values for the diode were cal-
culated for different temperatures at +1 V as shown in Table 1. The
RR values increase with increasing annealing temperature and this
indicates good performance of the device.

For theses curves, the forward current corresponds to the neg-
ative polarity on the Au electrode side. These curves are non-linear
and this device clearly exhibits moderate rectifying behavior due
to the injection of the charge carriers from the Al electrode to
the device. The other diode parameters, such as series resistance,
R, and shunt resistance, Ry, were obtained at room temperature
by the method stated in [34] by which we can calculate the junc-
tion resistance, R, by using the following relation:

oV
R = 2)

The values of the series, R,, and shunt, Ry, resistances are deter-
mined by plotting the junction resistance R; as a function of the for-
ward and reverse bias potentials of the junction for each
temperature. At the high forward voltages, the junction resistance
reaches a constant value, which is equal to R,. The same behavior
also occurs in reverse bias voltages leading to determination of
the value of Ry, The determined values of R; and Ry, at different
temperatures are listed in Table 1. It has been noted that the values
of R; and Ry, decreases with increasing annealing temperatures.
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Fig. 4. Energy band diagram for TPP/p-Si hybrid heterojunction device (a) for forward bias smaller than energy gap and (b) modified profile due to the presence of charged

interface.
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Fig. 5. I-V characteristics of Au/TPP/p-Si/Al heterojunction device in the dark at
temperatures range 298-390 K.

In order to determine the operating conduction mechanisms in
Au/TPP/p-Si/Al heterojunction device, we can use any one of the
diffusion models, the emission model or the recombination model
[33] in which a relation between I and V can be described. At low
forward bias potential, V < 0.5 V. The relation between InI versus
V, at different temperatures in the range 298-390 K, is shown in
Fig. 6. The logarithmic of the forward current of the diode increases
linearly with the increase in bias potential. Thus, we can deduce

Table 1
Influence of annealing temperatures on the electrical parameters of Au/TPP/p-Si/Al
solar cell.

T(K) Is (pA) RR Rs (Q) Ran (kQ) n @5 (eV)
292 6.6 123 4580 54.1 3.25 0.59
310 8.5 135 3030 405 3.10 0.62
330 11.1 16.0 2000 312 2.95 0.65
350 136 18.7 1420 25.7 2.80 0.69
370 16.9 239 833 21.3 2,51 0.73
390 19.0 36.7 500 19.1 2.50 0.76

that Au/TPP/p-Si/Al heterojunction device behaves like a Schottky
diode. In that case, I-V characteristics of the diode can be analyzed
by the following relation [35]

[=1s (exp (%) - ]) 3)

where n is the ideality factor, e is the electronic charge, kg is the
Boltzmann constant and I; is the reverse saturation current given
by the following relation [36]

a2 —ed,
Is=AA'T exp( kT ) (4)
where A is the diode contact area, A* is the Richardson constant
(A* =32 A/cm? K? for p-Si [33]) and @, is the barrier height. The ide-
ality factor n is a measure of homogeneity of the interfacial layer
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Fig. 6. Variation of InI versus V of Au/TPP/p-Si/Al heterojunction device for different
temperatures at forward voltage <0.5 V.

between organic and inorganic semiconductors and it is determined
from the slope of the linear relation of InI versus V in Fig. 6 through
the relation:

’“:ﬁ%<dgxn) )

The obtained value of n is higher than unity indicating that the
diode has nonideal behavior. The deviation of n from unity may be
attributed to either recombination of electrons and holes in the
depletion region or increase of diffusion current due to an increase
of applied voltage [37].

The barrier height is calculated by using Eq. 3 in the following
form:

 ksT (AA'T?
%T<g> ©)

where I is obtained from the intercept of In(I)-V curves with ordi-
nates axis as illustrated in Fig. 6. The values of the barrier potential
height and ideality factor as a function of temperatures are shown
in Fig. 7. It is noted that the ideality factor decreases with the
increase in temperature while the barrier height increases with
increasing temperature. Such a behavior indicates presence of het-
erogeneous interface between TPP film and Si substrate.

At large forward voltage bias >0.5 V, the current as a function of
the forward applied voltage is plotted in log-log scale as shown in
Fig. 8. The current shows a power law dependence on potential of
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Fig. 7. Temperature dependence of ideality factor and barrier height of Au/TPP/p-
Si/Al heterojunction device.
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Fig. 8. Plot of log! versus logV of Au/TPP/p-Si/Al heterojunction device for different
temperatures at forward bias potential >0.5 V.

the form I = V™ where m varies between 1.86 and 2.18 depending
on temperature. This indicates that the current in the diode is con-
trolled by single trap energy level space charge limited conduction
(SCLC) mechanism. The current in such a mechanism is given by
(38]

9 (N [V? ~E
=g (i) <d_> (1) .
where N; is the concentration of traps at energy level E;, over the
valence band edge, N, is the density of states in the valence band
and d=95nm is the film thickness of TPP in this device. Fig. 9
shows the plot of In(I) versus reciprocal temperature at a fixed bias
potentials (1, 1.2 and 1.4 V) in SCLC region. In this region, the trap
energy and the concentration of traps, N;, can be calculated from
the slope of straight lines and their intercept with ordinate axis.
The calculations showed that they have values of 0.216 eV and
3.1 x 10** m~3, respectively. The values of N; and E; were calculated
assuming that N,=10?"cm™3 [38], ¢=2.69 x 100> Fcm™! and
w=21x10"2cm?Vv-1s71[39].

In reverse bias potential direction, the temperature dependence
of Ln (Ig) at constant reverse bias potential is illustrated in Fig. 10.
The linear relationship between the logarithm of reverse current
and temperature indicates that the reverse current is thermally
activated process and it varies exponentially with temperature.
The relation governing such a behavior is given by [40]:

Iz = Isexp(—AE/kgT) (8)

where AE is the activation energy and Is denotes the reverse satu-
ration current, from the slope of these straight lines the obtained
average activation energy is 0.58 eV. This value is nearly equal to
one half of the energy gap of Si substrate (1.1 eV), such a behavior
indicates that the temperature and voltage dependence of the dark
reverse current is governed by generation and recombination of
charge carriers in Si substrate [41] rather than at organic-inorganic
interface or organic material.

3.4. Photovoltaic properties of Au/TPP/p-Si/Al device under different
environmental conditions

Fig. 11 illustrates I-V characteristic curves in dark conditions
and under illumination for the virgin, annealed and irradiated
Au/TPP/p-Si/Al heterojunction solar cell. The forward and reverse
bias currents increased after annealing the virgin device at 390 K
for 2 h. It was found that annealing of the device was required to
complete and enhance its performance. Calculations of the
electrical parameters of the solar cell indicated that annealing
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Fig. 11. I-V characteristics of Au/TPP/p-Si/Al solar cell under different conditions
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for 2 hrs (Jll) Exposed to X-ray of dose 50 kGy.

temperatures increased the saturation current, rectification ratio
and barrier potential and decreased the series and shunt resistances
and the ideality factor (Table 1). Liu et al. [42] optimized the
annealing temperature (150 °C for 2 h) to produce a device (P3HT
and silicon nanocrystals) with improved PCE of 1.47%. An increase
of both I, and fill factor is achieved as a result of annealing. This is
attributed to an increase in hole mobility, which leads to a more
balanced device mobility. This causes a reduction in the build-up
of space charge and a reduction in recombination [43].

Table 2
Photovoltaic parameters of Au/TPP/p-Si/Al solar cell versus annealing temperatures
and x- ray irradiation dose.

Solar cell device Voe Isc Py x 107%  Fill factor  Efficiency
condition V) (pA) (W) (FF) (n%)
Pristine 0.45 61 9.64 0.35 1.17
Annealed 050 100 17.9 0.35 2.13
Irradiated 0.39 152 237 037 0.27

— o — Pristine device
0.00002 { —*— Annealed device

— — = —|rradiated device *
b= P
© M
; *
=
s
o PM
2 0.00001
- .
S
Q.
-
S
o

PM

VM VM
0.00000 =+ S ML
0.0 0.1 0.2

V. (v)

Fig. 12. The output power versus voltage for (@) A virgin, (#) Annealed and (H)
Irradiated Au/TPP/p-Si/Al solar cell.

Exposing the device to an irradiation dose of 50 kGy resulted
in a large decrease of diode photovoltaic parameters (Table 2).
The X-ray irradiation has an effect on the excitonic and impurities
levels, this will result in the change in the microstructure of the
junction. An increase in series resistance indicates that both of
the mobility and the free carrier concentration has decreased.
The reduction in mobility is due to the introduction of defect
centers with irradiation which act as scattering centers and the
free carrier concentration will be reduced if deep traps are intro-
duced into material associated with point defect damage [44,45].

The total current under illumination can generally be described
by [46]:

ev V + IR
I=1In—I (exp (—nkBT) - 1> - ( R, 5) 9)

where I, is the component of the current that has been generated
by illumination. The effect of illumination on the power-voltage
characteristics of the device is depicted in Fig. 12. The values of
the short circuit photocurrent, I, open circuit voltage, V., are listed
in Table 2. The fill factor, FF, and the power conversion efficiency, 7,
of the device are given by [47,48]

FF = KM;M (10)
n:%ﬁxloo% (11)

where I, V), are the current and voltage at maximum power point,
respectively and A is the active area of the junction. Various photo-
voltaic parameters obtained after illumination, annealing and X-ray
exposure on the device are listed in Table 2. It is noted that there are
changes in the cell parameters due to annealing and irradiation pro-
cesses. Annealing temperature removes traps and defects from the
band energy gap of TPP and decreases its value as shown in Fig. 3,
therefore, the photo current of the device increased. Annealing tem-
perature at 390 K for 2 h increased the value of open circuit voltage
(Voe), short circuit current (I,) and the voltage (Vj,) and the current
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Table 3
Photovoltaic parameters of some hybrid solar cells based on TPP and its metal
derivatives.

Solar cell construction Jsc Voc  Fill factor Efficiency Refs.
(mA/cm?) (Volt) (FF) (M%)
Au/TPP/n-Si/Al 2.76 025 037 245 [50]
Au/ TPP/p-Si/Al 6.2 0.5 0.35 213 Present work
Au/ ZnTPP/p-Si/Al 23 022 024 224 [51]
Al/TPP/Mc/Au - 099 027 033 [52]
Al/TPP/Mc(COOH)/Au - 0.75 027 0.6 [52]
Al/TPP/Zn TPP/Au - 051 038 2.7 [52]
Al/FeTPPCI/ p-Si /Al 2.8 0.47 032 5.6 [53]

(Iy) at maximum power point, as a direct consequence, the conver-
sion efficiency increased. By irradiating the device with X-ray dose
of 50 kGy, a decrease in the values of the cell parameters (Table 1)
and a remarkable reduction in the values of (I, V,c, Py and ) are
observed (Table 2). Such a behavior can be explained on the basis
of radiation induced defects in the surface and in the bulk of the
solar cell. These defects compensate the positive charges at the
TPP-Si interface and consequently decrease the output parameters
of the solar cell [49]. Table 3 collects the results of photovoltaic
parameters of some hybrid solar cells based on TPP and its metal
derivatives. As it is clear from Table 3; the type of organic com-
pound, the Si substrate and the combination of organic/organic
compounds greatly influence the solar cell parameters.

4. Conclusions

Organic inorganic heterojunction device was fabricated. TPP as
organic acceptor material is coated over p-Si substrate as inorganic
acceptor material by thermal evaporation process to obtain
Au/TPP/p-Si/Al bulk heterojunction solar cell. The I- V characteristics
of the devices are taken in dark, illumination and also under high
energy X-ray irradiation. The thermionic emission and the single
trap energy level space charge limited current mechanisms were
used to explain the I-V behavior in the forward bias for such a
device. The diode parameters, such as the rectification ratio, the
ideality factor, series and shunt resistances and the barrier height
were calculated. In reverse bias direction; generation and recombi-
nation of holes in Si substrate are responsible for reverse current.
The Au/TPP/p-Si/Al solar cell showed reasonable power conversion
efficiency after annealing process at temperature of 390 K. Anneal-
ing temperatures increased the saturation current, rectification
ratio and barrier potential and decreased the series and shunt
resistances and the ideality factor, as a direct consequence there
is an increase in charge carrier mobility, a decrease in the rate of
recombination of the charge carriers, increase in charge carrier
concentration, photocurrent and efficiency. On the other hand,
power conversion efficiency of that cell decreases after being
exposed to 6 MeV X-ray irradiation. This is due to the creation of
radiation induced defects at the interface of the structure through
the change in carrier concentration and carrier mobility. Photovol-
taic parameters like open-circuit voltage, short-circuit current, fill
factor and conversion efficiency were obtained.
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