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ABSTRACT

The present paper is a trial to shed further light on the dependence performance of mono-crystalline silicon
solar cell (photovoltaic cell) on the environmental conditions. In this concern, the static (I-V) and dynamic (C-V)
characteristics measurement were studied in details under the effect of illumination type, intensity and
wavelength, as well temperature on the physical and electrical parameters of solar cell. The dependence of cell
parameters- extracted from (I-V) characteristic curves- open-circuit voltage (V,), short-circuit current (), fill-
factor (FF), conversion efficiency (n) as well the series -and shunt-resistances (R and Rg,), on the intensity has
been investigated for a wide illumination intensity range 1.0 - 70 mW/cm’. It was observed that, for
illumination levels higher than 10 klux, the values of V., Rq, FF and efficiency were shown to be saturated. I,
was shown to be increased linearly, while R decreased exponentially as a function of illumination level. On the
other hand, considering the dynamic characteristics (C-V), a detailed study was carried out for solar cells
biased on both the forward - and reverse modes at frequency range of 20 kHz - 140 kHz and different
illumination - levels. From which, the barrier potential (Vy;) and doping (charge carrier) concentration (N,) were
determined. Besides, the influence of temperature within the range from 30 up to 110 °C on both the static
and dynamic characteristics was tested. From which, it is clear that Voc, maximum powers (P.), FF, n of the
sample were shown to be temperature decreasing functions. Moreover, I, has a feeble increasing temperature
coefficient. Finally, the solar cell capacitance (C) and dissipation factor (D) rise with rising temperature in both
bias voltage conditions, while, impedance (Z), quality factor (Q), and phase angle (¢) reduce with rising
temperature.
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INTRODUCTION

Solar energy is the greatest available energy source which is able of providing most of the world’s energy
needs. The conversion of daylight into electrical energy using solar cells system is a valuable way of producing
this alternative energy [1]. Amongst the several existing photovoltaic (PV) materials, silicon (Si) is one of the
most widely used semiconductors for the fabrication of solar cells. Circa 80% to 90% of PV modules
manufactured worldwide are silicon wafer-based solar cells. The cost of electricity bred from solar cells is quite
high as compared to traditional sources of energy, i.e., hydroelectricity, nuclear power, thermal power, etc [2].
Crystalline Si solar cells are manufactured from thin silicon wafers. For the manufacture of mono-crystalline
silicon cells, silicon is molded in a cylindrical ingot form. Thin slices with thickness of 0.2 - 0.3 mm are cut from
these ingots and then formed into frequently hexagonal shapes in order to cover as much of the modules
aperture area as much as possible. Mass produced mono-crystalline cells have an efficiency of 13% to 17%
and are the greatest efficient cells yet to enter the PV market [3]. For example, small solar cells that generate
little mW are used in watches, calculators, small toys, radios and portable televisions [4]. When solar cells are
used for indoor applications or integrated into a building, they are usually exposed to mutable irradiance
intensity. The performance of a solar cell (Vo L, FF and n) is affected by these changes. These performance
parameters are indirect relationship to the cell characteristics (R, and Ryy,) [5].
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1 STATIC and DYNAMIC CHARACTERISTICS of a SOLAR CELL

The static characteristics of solar cell-or PV-modules can be studied via the measurement of (I-V) characteristic
curves either under illumination or in the dark. From which, the cells electrical parameters (Vo Lo R Reh FF
and n) could be deduced. Noting that, the R is an important parameter because it decreases both the short-
circuit current and the maximum power output of the cell. It is owing to the resistance of the metal contacts,
ohmic losses in the front surface of the cell, impurity concentrations, and junction depth. On the other hand,
the Ry, represents the loss due to surface leakage along the edge of the cell or due to crystal defects.
Furthermore, the dynamic characteristic of the solar cells or PV modules can be derived under illumination
condition from the dynamic impedance model or AC equivalent circuit [6]. Capacitance measurements are an
extensively used technique for the investigation of the properties of semiconductor materials [7]. Also, the
diffusion (Cp) - and transient (Cy) - capacitances could be determined. Noting that, C; is voltage - dependent,
Cr (V), while Cp is voltage- and frequency-dependent, Cp (V, w) [6]. Noting that, (C-V) measurements are the
most commonly used technique for the determination of the built-in voltage (Vy;) of the cell junction and
doping densities (N,) in semiconductors [8]. Wherever, the doping density can be computed from the slope of
the (1/C2) versus (V) plot according to the Eq. [9]:

2
2 2
qEAZ[d (1/C2)/dV]

N(a)=

where:

N(a): doping density (charge carrier concentration) (1/cm3),

g: electron charge (1.60219 x 10-19 C)

E.: semiconductor permittivity (1.034 x 10-12 F/cm for silicon), A: area (cm2)
C: measured capacitance (F), V: applied dc-voltage (V).

Finally, the proposed paper presents a trial to shed further light on studying the static (I-V) - and dynamic (C-
V) - characteristics of mono-crystalline Si solar cells. In this concern, different experimental and theoretical
procedures were carried out under a wide spectrum of illumination light sources, as well, room temperature
and elevated ones.

2 TYPES of ILLUMINATION LIGHT SOURCES and SOLAR CELLS USED
2.1 Electrical Illumination Sources

The luminous intensity of lighting systems within a building is designed or adjusted to fulfill an acceptable
level for the occupants; the illumination level is commonly determined in lux [10]. So, during the present study
the (I-V) and (C-V) characterization of mono-crystalline Si solar cells for indoor applications, we consider the
incandescent lamp, cool white fluorescent lamp, and a typical cool LED lamp [11]. As well, we compare our
results with the AM 1.5G spectrum (the outdoor standard spectrum) as reference [12]. Finally, the emission
spectra of different kinds of light sources including daylight (sunlight), white flood LEDs, incandescent and
fluorescent bulbs are plotted as shown in Fig. (1).
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Fig. 1: Emission spectra of different kinds of light sources including daylight, white flood
LED's, incandescent-and fluorescent-bulbs.

2.2 Solar Cells Utilized

Silicon solar cells, manufactured by Sargent-Welch, Inc., USA were used. The samples are standard n/p type
with its negative terminal soldered on the light-sensitive side of the cell, while the positive terminals soldered
on the back (Fig. 2). The cells are rectangular with 2.0 cm x 1.0 cm, in dimensions, I 36 mA, V,.: 0.45 Volt, and
Prmac 16 mW.

Fig. 2: Sargent-Welch silicon solar cell with area of 2.0 cm®.

The spectral response and external quantum efficiency of the mono-crystalline silicon solar cell were plotted at
room temperature for the wavelength range 350-1100 nm (Fig. 3). On the other hand, the external quantum
efficiency (QE) was calculated applying the well-known relation [13]:

_1helg(4)
“a 4 P(2)

QE(4)
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Fig. 3: Spectral response (a) and external quantum efficiency (b) of mono-Si solar cell.

3 EXPERIMENTAL PROCEDURES

In order to have a complete picture about the physical and electrical characteristics of the solar cells, as well
the effects of the environmental conditions, it is necessary to deal with both the (I-V) - and (C-V) -
relationships in details.

3.1 Current-Voltage Measurements

Figure (4) shows the simple circuit diagram for (I-V) measurements of a prototype solar cell (a) and simple test
apparatus for qualitative measurement of the (I-V) characteristic curves of the solar cells (b). Measurements
were performed in an opaque enclosure to shield the solar cell from ambient light. The light source was
mounted inside the enclosure, and the solar cells situated at the center point of the illumination as shown in
Fig. (4). In this concern, the (I-V) characteristic curves of silicon solar cells with active areas of 2.0 cm? were
plotted under the influence of different illumination levels at room temperature, up to around 65 klux,
applying different light sources (incandescent lamp, fluorescent lamp and white flood LED).

Cell voltage =V,

R =0.1 ohms

(a

Cell current (1) = V,/R

Potentiometer = 0 - 1000 ohms

L
SO

(b)

Fig. 4: (a) Simple electronic circuit used for (I-V) measurements of solar cells and (b) simple
test apparatus for qualitative measurement of the (I-V) curves.
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3.2 Capacitance-Voltage Measurements

The programmable automatic RCL meter, model 3531 Z- HITESTER, manufactured by Hioki, was used for
precise measurements of the equivalent electrical circuit parameters of the proposed solar cells (Fig. 5). It
provides an auto function and ranging features, as well, it has, in short, the following specifications:

Measurement frequency: 42 Hz to 5.0 MHz.
Measurement levels: 10 mV to 5.0 V rms (DC to 1.0 MHz);

External interfaces: GP-IB or RS-232C.

el =~

HIOKI 3539 Z WresTes

2 fRE-E o o

Fig. 5: Hioki 3531 Z- HITESTER.

4. RESULTS and DISCUSSIONS

4.1 Static Electrical Characteristics

Figure (6) shows the static (I-V) - and (P-V) - characteristic curves of the proposed cells, plotted at two
illumination levels, as an example, applying sunlight, incandescent light lamp, white flood LED lamp and
fluorescent light lamp, respectively. From which, the main electrical parameters of the solar cells (Is., Vo, Rs, Rsh,
FF and n) could be deduced and plotted as a function of the illumination levels (Figs. 7 through 9).
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Fig. 6: Output (I-V) and (P-V) characteristic curves of mono-crystalline silicon solar cell with
area of 2.0 cm?, plotted at two illumination levels applying sunlight, incandescent light lamp,
white flood LED lamp and fluorescent light lamp.
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According to the photoconduction mechanism of the solar cell, the values of both I, and V.. were plotted (Fig.
7) as a function of illumination levels to show their dependency. Considering I (Fig. 7a), it is shown to increase
linearly as a function of the illumination levels, for all used light sources. The matter is mainly attributed to the
high mobility of the carriers and the field-enhanced dissociation of exactions [14]. On the other hand, the
open circuit voltage increases logarithmically as a function of light intensity (Fig. 7b and Equation 3) [15]:
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Fig. 7:Dependences of (a) short-circuit current and (b) open-circuit voltage on illumination levels
applying sunlight, incandescent light, fluorescent light and White Flood LED light.

The light intensity dependence of the fill factor and efficiency was plotted for both the natural sunlight and
different artificial light sources (Fig. 8).The fill factor is a measure of how far the (I-V) characteristics of an
actual solar cell differ from those of an ideal cell. It is clearly shown in Fig. (8a), that the fill-factor has a value
ranging between within 0.4 and 0.55, measured for all the illumination levels. Also, Figure (8b) shows the
efficiency dependence on the illumination intensity, therefore illumination levels below 10 klux, the efficiency
is a direct increasing function of the illumination, the matter is mainly due to its dependence on the open
circuit voltage. On the other hand, for illumination levels above 10 klux, a less efficiency dependence on
illumination was observed due to open circuit voltage saturation [5]. Also, the efficiency decreasing can be
attributed to increasing the recomb-ination in the semiconductor at higher temperatures [16].
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Fig. 8: Dependence of (a) fill-factor, and b) efficiency of the mono-crystalline silicon solar cell with area of 2 cm® on
illumination levels under sunlight and incandescent, fluorescent and flood LED light lamps.
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The cell series - and shunt - resistances were plotted as a function of illumination level of both the natural
sunlight and that emitted applying different light sources (Fig. 9). From which, it is clear that R, decreases
continuously with increasing the intensity of illumination (Fig. 8a), the decrease can be attributed it to the
increase in conductivity of the active layer with the increase in the intensity of illumination [17]. Clearly,
however, high variations of the differential resistance associated to apparent shunt resistances only occur at
high irradiance intensities. This shows that accurate shunt resistance determination is difficult from (I-V) curves
of illuminated solar cells. Uncertainty decreases (Fig. 9b), however, towards weaker light [18].
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Fig. 9: Dependence of (a) series resistance, (b) shunt resistance of the mono-crystalline silicon
solar cell with area of 2 cm? on illumination levels under sunlight, incandescent, fluorescent
and flood LED light lamps.

4.2 Dynamic Characteristics

Silicon solar cells constitute one of the main solar cell branches of the photovoltaic industry; therefore, it is
important to analyze the effect of the illumination levels on their capacitive performances. When solar cells are
utilized for indoor applications or integrated into a building, they are generally exposed to variable
illumination levels. The performance of a solar cell is influenced by this variation as its performance
parameters; capacitance, impedance, dissipation- quality- factors and phase angle. These performance
parameters are in direct relationship to the cell characteristics [19]. So, the present part of the work is devoted
on the capacitive characteristics whenever measured under sunlight or artificial light sources [20].

4.2.1 Solar Cell Capacitances

Capacitance-voltage measurements can be used to characterize fundamental properties of solar cells
including an estimate of the charge carrier density. To design an efficient and reliable switching charge
controller, the AC parameters of solar cells especially the cell capacitance has a need to be investigated. In this
concern, the capacitance (C) and depletion width (W) depend on bias conditions, as explained by Egs. (4,

5)[20]:
qkS <o Na
C=A[_23>9°9_2
(Vg V) 4
2k. . (Vp: —V)
_ s “o ‘'bi
\/ AN, (5)
where:

N,: substrate doping density (1/cm?), q: electron charge (1.60219 x 107 C), A: area (cm?),
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C: measured capacitance (F), V: applied DC voltage (V), W: depletion width (cm), Vj: built-in potential (V), kg
relative permittivity, &, vacuum permittivity.

An estimation of the charge carrier density (N,) of silicon solar cell could be deduced from Mott-Schottky plot
- (1/C? versus bias voltage [21] presented in Fig. (10). It could be calculated using Eq. (1).

Figure (10) shows the experimental results of (C-V) characteristic curves of the proposed solar cell, plotted for
both forward -and reverse - biasing modes, at different frequency values ranging from 20 kHz up to 140 kHz,
as well the doping (charge carrier) density of a silicon solar cell. All measurements are made at dark,
illuminated with cold white flood LED and incandescent lamp at 5.0 klux for example. From which, it can be
seen that the capacitance (Cp) increases with forward bias and decreases with increasing frequency. On the
other hand, it (C;) decreases with reverse bias and does not depend on frequencies. If the depletion region
was formed by sufficient reverse bias, then the variation of depletion width by the (AC) signal will be
negligible. In the case of forward bias conditions at lower frequencies, carriers can easily follow the AC signal.
However, in high-frequency conditions, carriers cannot easily react to the AC signal [20]. So we can recognize
the frequency dependence of this device from Fig. (10).
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Fig. 10: C-V and 1/C>-V characteristics of silicon solar cell under dark, white flood LED and
incandescent Lamp.

From the given (C-V) characteristic curves, the charge carrier concentration and built-in voltage could be
obtained as shown in Table (1) and Fig. (11).

Table 1. Charge carriers concentration and built-in voltage of mono-crystalline silicon solar
cell, calculated for different light sources.
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Light sources

Charge carrier

concentration, charge/cm3

and SD (Erz)

Built-in voltage, V

and SD (Erz)

Dark

1.44864E15 + 0.0702

0.47089 + 0.05

White Flood LED

1.44743E15 + 0.0548

0.50178 + 0.038

Incandescent Lamp

1.46038E15 + 0.0265

0.531 + 0.0328
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Fig. 11: Charge carrier concentration (a) and built-in voltage (b) of silicon solar cell measured
with frequency range of 20 kHz to 140 kHz.

4.2.2 Impedance

Photovoltaic modules are operated as dc-devices, but they exhibit impedance (Z) due to their cells design, the
matter which arise the needs for a detailed study on ac-parameters. It is an important parameter that has been
found to depend on bias voltages and frequencies [20, 22, 23]. In the present study, the characteristic
impedance is analyzed at two different frequency levels of 20 kHz and 140 kHz, and at different bias voltage
from — 1.2 V to 0.6 V for dark, cold white flood LED and incandescent lamp at 5.0 klux, as an example (Fig. 12).
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Voltage, Volts

Fig. 12: Impedance of silicon solar cell vs. voltage for (Dark, Incandescent Lamp and White
Flood LED).

Figure (12) presents higher impedance values at lower frequencies i.e. for direct current signals which have
lower frequencies have been blocked by the junction capacitor. So the impedance increases with decreasing
frequency but the impedance decreases as a function of bias voltage. On the other hand, at a frequency value
of 140 kHz, we confirmed the minimum value of impedance according to the degradation of the reactance
factor.
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4.2.3 Quality Factor

The quality factor (Q), which is considered as a figure of merit of the solar cell is an important parameter. It can
be expressed as the ratio of the total reactance of the junction to its resistance and is governed [24] by the
following Eq. (6).

In this concern, quality factor was experimentally measured at two frequency value 20 kHz and 140 kHz for
both forward and reverse bias modes of operation at dark and light intensity of 5.0 klux (Fig. 13). Also, it can
be seen from Fig. (13) that the quality factor decreases with forward bias and increases with higher
frequencies. On the other hand, in reverse bias conditions, it increases with increasing frequencies. It could be
concluded that the quality factor is a voltage- and frequency- dependent.
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Fig. 13: Quality factor of silicon solar cell vs. voltage for (Dark, Incandescent Lamp and White
Flood LED).

4.2.4 Dissipation Factor

The dissipation factor (D) is an important parameter for device performance and is considered as the
reciprocal of quality factor. It can be governed by the following equation [24]:

Figure (14) shows the experimental results of (D-V), plotted at two frequency values of 20 kHz and 140 kHz in
both reverse and forward bias conditions at dark and light intensity of 5.0 klux. As can be seen in Fig. (14), the
dissipation factor increases with forward bias and decreases in reverse bias conditions. On the other hand, it
decreases with increasing frequencies in both bias conditions.
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Fig. 14: Dissipation factor of silicon solar cell vs. voltage for (Dark, Incandescent Lamp and
White Flood LED).

3.2.5 Phase Angle

The phase angle () is the angle between the current passing through the junction and the applied voltage
and is given by the ratio of total reactance to total ohmic resistance and it can be expressed by the following
equation [24].

Figure (15) shows the measured phase angle dependence on the bias voltage conditions at two frequency
values of 20 kHz to 140 kHz at dark and light intensity of 5.0 klux.
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Fig. 15: Phase angle of silicon solar cell vs. voltage for (Dark, Incandescent Lamp and White
Flood LED).
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It can be seen in Fig. (15) the phase angle presents higher values at lower frequencies. It increases with
forward bias, while it decreases with increasing reverse bias and does not depend mainly at a higher reverse

bias voltage. Moreover, it reaches a value of around -85°with higher signal frequency at very low bias voltages
i.e. it behaves like a capacitor.

4.3 Effect of Temperature on Solar Cell Characteristics

Solar cell properties can be altered by changes in environmental conditions such as temperature. The tested
solar cell is investigated at the temperature range between 30 to 110°C at dark [25]. In this work, a mono-
crystalline silicon solar cell of (1x2) cm® area was used employing solar cell simulator with cell temperature in
the range 30-110 °C at constant light intensities 1 - 70 mW/m?” of simulated Infrared lamp (IR-Osram) lamp.
The light intensity or irradiance of the IR lamp can be varied [26]. Temperature dependency of solar all the

cells performance parameters are investigated.

4.3.1 Effect of Temperature on the Electrical Characteristics of Solar Cell

The electrical characteristics of the solar cell samples were plotted at different temperature levels ranging from

30 °C up to 110 °C (Fig. 16). Increases in temperature reduce the band gap of a solar cell, whereby effecting
the solar cell electrical parameters [25].
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Fig. 16: Voltage-current characteristics of solar cell under different temperature.

Like all other semiconductor devices, solar cells are sensitive to temperature. Increases in temperature reduce
the band gap of a semiconductor, thereby effecting most of the semi-conductor material parameters. The
decrease in the band gap of a semiconductor with increasing temperature can be viewed as increasing the
energy of the electrons in the material. Lower energy is therefore needed to break the bond. In the bond

model of a semiconductor band gap, reduction in the bond energy also reduces the band gap. Therefore,
increasing the temperature reduces the band gap.

In a solar cell, the parameter most affected by an increase in temperature is the open-circuit voltage. The
impact of increasing temperature is shown in the figure below. The open-circuit voltage decreases with

temperature because of the temperature dependence of /,. The equation for /, from one side of a p-n junction
is given by;

where, A is the area of sample, D is the diffusivity of the minority carrier, n; is the intrinsic carrier concentration,
L is the diffusion length of the minority carrier, and Ny is the doping concentration in n region.
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In the above equation, many of the parameters have some temperature dependence, but the most significant
effect is due to the intrinsic carrier concentration, n;. The intrinsic carrier concentration depends on the band
gap energy (with lower band gaps giving a higher intrinsic carrier concentration), and on the energy which the
carriers have (with higher temperatures giving higher intrinsic carrier concentrations). The equation for the
intrinsic carrier concentration is;

27KT . *)32 Es 3 E
=4 m e =BT ex0| ——5% | . 10
(hj(”) Xp( ij Xp[ ij o

where, T is the temperature, h and k are constants, m. and mj, are the effective masses of electrons and holes
respectively, Eg, is the band gap linearly extrapolated to absolute zero; and B is a constant which is essentially
independent of temperature.

Substituting these equations back into the expression for /,, and assuming that the temperature dependencies
of the other parameters can be neglected, gives;

D E - E
BT 3exp| ——S2 |~ BT7 eX0| ——S2 | oo 11
Np Xp( kT) Xp( ij (1

where B' is a temperature independent constant. A constant, y, is used instead of the number 3 to incorporate
the possible temperature dependencies of the other material parameters. For silicon solar cells near room
temperature, I, approximately doubles for every 10 °C increase in temperature. The impact of /, on the open-
circuit voltage can be calculated by substituting the equation for /, into the equation for V.. as shown below;

kT KT KT KT q
V ——Inl =€ [==|Inl.. =1 = In _ Inl BT” Go
"y (Ij q[nSC nt.] q qn{ e'( kTﬂ

0

=0gA
qL

kT

V,
Nl —INB =y InT + 380 | ] (12)
q ( sc -7V KT
Where, Eg, = qVgo. Assuming that dV,./dT does not depend on dI./dT, dV,./dT can be found as;

dVoc _Voc _VGO _ 5
dT T q

The above equation shows that the temperature sensitivity of a solar cell depends on the open circuit voltage
of the solar cell, with higher voltage solar cells being less affected by temperature. For silicon, Eg, is 1.2, and
using y as 3 gives a reduction in the open-circuit voltage of about 2.2 mV/°C;

kT
Voo =Voc +7—

Voo __ 4 ~-22mv per °C for Si ... (14)
dT T

The short-circuit current, L, increases slightly with temperature, since the band gap energy, Eg, decreases and
more photons have enough energy to create e-h pairs. However, this is a small effect and the temperature
dependence of the short-circuit current from a silicon solar cell is;

1 dig

~0.0006 per °C fOr Si ... (15)
I dT

The temperature dependency FF for silicon is approximated by the following equation;
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1 dFF ~ 1 Voo 1 ~—0.0015 per °C for Si.............. (16)
FE dT (Vo dT T

The effect of temperature on the maximum power output, Py, is;

VTP dT V. dT  FF dT Iy dT

1dR, _ 1 dVpe 1 dFF 1 dig

: diﬂ ~—(0.004t00.005) per °C for Si............ a8)

M

Most semiconductor modeling is done at 300 K since it is close to room temperature and a convenient
number. However, solar cells are typically measured almost 2 degrees lower at 25 °C (298.15 K). In most cases,
the difference is insignificant (only 4 mV of V,) and both are referred to as room temperature. Occasionally,
the modeled results need to be adjusted to correlate with the measured results [27].

From Fig. (16), fundamental parameters of solar cells like short-circuit current (I;), open-circuit voltage (Voo),
maximum output power (Pa), fill factor (FF) and efficiency (n) could be extracted. Also, Figures (17-a and-b)
show the temperature dependence, in the range from 30 °C up to 110 °C, of both the short-circuit current (Is.)
and open-circuit voltage (Vo). The dependence of (I) on the temperature is very small, and it is attributed to
a temperature coefficient of 6.5 uA/°C.On the other hand, the (Vo) was observed to decrease with increasing
temperature, with decreasing rate of 2.0 mV/°C which confirms with that value of a normal p-n junction.
Where with the increase in temperature the rate of photon generation increases, thus the reverse saturation
current increases rapidly, leading to reduction in the band gap. Hence, this leads to marginal changes in
current but major changes in voltage [28].
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Fig. 17: Short-circuit current (a) and Open-circuit voltage (b) of solar cell under different
temperature.

Figure (18) shows the effect of temperature on the maximum output power is menus 0.079 mW/°C.
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Fig. 18: Maximum output power of solar cell under different temperature.

Figure (19) shows the effect of temperature on the fill factor and efficiency, where both factors were shown to
be decreased with increasing temperature from 30 °C to 110 °C. As shown in Fig. (19a) the Fill factor decreases
with increasing temperature. The decrease in fill factor is mainly controlled by a decrease in Voc whereas an
increase in short circuit current with temperature does not contribute much to fill factor [29]. When the
temperature dependence of solar cell characteristics are concerned, although an increase of the current with
the temperature increase was observed, main output characteristics such as efficiency were negatively
influenced by high temperature (Fig. 19b). This is due to the fact that open circuit voltage rapidly decreases
with an increase of the temperature, as could be seen in Fig. (17b).
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T 0.820 \ % 13
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DN 1 \"\
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20 40 60 80 100 120 20 40 60 80 100 120
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Fig. 19: Fill factor (a) and efficiency (b) of solar cell under different temperature.
4.3.2 Effect of Temperature on Capacitance Characteristics of Solar Cell
4.3.2.1 Effects on Junction Capacitance

The variation of C; with temperature can be varied over the range of 30 to 110 °C as depicted in Fig. (20). It is
clearly visible that the junction capacitance depends on the cell temperature in the forward bias it increases
with increasing temperature. On the other hand, it decreases with reverse bias voltage i.e. solar cell
capacitance can be used to measure temperature [30]. The junction capacitance of a solar cell (any p-n
junction) is given by a general formula:
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Where | : current, 7 : carrier life time, C; junction capacitance, By: a constant, V. applied bias potential, Vo
function of temperature and varies in a complex way depending on doping concentration.

Vo = Ky ND—'Z\IA ........................................... (21)
q n;

where, N, is the doping concentration in the p-region,
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Fig. 20: Changes in solar cell capacitance with bias voltage at different temperature.

4.3.2.2 Effect on Junction Impedance

Solar cell impedance is directly affected by the temperature as shown in Fig. (21). As the temperature is
increased the impedance decreases at forward bias conditions, while it decreases strongly with increasing
temperature at reverse bias conditions. The junction impedance is directly related to the cell capacitance which
depends on temperature as it clear from the following equation [20].

Z=R+1JOC ..o (22)

where:

Z: impedance,

® (=2mf): angular frequency,
1/joC : reactance, and

R: resistance.
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Fig. 21: Changes in solar cell impedance with bias voltage at different temperature.
4.3.2.3 Effects on Quality- and- Dissipation factors

Figure (22) presents solar cell quality factor (Q) and dissipation factor (D) changes with bias voltages at
different temperature values. According to Egs. (7, 8), it is clearly shown that (Q) factor is a direct function of
cell capacitance, whereas (D) factor is inversely (Fig. 22).
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Fig. 22: Changes in solar cell (a) quality and (b) dissipation factors with bias voltage at
different temperature.

4.3.2.4 Effect on Phase Angle

According to Eq. (9) and Fig. (23), it is clearly shown that the solar cell phase angle (¢) increases in positive
direction i.e. less in negativity with increasing temperature, so it could be concluded that the solar cell does
not behave like a capacitor.
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Fig. 23: Changes in solar cell phase angle with bias voltage at different temperature.

5 CONCLUSIONS

In this paper, the silicon solar cell performances based on (I-V) - and (C-V) - characteristics were investigated
under the influence of different environmental conditions. The static (I-V) - and dynamic (C-V) - electrical
characteristics of mono-crystalline solar cells were tested, analyzed and reported under the influence of
illumination type, intensity and wavelength, as well temperature. The dependence of electrical cell parameters
(Voo L, FF,Rs and Ryp), on the illumination level were investigated for a wide illumination intensity range 1.0 -
70 mW/cm?>. According to the photoconduction mechanism of the solar cell, it is observed that, Vo, Rq, FF and
efficiency, were shown to be saturated for illumination levels higher than 10 klux. On the mean time, I was
shown to be increased linearly due to the high mobility of the carriers and the field-enhanced dissociation of
exaction, while R; was decreased exponentially.

The capacitance-voltage (C-V) characteristics of the cells were plotted under both the forward - and reverse -
biasing modes, at different frequency levels within the range of 20 kHz - 140 kHz, and different illumination -
levels. From which, Vy;, and N, were determined, where V,; values of 0.471, 0.502 and 0.531 Volts and N,
values of 1449E15, 1447E15 and 1460E15 charge/cm® were reported at dark, white flood LED and
incandescent, respectively.

Finally, the obtained results, it could be concluded that the performances of solar cells are dependent on the
operating environment, where, almost all their static — and dynamic- electrical parameters were proved to be
function of temperature level. Reduction in the open-circuit voltage for silicon solar cells is about 2mV/°C. As
well as the effect of temperature on the maximum power output - 0.079 mw/°C. As well, the parameters C and
D were shown to increase, while Z, Q, and ¢ decrease with temperature increase.
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