
Photovoltaic (PV) energy conversion has grown 
in importance in the past decade. Number of large 
PV power plants with nominal power of the order of 
tens of MWp and a number of smaller PV systems on 
the roofs were installed (Poulek, Libra 2010). Most 
of them were installed in Europe, mainly in connec-
tion with the subsidy policies of some countries.

It is known that changes in operation tempera-
ture cause changes of current and voltage of PV 
cells and PV modules (i.e. I-V characteristic). In-
creasing temperature decreases the open-circuit 
voltage. This effect simultaneously increases the 
short-circuit current (Orioli, Di Gangi 2013; 
Barukcic et al. 2014; Baig et al. 2015). The effi-
ciency of the photovoltaic energy conversion thus 
decreases with the increasing temperature (Kara-
tepe et al. 2007). In this paper, this phenomenon is 
theoretically explained by the theory of solid state 
physics (Pikus 1965; Snejdar, Frank 1976; Kit-
tel 2005). Similar problems were discussed previ-
ously (Carrero et al. 2011; Liu et al. 2011; Ding 

et al. 2014) in case of common solar cells or by 
(Strebkov 2010) in case of matrix solar cells. The 
I-V and P-V characteristics of partially shaded PV 
system were also discussed (Kofinas et al. 2015).

Nomenclature

I	 – electric current (A)
V	 – voltage (V)
Ir	 – radiation intensity (lx)
λ	 – wavelength (nm)
T	 – temperature (K)
E→	 – electric field intensity (V.m–1)
E	 – energy (eV)
EF	 – Fermi energy (eV)
EV	 – top energy level of the valence band (eV)
EC	 – bottom energy level of the conduction band (eV)
Ei	 – intrinsic number density (eV)
EA	 – acceptor ionisation energy (eV)
ED	 – donor ionisation energy (eV)
ΔEG	 – energy gap (eV)
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Current voltage (I-V) characteristic of illuminated photovoltaic (PV) cell varies with temperature changes. The effect 
is explained according to the solid state theory. The higher the temperature, the lower the open-circuit voltage and 
the higher the short-circuit current. This behaviour is explained on the basis of band theory of the solid state physics. 
The increasing temperature causes a narrowing of the forbidden gap and a shift of the Fermi energy level toward the 
centre of the forbidden gap. Both these effects lead to a reduction of the potential barrier in the band diagram of the 
illuminated PN junction, and thus to a decrease of the photovoltaic voltage. In addition, narrowing of the forbidden 
gap causes higher generation of electron-hole pairs in the illuminated PN junction and short-circuit current increases. 
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VP	 – photovoltaic voltage (V)
VD	 – diffusion voltage (V)
e	 – electron charge (1.602.10–19 C)
NA	 – acceptor concentration (cm–3)
ND	 – donor concentration (cm–3)
h	 – Planck constant (6.626.10–34 J.s)
ν	 – frequency (s–1)
P	 – power (W)

MATERIAL AND METHODS

A vacuum chamber was used to measure the I-V 
characteristics and their temperature dependence. 

It was pumped by the rotary oil pump to a pres-
sure of about 3,000 Pa. Measurements were carried 
out under reduced pressure so that the samples at 
low temperature steamed up due to atmospheric 
moisture. The halogen reflector lamp was used for 
illumination. It shined into the chamber through 
the window of plexiglass, irradiation intensity was 
measured by digital luxmeter LX 1108 (Voltcraft, 
Germany). Typical measurements were carried out 
at irradiation intensity Ir = 35,000 lx. The tempera-
ture was stabilized using the Peltier module and 
measured by a calibrated thermistor. To help sta-
bilize the temperature the heat insulation round 
the vacuum chamber was used. PV cell sample was 
placed on an aluminium plate covered with a ther-

Fig. 1. Apparatus for measurement of I-V characteristics   

Fig. 2. Apparatus for meas-
urement of I-V characteristics 

Fig. 3. Spectrum of the radiation incident on the PV cell
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moconductive foil. Semiautomatic apparatus Prova 
210 (Prova Instruments Inc., Taiwan) was used for 
measurement of I-V characteristics. The whole ap-
paratus is shown in Fig. 1 and its scheme is in Fig. 2.

The spectrum of the radiation incident on the PV 
cell is shown in Fig. 3. Filament of the halogen lamp 
shines like a black body at temperature T = 3,200 K. 
A part of the radiation especially in the near infra-
red region of the spectrum is modified by infrared 
transparency of the reflector and by absorption in 
the plexiglass window. The width of the forbidden 
gap of silicon is approximately EG = 1.1 eV at tem-
perature T = 273 K, it decreases with the increasing 
temperature. Photovoltaic energy conversion can 
be therefore caused by photons with wavelengths 
shorter than λ ≤ 1,100 nm. These photons have suf-
ficient energy to induce transition of an electron 
from the valence band into the conduction band. 
The irradiation intensity is low in the wavelengths 
region of 900 nm ≤ λ ≤ 1,100 nm, but the sensitivity 
of PV cells is low in this range. The highest sensi-
tivity of crystalline PV cells is in the wavelength re-
gion of 500 nm ≤ λ ≤ 900 nm (Poulek, Libra 2010) 
and such radiation is incident on the PV cell.

RESULTS AND DISCUSSION 

Typical results of measurement of the I-V char-
acteristics at different temperatures are shown in 
Fig. 4. It is obvious that, as expected, the individual 
curves intersect each other. PV cell open-circuit 
voltage decreases and short circuit current increas-
es with increasing temperature. Fig. 5 shows se-

lected I-V characteristics with corresponding P-V 
characteristics simultaneously. The points depend-
ing on the performance and corresponding with 
the maximum power on the I-V characteristics are 
indicated by the arrow. 

It can be theoretically explained by use of the 
band theory of solid state physics (Frank, Snejdar 
1976; Kittel 2005). This situation is illustrated 
schematically in Fig. 6. Fig. 6a is a diagram of the 
energy levels in the P-type and N-type semiconduc-
tors. Fig. 6b illustrates the equalization of the Fermi 
energy and bending of bands in the PN junction in 
a non-illuminated photovoltaic cell. Also the diffu-
sion current and ohmic current in the equilibrium 
state are depicted. The regions of space charge and 
the diffusion voltage VD are depicted as well. In 
darkness the PV cell behaves as a semiconductor 
diode.

Fig.  6c shows the situation after illuminating of 
the PV cell not connected to an electric circuit. In-
cident photons disturb the original equilibrium and 
establish a different equilibrium. Electron-hole pairs 
generation increases. Generated electrons and holes 
are accelerated in the region of the PN junction in the 
electric field E→ in the direction of the arrows (actu-
ally in the reverse direction, corresponding to current 
flowing from the negative to positive pole cross the 
current source). The P-type side becomes charged 
positively and the N-type side becomes charged neg-
atively. The potential barrier VD decreases and the 
Fermi levels in the P-type and N-type regions sepa-
rate. The potential difference between the regions is 
equivalent to the photovoltaic voltage VP, denoted in 
the figure. At most, this voltage could correspond to 
compensation of the original bending of bands, which 
is usually approximately VP ≈ 0.6 V in the silicon PV 

Fig. 4. Typical I-V characteristics of the PV cell at different 
temperatures

Fig. 5. Selected I-V characteristics with corresponding P-V 
characteristics at different temperatures
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cells. The exact value depends on the doping of re-
gions P, N and on the temperature. Further increase of 
the irradiation intensity does not increase the open-
circuit voltage, as shown in Fig. 7. There is a limitary 
value of the photovoltaic open-circuit voltage. This 
occur since the photovoltaic potential and opposing 
space charge potential balance at the PN junction; 
further, in the PN junction, the directions of motion 
of generated electrons and holes movements are no 
longer separated. The process can also be interpreted 
as decreasing the potential barrier VD by illumina-
tion results in increased diffusion current of electrons 
into the P-type semiconductor and increased diffu-
sion current of holes into the N-type. This compen-
sates for the increased ohmic current caused by the 
separation of the generated electrons and holes in the 
electric field E→ between the fixed space charges in 
the region of the PN junction. The resulting photo-
voltaic voltage contributes to the establishment of a 
new equilibrium. The limitary value of the photovol-
taic open-circuit voltage corresponds with the equali-
zation of the original bending of the bands in the PN 

junction; in this case, there is the maximum separa-
tion of Fermi energy levels.

If illuminated PV cell is connected into an electric 
circuit, the conductive connection of the two poles 
means reduction of photovoltaic voltage (in this case 
electromotive force of the source) and thus a change 
in the curvature of the bands leading to the repeated 
increase of the potential barrier VD – VP. This reduces 
the diffusion current and predominates ohmic cur-
rent due to separation of generated electrons and 
holes in the electric field E→ between the fixed space 
charges. The sum of both currents is thus no longer 
zero, as it was in the case of the PV cell unconnected 
in the circuit. The resulting current will supply the 
electric circuit, the PV cell will be the source. If the re-
sistance in the circuit decreases at a constant temper-
ature from an infinite value to zero, then the operat-
ing point of the source moves along the curve in Fig. 5 
from the open-circuit voltage to the short-circuit cur-

Fig. 6. Band structure of energy levels – (a) semiconductor 
type P, N, (b) not illuminated PN junction, and (c) illumi-
nated PN junction

Fig. 7. Typical I-V characteristics of the PV cell at different 
irradiation intensity and constant temperature

Fig. 8. Optimal operating points on I-V characteristics at 
two temperatures
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rent. Optimal operating points are shown by arrows 
on the curves, the area of the rectangle determined by 
axes and by the working point is the largest; there the 
source provides the max. power in the electric circuit. 
This case is demonstrated in Fig. 8.

If the temperature increases, the Fermi energy 
level is shifted toward the centre of the forbidden 
gap and the gap narrows, as shown in Fig. 9, see 
also e.g. (Pikus 1965; Frank, Snejdar 1976; Hies-
lmair 1999). It is clear from the Fig. 6c and Fig. 9, 
that the increasing temperature causes reduction 
in the photovoltaic voltage Vp at the constant ir-
radiation intensity. Simultaneously, at higher tem-
perature of the forbidden gap in the band structure 
of energy levels is narrower. It affects a higher gen-
eration of electron-hole pairs in the illuminated PN 
junction and increase of the ohmic current. De-
crease of the maximum power supply by the PV cell 
corresponds with the maximum area of the above-
mentioned rectangle, as shown in Fig. 8. Thus, with 
increasing temperature of PV cells the efficiency of 
photovoltaic energy conversion also decreases. If 
the temperature approaches approximately 500 K, 
the conversion efficiency approaches to zero.

CONCLUSION

Behaviour of the temperature dependences of I-V 
characteristics of illuminated PV cells was theoret-
ically explained on the basis of band theory of solid 

state physics. The temperature increase causes a 
shift of the Fermi energy level toward the centre of 
the forbidden gap and the gap narrowing. It leads 
to reduction of the potential barrier in the band 
diagram of the PN junction and to reduction of the 
photovoltaic voltage Vp. Simultaneously, the higher 
temperature causes narrowing of the forbidden gap 
in the band structure of energy levels. It affects a 
higher generation of electron-hole pairs in the il-
luminated PN junction and increases of the ohmic 
current. The efficiency of the photovoltaic energy 
conversion decreases with increasing temperature. 
These effects are illustrated in the diagram of the 
band structure of energy levels of the PN junction. 

It should be emphasized that the experimental 
cells were cut near the bus bar so the influence of 
the temperature-dependent ohmic loss of the cur-
rent collection grid can be neglected. This effect 
could be significant especially in the case of radia-
tion concentration for example by total internal re-
flection reported likewise in (Baig et al. 2015) or by 
Fresnel lens reported in (Chemisana 2011).
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