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The mechanisms leading to the intersection of the dark and light current-voltage characteristics and related
phenomena has been considered. The possibility of participation in it as non-equilibrium carriers in the case of
solar cells, and the contribution of the equilibrium charge when the temperature impact on the reference diode
has been shown. A model explaining the observed features has been built

The intersection of the current-voltage charac-
teristics (CVC) in the study of electrical charac-
teristics of p-n-junctions suggests that in addition
to the standard mechanisms of the CVC forma-
tion are present or additional process, depending
on the applied voltage, or the formation of the
diffusion and drift current differs from the “clas-
sic” model, or additional external exposure to ra-
diation or temperature takes place. These reasons
make the actual identification of additional mech-
anisms influencing the CVC formation.

1. The intersection of solar cells light and
dark current-voltage characteristics

In the study of the solar cells based on CdS-
Cu,S heterojunctions [1] the crossing of the dark
and light current-voltage characteristics under
forward bias applied to the element (Fig.1) was
observed. Similar was the appearance of the con-
trol volt-ampere characteristic of silicon solar
cells FD6K of industrial manufacturing.

Crossing of the dark and light current-voltage
characteristic of the photodiode seems quite para-
doxical. It turns out that there is a bias voltage,
where via structure the same current flows re-
gardless of influence on it light or it is in the dark-
ness. While it is known that irradiation creates
new non-equilibrium carriers. Moreover, since
for creation of the photodiodes are selected espe-

cially photosensitive materials, the concentration
of nonequilibrium carriers 4n is much larger than
the equilibrium concentration of carriers n,, lo-
cated in the semiconductor in the initial state be-
fore irradiation. At the same voltage light current
must be much greater than the dark. Moreover,
equilibrium carriers in the semiconductor before
the lighting under the action of applied voltage
are also involved in charge transfer and, accord-
ingly, shall contribute to the light flowing current
amount.
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Fig. 1. Typical current-voltage characteristic
in the dark (1) and under illumination (2) of
investigated photodiode.
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It should be noted that the effect of the current-
voltage characteristic was observed only in the
presence of a sufficiently large contact potential
difference. The barrier height for the studied struc-
tures, defined as by the standard method from the
capacitance-voltage characteristics [2], and by the
cutoff of the straight section of direct branches
of current-voltage characteristic at high voltages
[3,4], was 0.6 eV for heterostructures and 0.4 eV
in the case of silicon diodes. On the contrary, in
the control experiments for germanium photocells
FD-3 of the industrial manufacturing with a barrier
height of 0.11 to 0.14 eV was not able to produce
the intersection of light and dark current-voltage
characteristics in the workspace of direct biases.

Thus, the model to explain the anomalous form
of the CVC should be based on high altitude equi-
librium barrier p-n junction.

At application of the reverse bias barrier height
increases (Fig. 2, cipher 2) and current, as in the
dark and at the light is formed by the drift of mi-
nority carriers, remaining essentially the same
throughout the region of negative biases (left semi-
axis, Fig.1). The effect of the light is reduced to
the arise of additional nonequilibrium charge and a
corresponding increase in the light-generated cur-
rent. At the same time due to the spatially separated
non-equilibrium carriers generates the additional
internal field directed in accordance with the prin-
ciple of Le Chatelier-Braun against the field barri-
er. As a result, the barrier height decreases slightly.
In figure 2 this is shown by the dotted line. In order
not to overload the zone diagram there shows only
the changes of the bottom of the conduction band.
Since the barrier height is significant, its small re-
duction has virtually no effect on the amount of the
drift current.

If no other processes have not occurred, as the
result of lighting the entire dark current-voltage
characteristic must shift down the same distance at
all points, and no intersection of the graphs could
not happen. However, for direct branch (right semi-
axis, Fig.1) it is not so.
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Fig. 2. The change of the barrier profile from
the initial state (1) at the reverse (2) and direct
(3) biases
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At forward bias occurs two processes. First,
the external voltage is now directed against the
field barrier and, consequently, lowers its (in Fig.
2, cipher 3). Secondly the current transport
mechanism changes. Now the current is formed
due to diffusion of majority carriers from right to
left, as shown in figure 2.

For a much lower barrier additional its reduc-
ing at light exposure is much more sensitive.
Moreover, note that into the transfer process in-
volves electrons with lower, much more popu-
lated levels.

At the same time due to the barrier height de-
crease the field electric intensity in junction de-
creases and competing drift current occurs less.
These reasons lead to an additional increase in
current at the light, and as a result, its value is
more than dark one. Light current-voltage char-
acteristic at the curtain biases lies above the dark.

At the same time at small direct biases, as seen
in Fig. 1, at voltages that are lower than open-
circuit voltage, the current remains negative. This
is transfer region when the barrier is not enough
strong lowered and current formation is carried
predominantly by the same mechanisms as for
backward branch. Plot of the light current-volt-
age characteristic lies below the plot of the dark
current-voltage characteristic.

If at the beginning of the straight branch of the
light current-voltage characteristic curve is below
the dark current-voltage characteristic curve, and
at the end of the straight branch the light current-
voltage characteristic curve lies above the curve
of the dark current-voltage characteristic, in ac-
cordance with the theorem of Bolzano-Cauchy
necessarily exist a point of their intersection.
From the above it is also clear that this can occur
only for positive currents, that is, when voltages
are greater than the open-circuit voltage.

Thus, the proposed model is based on the re-
ducing of the barrier height at light and a corre-
sponding diffusion current increase in the formed
gap. This helps to explain the currents balance at
the bifurcation point. Under illumination field pat-
terns of the barrier, now at this point unchanged,
the spatial parts of the nonequilibrium carriers.
Drift current occurs(figure 2) from left to right.
But this process includes feedback — at the ex-
pense of the field of free carriers, the barrier is re-
duced and the additional diffusion currier stream



forms — (figure 2) from right to left. At some for-
ward bias, so the original height of the barrier in
the dark, these two additional competing flux at
light compensate each other. So for this voltage at
the point of current-voltage characteristic intersec-
tion total current across the junction when the light
is on not changed.

It becomes also clear why for photodiodes with
a small initial barrier it is difficult to achieve the
current-voltage characteristic crossing. Diffusion
current even before lighting is too large. So the
lightning may not considerably change its value.

The proposed model allows us to explain the bi-
furcation point coordinate dependence on the light
intensity. If the luminous flux increases, a number
of carriers separated by a barrier grow. It requires
larger forward bias, the barrier height occurs less
and its sagging at the light effect were more effi-
ciently. Indeed, such behaviour has been identified
for the CdS-Cu,S heterostructure (Fig.3).

On the plot, are clearly seen two regions. So, the
view according to Fig. 3 indicates the existence of
two mechanisms of the volt-luxury characteristic
formation at high and low light intensities.

It should be noted that the point of intersec-
tion always observed on the transitional region of
schedule current-voltage characteristic between
the exponential part, when works normal diode
mechanisms and a linear ohmic region for large
direct biases when the barrier is already compen-
sated by the external field and the current is limited
only by the diode base series resistance. This re-
quires additional considerations.
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Fig. 3. The dependence of the coordinates of
the current-voltage characteristics crossing
point on light intensity.

If the diode series resistance in the dark and
at the light has not changed, the ends of current-
voltage characteristic plots would be parallel.
However, the photocells consciously made of
very sensitive materials. At lightning, the series
resistance decreases. The slope of the linear part
of the plot at limiting direct biases at the light in-
creases. The curves intersect.

Most likely, both considered mechanism — the
light barrier height reducing and series resistance
decrease is carried out at the same time, ensuring
by their mutual action the occurrence of the plot
current-voltage characteristic intersection effect.

However, for the volt-luminous characteristic
(Fig. 3) two presented mechanisms are competi-
tors. As shown above, the barrier height reduction
at lightening should lead to an increase the volt-
age in the point of branching. Bifurcation coordi-
nate needs to shift to the right. If the slope of the
linear part of the current-voltage characteristic
with the light intensity increases, the bifurcation
point should to shift to the left (Fig. 1), towards
the smaller voltage values. The presence of such
competition creates rather complicated, nonlinear
type of plot (Fig. 3). At low light intensities the
first mechanism prevails. Coordinate of the bifur-
cation point increases relatively quickly. At high
light intensities contribution of the second, com-
peting, mechanism increases. The voltage at the
point of branching is increased more flat.

2. The intersection of the dark current-
voltage characteristics

For standard reference diode D814G of indus-
trial manufacturing in the area of stabilization,
we observed the intersection of current-voltage
characteristics measured at different temperatures
(Fig. 4). Further raising the temperature above 60
OC led to the current-voltage characteristic forma-
tion mechanism change as far as in this tempera-
ture region in Germanium already is noticeable
number of area-zone and above-barrier transi-
tions carriers.

The intersection of the current-voltage char-
acteristics creates a paradoxical situation. Before
the diode bifurcation point the reverse current
increases with temperature due to the saturation
current I increase (in the figure arrow “down” ).
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In the case of stabilitrons, one of this condi-
tion is in principle enough in order to from geo-
metrical considerations formed the intersection
point. If the basic proportions of the current-volt-
age characteristic plot are stored, including the
section of stabilization, when the current graph
grows downwards at an angle, a simple it lower-
ing with temperature must inevitably create the
intersection. This requires that for high tempera-
tures the transition on the section of stabilization
was carried out at higher voltages, i.e., the stan-
dard horizontal “shelf” on the reverse branches of
current-voltage characteristic was delayed.
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Fig. 4. Reverse current-voltage characteristics
of the stabilitron, measured at different tem-
peratures: (1) —17°C, (2) — 56 °C.

From a physical point of view it requires the
construction of an adequate model, as the current
formed after the bifurcation point in the diode at
the same voltage decreases sharply. Moreover,
this decrease was several times greater than the
increase in the current at voltages before the bifur-
cation. This unusual manifestation is even more
paradoxical if take into account that the processes
leading to an increase in current I with tempera-
ture, of course, continue to be performed for the
entire region of the applied voltage change.

Thus, it is necessary to fined the mechanism
that is more powerful than the exponential in-
crease with temperature in the carrier number
and is able to imbibe this process. In addition,
this model would explain the observed bifurca-
tion point removal, during heating to the left in
the region of higher biases. Or, what is the same,
why with the temperature increasing increases the
length of horizontal section of the current-voltage
characteristic before the breakdown region.
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To clarify this processes peculiarity lets con-
sider influence of the temperature on the diode
material crystal lattice. The usual carrier concen-
tration in a semiconductor is of the order of 10'
— 10" cm™, whereas the density of lattice sites ~
10°' cm?. Le. cell crystal lattice density is about
10?° cm™. This means that during the current for-
mation carriers are not the total substance. Each
one is in its crystalline cell and from each other
they are separated by several orders of cells. The
lattice points are charged relative to the elec-
tron by equal in magnitude but opposite in sign
charge. Such points are much closer to each car-
rier. In other words, the current formation in the
crystal structure mainly influences the individual
interaction of the electron with the lattice points.

In the case of the reference diodes this mecha-
nism is enhanced. One of the main processes of
stabilization section formation, when the diode
current is rising rapidly and the voltage remains
practically unchanged, is the formation of carrier
number avalanche multiplication. At the same
time on one or more of the free path lengths, the
carrier must pick up the energy in an external field
equal or greater than the width of the forbidden
zone. This allows it in the impact with another
lattice point to knock out an additional electron.
Therefore, the semiconductor material for the sta-
bilitrone manufacture is chosen in such way as
to ensure sufficient free carriers and the crystal
structure points interaction - grid transition must
be relatively small, and the capture cross section
high [5].

With temperature increasing diode reverse cur-
rent and the breakdown voltage increases. This is
connected with the fact that the thermal scattering
increases, the carrier free path reduces and to p-n-
junction need to put more voltage for the charge
carriers on a smaller path (equal to the length of
free path) pick up kinetic energy sufficient for
ionization [6]. Thus, with increasing temperature
the length of the stationary section of the current-
voltage characteristic (“shelves” on the current-
voltage dependence) increases.

Simultaneously there is another process. With
the temperature increasing the  crystal lattice
vibrations increases. As a result, their capture
cross-sections increase. In conventional diodes it
does not lead to any noticeable changes in cur-
rent. However, in the reference diodes it is not so,



because the semiconductor material is chosen so
that the magnitude of the capture cross section is
comparable with the distance between the lattice
points. In these conditions, even small changes
in the capture cross-section diameters can sig-
nificantly narrow “corridor” for flying carries
(see inset in fig. 4). The frequency of interactions
with the lattice points is greatly increased. This
leads to a strong additional scattering of picked
up in a field the carrier energy. The formation of
avalanches becomes more difficult, the current
on the stabilization section decreases (see Fig. 4).
Moreover, because the interaction with the lattice
for each carrier is individually, the total increase
in the equilibrium charge concentration with
temperatures increasing influence on this effect
slightly. If the capture cross-section will increase
so that will be closed down, avalanche genera-
tion, and hence the stabilization section will be
impossible for any charge amount.

Thus, all the observed features of the refer-
ence diodes current-voltage characteristic due to
the specific character of the material used have
the same nature, determined by the increase lat-
tice points fluctuatings with the temperature, and
consequently increase in currier scattering.
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Resume

The mechanisms leading to the intersection of the dark and light current-voltage characteristics
and related phenomena has been considered. The possibility of participation in it as non-equilibrium
carriers in the case of solar cells, and the contribution of the equilibrium charge when the temperature
impact on the reference diode has been shown. Models explaining the observed features has been built
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MPOILIECCHI, CBA3AHHBIE C BU®YPKAIIUEN
BOJIBT-AMIIEPHBIX XAPAKTEPUCTHUK

Pesrome.

PaccMoTpeHbl MeXaHU3MBI, TPUBOSIIHNE K TIEPECEUCHUIO BOJIBT-aMIIEPHBIX XapaKTEPUCTUK H CO-
MyTCTBYIOUIHE siBIEeHUs. [loka3aHa BOBMOXHOCTh YYacTHs IIPH 3TOM KaK HEpaBHOBECHBIX HOCUTENCH
B ciy4ae ()OTORIEMEHTOB, TaK M BKJIAJ paBHOBECHOTO 3apsjia MPU TEMIEpaTypHOM BO3ICHCTBUU Ha
ornopubie Anopl. [TocTpoeHs! MozenH, 00BsICHAIONINE HAOII0AaeMble 0COOCHHOCTH.

KiroueBble ciioBa: Oudypkanus, Mpouecchl, XapakTepUCTHKA.
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MPOLIECH, 11O TOB’SI3AHI 3 BI®YPKALICIO
BOJIBT —- AMIIEPHUX XAPAKTEPUCTHUK

Pesrome.

Po3misiHyTO MexaHi3MH, 1110 IPUBOJATH 10 MEPETUHY BOJIBT-AMIIEPHUX XapaKTEPUCTHK Ta SIBUILA,
0 iX CyNpOBOKYIOTH. [I0Ka3aHO MOXKJIMBICTD Y4acTi MPH IbOMY SK HEPIBHOBA)KHUX HOCIIB y BU-
naaKy (oToeNeMEeHTIB, TaK 1 BHECOK PIBHOBAYKHOTO 3apsily IpU TEMIIEpaTypHOMY BILJIMBI Ha OMOPHI
nionu. [ToOymoBaHO MO, SIKi TIOSICHIOIOTH OCOOJMBOCTI IO CIIOCTEPITatOThCS.

Kuarouosi cioBa: 6udypxkariis, mporec, xapakTepuCcTHKA.
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