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ABSTRACT We developed an improved model to fit the photocurrent density versus voltage in organic
solar cells. The model has been validated by fitting data from P3HT:PCBM solar cells. Our model
quantitatively accounts for the band bending near the electrodes caused by charge accumulation in the
active layer. The model explains the position of the built-in and the zero-field voltage, the value of the
internal electric field, the impact of electrode materials, and the appearance of multiple inflections. In
addition, the model can be used to monitor the cell condition during accelerated lifetests.

INDEX TERMS Organic solar cells, analytical model.

I. INTRODUCTION

Organic Solar Cells (OSCs) are a promising candidate for
low-cost and sustainable power conversion from solar energy.
The bulk heterojunction structure, based on the intimate
contact between acceptor and donor species, permits an effi-
ciency approaching 10% [1] and it is forecasted to reach
15% in the near future [2]. Their working principles are
different from silicon solar cells, and there is interest in
new measurement techniques and new models that provide
new insights into the physical processes, which allow—and
sometimes limit-the energy conversion. Among them, we
may cite the exciton separation at the interface between
the acceptor and donor [3] and the measurement of the
built-in potential (Vpy), which defines the internal elec-
tric field and the upper boundary for the open circuit
voltage [4].

Some analytical models have already been proposed,
although these are partially based on empirical or qualita-
tive arguments [5], [6]. One of the first models used for OSC
is the one introduced by Sokel and Hughes [7] to explain

the photocurrent in insulators, assuming a constant electric
field and a constant generation rate (G) within the active
layer. The model predicts the photocurrent density-voltage
(Jpu-V) relation shown in Table 1 and plotted in Fig. 1,
which is an odd function with respect to the built-in poten-
tial Vpr. Vpr also represents the voltage at which Jpg=0,
and it corresponds to the inflection point. Altazin et al. [8]
improved this model including the Braun-Onsager polaron
separation theory [3], [9], still assuming a constant elec-
tric field and a constant generation rate. However, the
constant electric field leads to neglect the band bend-
ing at the interfaces between electrodes and active layers.
Such bending produces a remarkable voltage drop which,
in turn, may have a noticeable impact on photocurrent
characteristics.

Further works [10]-[12] showed that the simple constant
electric field approximation approach is not adequate for
a correct estimate of the Vpy and the zero-photocurrent volt-
ages. For instance, Ooi et al. [10] showed that if V=Vp,
there is still a non-zero current, deriving from carrier
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TABLE 1. Model equations of some previous works.
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FIGURE 1. Comparison between the Sokel-Hughes model [7]; The
Limpinsel model [12]; Altazin model [8].

diffusion due to the (partially) selective contacts, which may
selectively block one of the two carriers. They also reported
that multiple inflections may appear in the Jpy-V, ascribing
them to the field dependence of the polaron separation rate,
even though they gave only qualitative explanations.

Additional investigations of the shape of the Jpy-V were
done by Limpinsel et al. [12]. They demonstrated that the
point of symmetry (Vpog in Fig. 1) does not match Vgy and
they included a constant current offset to the Sokel relation to
account for the diffusion current observed by Ooi et al. [11]
(Jorrsgr in Fig. 1), but they attributed this current to the band
bending at the interfaces, which reduces the effective voltage
across the blend. Consequently, the zero-electric field in the
bulk of the blend — the so called quasi-flat-band condition—
is expected at the voltage Vpos < Vp1. Vpos is still the
point of symmetry of the Jpy-V introduced in the work
of Ooi [11]. The comparison between Sokel and Limpinsel
models is shown in Fig. 1, whereas the model equations are
also reported in Table 1.

Still, although these models might allow for a simple first
order approximation, they do not account for non-constant
electric field and non-constant free carrier generation rate
across the active layer.

In this work we propose an improved analytical model,
which also takes into account the band bending at the
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FIGURE 2. a) Simulation of the charge carrier accumulation. Solid blue
lines represent the constant charge approximation at the interfaces, the
red dotted curve is the exponential charge approximation, the bold black
solid line is the charge profile predicted by a self-consistent drift diffusion
simulation. The cathode is at x=0, and the anode is at x=L=300nm (in this
case). b) electric field in the case of constant charge approximation (blue
solid line) and exponential approximation (red dotted line). c) band
diagram in the case of constant charge approximation (blue solid line) and
exponential approximation (red dotted line). The values of the band
bending are those obtained with the parameters values used to fit the
curves in Fig. 3a. A comparison between band simulated by our model and
drift diffusion model is shown in the inset of Fig. 8a.

interfaces induced by the accumulated positive and negative
polarons at the anode and cathode, respectively. In other
words, unlike previous models, we considered the effects
of non-constant electric field. We include in the model also
a non-uniform carrier generation rate and the field dependent
polaron separation probability. We validate the model corre-
lating the theoretical and experimental results for fresh and
aged devices. We highlighted the role of the band bending
at the interfaces in the offset current, in the Jpy-V shape,
and in the appearance of multiple inflection points in the
Jpu-V.
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Il. MODEL DESCRIPTION
Our model is based on the following approximations:

1) Since the active layer is a blend of two organic mate-
rials, we consider the active layer as a single undoped
material featuring the LUMO of the acceptor and the
HOMO of the donor.

2) The difference between the Fermi levels in the active
layer and the electrodes leads to an accumulation of
negative polarons at the cathode interface and pos-
itive polarons at the anode interface. We verified
by a drift diffusion numerical simulation that these
charge distributions extend into the active layer for
some tens of nanometers (see the black bold solid
lines in Fig. 2a). These charge accumulations produce
a voltage drop at the interfaces, which make the elec-
tric field not constant across the layer. In contrast to
some previous models [7], [8], we analytically account
for these voltage drops, and the non-constant electric
field.

3) We consider that the charge distribution is indepen-
dent on the applied bias, at least at reverse bias or
moderate forward bias, i.e., when carrier injection is
negligible.

4) Similarly, we approximate the charge distribution inde-
pendent on the light condition. This approximation
holds if the concentration of photogenerated carriers
is small compared to the accumulated charge density
at the interface.

5) We used a photogeneration G(x) exponentially decreas-
ing within the active layer:

G (x) = Goe ™ (1)

where A>0 is the absorption coefficient. We assumed
in all our simulations that the cell is illuminated
from the cathode side (x=0). Since the absorption
length of PCBM:P3HT blend depends on the inci-
dent light wavelength, we chose a value of 1/120nm.
This value is close to the peak of the absorp-
tion length within the visible light reported in some
works in [13] and [14]. Although this is still an
approximation, this is a major improvement with
respect to the previous works [7], [8], [10]-[12] which
assumed, instead, a constant generation rate across the
active layer.

6) Finally, we neglect the bimolecular recombination, in
agreement with what was reported in [5] and [15]. In
fact, we verified that in our cells there is a perfect
linear dependence between the short circuit current
and the incident light power. This is a signature of
negligible bimolecular recombination as demonstrated
in [5].

The real shape of the charge distribution must be found
by using a drift diffusion simulation, which is complex and
time consuming. For sake of simplicity, we adopted two
possible shapes for the accumulated charge: 1) constant;
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TABLE 2. Notations and constants used for our model.

Symbol Meaning Values assumed in our model
™ Electron mobility 0.006 cm?V-!s™!
Hp Hole mobility 0.01 cm?V-'s’!
Vr Thermal potential 25mV (at room temperature)
k Boltzmann constant 1.38-102JK!
T Absolute temperature 300K
q Elementary charge 1.6:107°C
a Average molecular Inm
distance
AE Exciton binding q/(4nea)=0.48eV
energy
& Dielectric permittivity 3 £=2.65-10"F/cm
2 Absorption coefficient ~ 8.33-10*cm’!
L Active layer thickness 300nm or 315nm

2) exponential. Both are shown in Fig. 2a. The expo-
nential distribution is close to the drift diffusion simu-
lations, but the transport equations are more difficult to
solve analytically. Instead, the constant charge distribu-
tion is easier to handle. Incidentally, the band bending
predicted by the exponential charge distribution and con-
stant charge distribution are very close to each other
(see Fig. 2c).

In the following, we will focus on the constant charge
accumulation at the interface, postponing the comparison of
the constant and exponential distribution to Section IV.

The constant charge approximation allows to divide the
cell into three regions (see Fig. 2):

R1) a negatively charged region at the cathode (x<W,);

R2) a central quasi-neutral region (Wy<x<L-Wp);

R3) a positively charge region at the anode (x>L-W)p).

The charges in R1 and R3 generate an electric field
(Fig. 2b) and, in turn, a voltage drop responsible for the
band bending at the contacts (Fig. 2c). The electric field is
linear, and the band bending is parabolic. In the quasi-neutral
region R2 the electric field is constant.

The model is obtained starting from the continuity
equations for electrons and holes:

o0E on 9%n
—G (%) Psep (E) = pin7—n+ unE— + Vrpn——
ox 0x ax
OE ap 3’p
G (%) Psgp (E) = iy — E=X — Vrp,—= 2
) Psep (E) = pp7=p + 1pE o = Vi 92 2

where n and p are the photogenerated electron and hole con-
centrations inside the blend, respectively. See Table 2 for
other constant values and notations. Noticeably, in con-
trast with previous analytical models approach [7], [8], we
consider a spatially variable electric field (as in Fig. 2).

We account for the exciton separation probability (Psgp)
using the Braun-Onsager model [3]

ksep (E)
Psgp(E) = ————— — 3)
ksep (E) + krec
where kgpgc is the polaron pair recombination
rate and kggp is the polaron separation rate,
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which is field dependent.

J1 (24/—=2Db)
ksgp(E) = kSEPol(—

24/—=2b

<u>gq 3 . AE

ksepo =
e 4wadd

_ qIE| @

- 8mwekT?
where J; is the first order Bessel function, < @ > is the
average carrier mobility, g is the elementary charge, e=3q, is
the dielectric permittivity of the active layer, a is the average
molecular distance, AE is the exciton binding energy, k is
the Boltzmann constant and 7 is the temperature. For further
details on the Braun-Onsager model, the interested reader
may refer to [3] and [9].

Noticeably, ksep(|E|) follows a monotonically increasing
behavior with a minimum in £=0 [3], and ksgp(0)=kskpo,
which is the separation rate when electricfield is zero.

At this point, it is worth to note that electric field is
not constant across the active layer. In particular, E(x) is
constant inside the region R2, but it linearly increases in
regions R1 and R3 (see Fig. 2b). Hence, the separation prob-
ability features a minimum in the bulk of the active layer
(region R2) and it increases close to the electrodes (regions
R1 and R3).

For sake of simplicity, we decide to assume Psgp (E) con-
stant all over the active layer, and we use the Psgp value
calculated in R2. This approximation is reasonable because
R2 represent the majority of the blend volume. Even though
this might introduce a slight underestimate of the photocur-
rent, it strongly simplifies the analytical solution of the model
equations, at least under the constant charge distribution
approximation.

Solving (2) for n(x) and p(x) in each region, we write the
electron and hole concentrations:

AR1nlg1(x) + Brin2gi (x) + nOgp1 (x) R1

n(x) = § Arenlgro(x) + Bron2gy(x) + nOg2(x) R2
Aganlgs(x) + Bran2gz(x) + nOg3(x) R3
Criplg1(x) + Dr1p2g1(x) + pOg1 (x) R1

p (x) = § Craplpa(x) + Drop2pr2(x) + pOga(x) R2 (5)

Cr3plr3(x) + Dr3p2g3(x) + pOg3(x) R3

nlg; and n2pg; are solutions of the homogeneous equations
for electrons, plg; and p2g; are solutions of the homogeneous
equations for holes, and n0; and p0O; are particular solu-
tions in region Ri (where i=1,2,3) for electrons and holes
respectively. For further details about the expression of the
above-cited functions, the interested reader may refer to the
Appendix.
ARi, Bgi, Cpri, and Dg; are constants of integration
determined using the proper boundary conditions:
- The electron and hole concentration continuity in the
point xNy and xp which separate region R1 from R2
and R2 from R3, respectively (see Fig. 2).
- The electron and hole current continuity in the points
XN and Xp.
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- The zero carrier concentration at the electrodes, i.e.,
n(0) = p(0) = 0 at the cathode and n(L) = p(L) = 0 at
the anode.

1Il. MODEL VALIDATION AND DISCUSSION

We validated the model by using P3HT:PCBM cells with
an active layer of 315nm and area of 1 cm? fabricated at
DTU (Roskilde, Dk). The cells were assembled in roll-
to-roll compatible process with a mini-roll coater [16].
The front electrode (Flextrode) composed of an Ag grid,
PEDOT:PSS and ZnO, and the back electrode consist-
ing of PEDOT:PSS and an Ag grid enclose the blend of
P3HT:PCBM.

Incidentally, for the correct photocurrent estimation we
need to adjust the experimental data considering the para-
sitic series resistance (102 in this case), determined using
impedance spectroscopy. Other works in literature found
similar parasitic series resistance values [12]. The measure-
ments were done by means of thermally controlled sample
holder at the temperature T=300K. We illuminated the cell
by using a white led illuminator. We calibrated the led
intensity to reach a cell illumination level of 1Sun. Please
see [17] and [18] for further details.

In Fig. 3a, our model excellently fits the experimental
data in both fresh and degraded cells. The values of the
fitting parameter are shown in Fig. 3b. In these cases the
experimental data show the characteristics of photocurrent
of P3BHT:PCBM cells taken during constant current stress
degradation at 70mA/cm? stressing current. The data has
been taken from [17]. The interested reader may find further
details about the experiment in [17].

In this case, from our model, we can infer that the
degradation changes only the generation rate G (which
decreases from 4.2-10%'ecm=3s~! to 3.45-10%! cm_3s_l) and
the recombination rate kggc(which increases from 4.103s~!
to 8-10° s~!). See Fig. 3b for the complete parameters set.
G and kgrgc affect the reverse-bias simulated photocurrent
magnitude and the slope, respectively. A comparison with
model of [12] shows that our model provides a better fit
from OV to 0.7V, thanks to the additional band bending
introduced by the charge accumulation at the electrodes
(Fig. 3c). Fig. 4a represents the simulated band bending
in quasi-flat band condition, i.e., when the electric field is
zero in the bulk of active layer. Fig. 4b shows the corre-
sponding photogenerated electron and hole concentrations
in quasi-flat band conditions. It is worth to remark that our
model predicts asymmetrical electron and hole distributions
with respect to the center of the active layer. This gives rise
to the additional diffusion current Joppsgr, still present in
quasi-flat band condition, in agreement with what was only
qualitatively predicted by Limpinsel et al. [12].

Incidentally, from Fig. 4b we calculate that photogener-
ated electron concentration is in the order of 103cm™3at
the cathode, i.e., one order of magnitude smaller than
the fixed electron charge (Nn=2.1016(:m_3 in this case).
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Similarly, at the anode, the photogenerated hole concen-
tration is two orders of magnitude smaller than the fixed
charge (Np=1017cm’3 in this case).

In Fig. 5 we plot one output of our model (solid line),
where we marked the following points:

1) The point of symmetry of the simulated photocurrent
curve (Vpos), defined accordingly with [12];

2) The Built-In voltage Vgr;

10 T T

—— model

Photocurrent [mA/cm?]

ol o  fresh
O degraded (Tg,.,= 1300s)
4 degraded (Tg,..= 7400s)
o degraded (T,..,= 23000s)
) -1 0 1
Voltage [V]
(a)
Fitting Values
parameter Fresh Torress=13005 | Torpess=74005 | Torpess=23000s
Vg, 0.78V 0.78V 0.78V 0.78V
W,=W, 25nm 25nm 25nm 25nm
N, 2:10%cm3 2-10%cm3 2-10%cm-3 2:10%cm3
N, 10¥c¢m3 10Y¢m’3 10%c¢m3 10%c¢m3
G, 4.2:10%'cm3st | 3.9:10%'cm3s? | 3.7-102'cm3st | 3.45-10%cm3st
Keec 5.10% 6-10%s1 7.75-10%s 10-10%s1
Ksep 10%st 10%st 10%st 10%st
Band bending derived from parameters above
Cathode 38 meV 38 meV 38 meV 38 meV
Anode 188 meV 188 meV 188 meV 188 meV
(b)

| —— our model
model in [12]

o fresh

degraded (Tg.= 1300s)
»  degraded (T,...= 7400s)

stress_
o  degraded (T,,,...= 23000s)

Photocurrent [mA/cm?]
N

stress
L

0 0.2 0.4 0.6
Voltage [V]
(c)

FIGURE 3. a) Comparison between experimental data and our model of
fresh and stressed cells. b) Model parameter values used for fitting the
experimental data in Fig. 3a. c) Comparison between our model and model
in [12] in the range between 0V and 0.6V, highlighting the better fit of the
proposed model thanks to the analytical approach accounting for the band
bending at the interface.
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3) Vzg corresponding to the quasi-flat band condition, i.e.,
the voltage required to achieve zero-field in R2.

In the same plot, we also show a comparison with the
behavior of the Limpinsel model (dotted line). Remarkably,
in the model proposed by Limpinsel et al. [12] the quasi-flat
band condition occurs at the same point of symmetry and
Jorrser has been defined as the current flowing in quasi-
flat band condition. For this reason, we plot in Fig. 5 the
Limpinsel model using the same voltage as quasi-flat band
condition (i.e., Vzg). To obtain the dotted line in Fig. 5 we
use JorrseT=Jpu(Vzr) and we tuned the generation rate in
order to achieve the best overlap between the two models
in the region between -2V to 0.6V. Though the Limpinsel’s
first-order approximation is reasonable, it is not accurate
when V>0.6V. In fact, Limpinsel model predicts that Vpog
also identifies the quasi-flat band conditions. Following our
model Vpps is different from Vp; (accordingly with [12]),
but, even though Vpps is near Vzp, it does not necessar-
ily overlap to Vzg in contrast with Limpinsel model (see
Fig. 5, where Vzrp<Vpps). This implies that a correct eval-
uation of the operative voltages that characterize a solar cell
cannot be done following that procedure, but needs a more
accurate model.

188meV

> .
—_— I
8 |
= |
S < W, .
& | |
g N |

X 38meV
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| |

| |

| |
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FIGURE 4. a) Energy bands in quasi-flat band conditions where we
highlight the value of the band bending at the interface. b) Concentrations
of the photogenerated carriers in the same conditions of Fig. 3c.

Remarkably, it is possible to demonstrate that the carrier
mobility values (p, and pp) do not affect the photocur-
rent shape simulated in Fig. 5, like in the model proposed
by Sokel-Hughes. However, the electron and hole mobilities
impact on the electron and holes concentrations, respectively:
by increasing the mobility, the correspondent carrier concen-
tration decreases. The mobility values can be obtained by
the analysis of the J-V characteristics in dark [17] and/or
other more sophisticated techniques, such as impedance
spectroscopy [19].
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TABLE 3. Expression of charge, electric field and potential for constant charge model and exponential charge model.
CONSTANT CHARGE DISTRIBUTION MODEL
R1 R2 R3
Charge distribution Q(x) —qN, 0 qNp
. N, N,
Electric field E(x) —qg—n(x —xy)+E, E, qu (x —xp) + E,
. N, N,
Potential V(x) + 30 (x —xy)? — Egx —Eox T (x — xp)? — Eox
2¢e 2¢e
EXPONENTIAL CHARGE DISTRIBUTION MODEL
o XL X
Charge distribution Q(x) qN,e Wo — gN,e Wn
x—L
Electric field E(x) g, + e | ANl g
& &
2 x-L 2
Potential V(x) —Epx — qNp Wy e + N W e_Win
&
10 . : o ) . .
qualitative. Our model can explain the multiple inflections
T by an asymmetric band bending at the two electrodes. In
Ng 5 . fact, referring to Fig. 2c the band bending at the cathode
E enhances the electron extraction due to the high electric
=, Joreser | field, but it acts as a small potential barrier against the
c . .
g v — hole extraction. The opposite occurs at the anode contact.
2 pos If the barriers are almost symmetric only one inflection is
S5 - ___ ModelinRef [12] detected. We were able to simulate the inflections in pho-
& — Ourmodel tocurrent imposing slightly different values in barrier heights.
10 ‘ . For instance, in Fig. 6 we show the fit of the photocur-
a2 -1 0 1 rent in a thermally degraded cell featuring three inflections,
Voltage [V] by increasing the cathode barrier height (see the inset of
FIGURE 5. Output of our model (red solid line) compared to Limpinsel Fig. 6 for a comparison between experimental data and our
model (blue dotted line). In the plot we show the quasi-flat band model).
Conditior voltage évf)' the point of best syfmme;ry (Vpos). t:el built-in This model allows us also to assess the modifications,
tenti the J =) t . . . .
potential (Vgi) and the Jogrser=lpn (Vzr) referred to our mode which may occur at the interface due to cell ageing and
6 ‘ degradation in general. In fact, the model can detect any
®,= P ,=140mV variation of the barrier heights, due to oxidation and other
Toal ® =130mV | chemical reactions between, for instance, the contacts and
% — \ {d)n:ZlOmV contaminants either process-induced or those which may
208, ®,=120mV P {  penetrate encapsulation during normal operations.
c . . .
g £ ®,=280mV } As an example, in Fig. 7 we plot two simulated photocur-
E oris,l N [N rents in which we assumed that a degradation occurred at the
2 § 00 Data ®. =115mV top interface (i.e., the illuminated side of the cell), shown in
208 0_ ""‘:;' . 06 {CI)n:?)lS mV == Fig. 7a, and at the bottom interface (i.e., the non-illuminated
Voltage [V] \ p=>12M = side of the cell), shown in Fig. 7b. Noticeably the two shapes
“os 0 Voltage [V] 05 1 are very different, and this is a signature of which interface

FIGURE 6. Effect of the barrier asymmetry on the appearance of
inflections in photocurrent. Three inflections are detected when the barrier
are appreciably asymmetric. The inset shows an example of fitting in

a thermally stressed cell at 110°C for 4 hours when one interface is
degrading allowing a larger barrier at the contact.

Finally, in [11] the appearance of three inflections in
the photocurrent was related to the separation probabil-
ity reduction, though in that work, the analysis was only
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had been degraded. In other words, one can take advantage
of the model and perform a reliability assessment by means
of only electrical measurement.

It is worth to remark that the proposed model simulates
the active layer between two non-selective contacts, featuring
an infinite extraction velocity. Clearly, a real solar cell may
feature multiple interlayers between the active layers and the
contacts, in order to improve the carrier extraction or to block
selectively the carriers. The presence of such interlayers may
be taken into account by imposing the suitable boundary
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N,(cm=3) | Nycm3) | @ (eV) | DyleV) Nn(cm3) | Ny(cm3) | @y(eV) | DyleV)
1-10% 5-10%6 0.02 0.1 5-1016 1-10% 0.1 0.02
3-10%6 5-10%6 0.055 0.1 5-1016 3.10%6 0.1 0.055
5-10%6 5-10%6 0.1 0.1 5-1016 5-101%6 0.1 0.1
7-10% 5-1016 0.13 0.1 5-1016 7-10%6 0.1 0.13
9-10%6 5-1016 0.17 0.1 5-1016 9-1016 0.1 0.17

FIGURE 7. Effect of the band bending variation on the photocurrent with:
a) five different values of band bending ®p at the cathode and a constant
®p=0.1eV at the anode. b) five different values of band bending ®p at the
anode and a constant &=0.1eV at the cathode. The tables below each
plot show the value of charge concentrations Np, Np at the interfaces. The
other fitting parameters are the same for all curves: Wp=Wp=25nm,

Vg =0.78V, Gg=4.82-102Tcm—35~1, kpgc=5-103s"1, kggp=10%s1.

conditions, such as J,(0)=0 for an ideal electrode blocking
interlayer.

IV. COMPARISON BETWEEN
CONSTANT CHARGE MODELS
In Table 3 we show the comparison between the equations
of charge distribution, electric field and potential for each
model. Of course, the sharp distinction between the three
regions disappears, even though we can still distinguish
a negatively charged region near the cathode and a positively
charged region near the anode, separated by a quasi-neutral
region in the bulk of the active layer. Unlike the case of
constant charge approximation, in the case of the exponen-
tial charge distribution, the equations cannot be analytically
solved, but they need to be solved numerically.

Fig. 8a shows the comparison between the band dia-
grams in the case of constant charge distribution, exponential
charge distribution and drift diffusion model. In this plot
we used for the constant charge model the same param-
eters used to fit the fresh curve in Fig. 3a (red circles).
For the exponential model, the fitting parameters have been
tuned in order to keep constant the voltage drops and the
total accumulated charge at the interfaces. In this case we
used Wp=Wp=12.5nm, Np=10%cm™3, N,=5-10"%cm=3,
and Vg1, Go ksgp, kgec are the same shown in Fig. 3b.
Compared to the constant charge distribution, the exponential
charge distribution allows for a much better approximation
of the band diagram, which has been calculated using a much
more time consuming drift diffusion simulation. The good
match between the exponential model and the drift-diffusion
simulation has been highlighted in the inset in Fig. 8a (red
solid lines and black dotted line).
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FIGURE 8. a) Comparison of the band diagram simulated with exponential
(dotted line) and constant charge distribution (solid line) at the interfaces
in quasi-flat band condition. The inset shows a zoom of the band bending
at the anode and the comparison with the band shapes predicted with

a drift diffusion simulation (red solid line). b) Photogenerated carrier
distribution corresponding to the band diagram in Fig. 8a. Solid lines
represent the constant charge model and dotted lines represent the
exponential charge model. c) Comparison between the photocurrent
simulated with the constant charge model (red circles) and exponential
charge model (solid line).

At this point, some considerations are worth to be drawn.
Even though the constant charge distribution does not allow
a perfect band diagram estimate, a very good agreement
exists between the predicted photogenerated carrier dis-
tributions, as shown in Fig. 8b. Moreover, the predicted
photocurrents perfectly overlap each other, as shown in
Fig. 8c. This suggests us that the photocurrent does not
strongly depend on the particular shape of the charge distri-
bution, but only on the measure of the band bending and on
the magnitude of the electric field. Incidentally, these two
quantities represent the selectivity and the carrier extraction
capability of the contacts, respectively. In fact, a large band
bending at the cathode, for example, acts as a barrier for
holes, which attempt to exit from that electrode. On the other
hand, the large electric field — consequence of the large band
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TABLE 4.

particular solutions of equations (2).

Notations and coefficients used in the homogeneous and

Value for electron Value for hole

Symbol continuity equation continuity equation
ay _ qN, qN,
eVr eVr
@ By ty
Vr Vr
az % _ %
vy eVr
X/ ¢E, )
W _
" o
€
3 L-w,——2

bending — increases the electrons drift current, improving the
carrier extraction. The opposite holds true at the anode.
This is the reason why we chose to focus our attention
on the simple constant charge distribution model instead of
the more complex exponential charge distribution model.

V. CONCLUSION

In this work we developed a model capable of quantitatively
explain the shape of the Jpy-V, the position of the zero field
voltage and the built-in potential. We quantitatively estimated
the effect of the voltage drop at the electrodes and its effect
on the internal electric field. Remarkably, we also found that
the shape of the bending at the contact plays only a minor
role in the Jpy-V shape. In addition, this model can be
very helpful in calculating the electric field value inside the
active layer, it can aid the interpretation of the appearance of
multiple inflection points in the photocurrent and it can give
indication about what interface is undergoing degradation
during cell ageing.

Moreover, our model is an important tool for cells char-
acterization and qualification and it can be also used during
reliability assessment, monitoring the degradation of the cells
by means of electrical noninvasive measurements.

APPENDIX

Electrons and holes concentrations n(x) and p(x) are
expressed as a sum of the two homogeneous solutions and
a particular solution of the differential equations (2), in each
region. In region R1 and R3 the homogeneous solutions are:

al()c—xl)2
2

nlgr (x) = plpi(x) = e~

w _111()6*)61)2 ay
n2g1 (x) = p2g1(x) = —z—ale 7 erf(x -

_a3(xfx:;)2
nlgsy (x) = plg3(x) = ¢ z

T a3(-x3)? a
n2gs <x)=p2R3(x>=,/—Ee T erf(x —53) 6)

where a; and a3 are constants defined in Table 4 (second
column for electrons and third column for holes), x;and x3
are constants shown in Table 4 as well.
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In region R2, where the electric field is constant, the
homogeneous solutions become:

nlgy (x) = plga (x) = 1

n2gy (x) = p2ra (x) = " @)

where a, is a constant defined in Table 4 as well.
The particular solutions in the three regions, are:

—az(x x1)2 )L —a _
[ 1(x—x1)
n0g| = — erf(—)
VT,U«n v —2a;
Go 1 [_ S (}\_al(X—xl))
pOg1 = 2 erf| —————2
VT,up —2aq
1
nOgry = —_
ka VT[L,, P az)u
Gy 1 _
pOR2 = _2—6 A
Vrin A= — axh
G 1 711%(3( xg)z )\ _ _
MOy = — 2 [ e (#)
VTMn —2a3
G 1 22 —a%(x x3) A — _
POg3 = 0 [— - erf (M) .
VTMp —2a3
)]
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