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In this paper we investigate the performance and stability of small-molecule organic solar cells with
respect to the indium tin oxide (ITO)/organic interface. Different zinc-phthalocyanine (ZnPc)/fullerene (Ce)
cell architectures with and without ITO O,-plasma treatment are compared and tested with respect to their
degradation behavior under illumination in inert atmosphere. Photoelectron spectroscopy (UPS and XPS) shows
that the O,-plasma treatment increases the ITO work function from 4.3 eV up to 5.6 eV. We find that both the
increased ITO work function as well as the introduction of an electron blocking layer between ITO and the mixed
donor/acceptor layer increases the open-circuit voltage V,. by more than 200 mV. For both cases our continuum
approach device simulation quantitatively relates the increase of V,, to a reduced contact recombination and thus
a reduced dark current. For cells built on ozone treated ITO we find a fast cell degradation caused by the UV
part of the AM 1.5 spectrum. We identify the degradation, which manifests itself in a decrease of V,. of up to
25%, as a partial reversion of the plasma induced ITO work function increase. Additionally, we demonstrate that
the degradation can be reduced by structural changes in the cell architecture, leading to improved cell stability.
We present a comprehensive study of the recombination at the ITO/organic interface and its influence on the

open-circuit voltage and the cell stability.
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I. INTRODUCTION

With power conversion efficiencies 7 of around 8% organic
solar cells have reached a level of maturity that makes
them attractive for low cost solar energy conversion.! The
key parameters influencing the open-circuit voltage V,. of
these cells are currently under discussion. Several researchers
found a strong dependence on the energy gap between the
highest occupied molecular orbital (HOMO) of the donor
and the lowest unoccupied molecular orbital (LUMO) of the
acceptor.”* The open-circuit voltage has been related to the
energetic onset of the charge-transfer absorption®® as well
as to the polarizability of the molecules.” Depending on the
cell structure, the work function of the device electrodes was
found to have an influence on V.. In bulk heterojunction
(BHJ) cells, consisting of a donor/acceptor blend, the V.
was reported to be limited by the built-in voltage Vi, which
is directly linked to the work function difference of the
electrodes.>®!! This dependence can be understood in the
context of the metal-insulator-metal (MIM) model as long as
no Fermi level pinning takes place.” In contrast, for planar
heterojunction (PHJ) cells recent models claim that V. is
almost independent of the electrode work functions.'?!3 This
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result was also supported by experimental findings.'>!'“!5 The
models attribute the weak work function dependence of V.
to band bending which partly compensates the change of
the internal field.'> Contrary to these findings, some authors
enhanced the open-circuit voltage of PHJ cells by increasing
the work function difference using additional interlayers.!®!6

Another significant and unsolved problem for the commer-
cialization of small-molecule solar cells is their stability. The
degradation behavior of phthalocyanine/Cg cells was studied
under the influence of ambient air '’ and discussed regarding
the interaction of oxygen with organic materials like Cgy.>!
Additionally, examples of cell stability measurements exclud-
ing the effects of external oxygen have been published.'82>-2
In some cases the ITO/organic interface was found to be
responsible for the degradation.?>?

Studies relating both the open-circuit voltage and the cell
degradation are rare?® and a model explaining the observations
quantitatively is not available. In this paper we investigate
the ITO/organic interface using the well known material
system ZnPc/Cgy. ZnPc was chosen since it leads to higher
cell efficiencies compared to other metal phthalocyanines.?®
We show, that ITO plasma treatment and/or altering the cell
architecture causes an increase of V. which we attribute
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to decreased recombination at the ITO/organic interface. A
strong UV-induced cell degradation of illuminated ZnPc/Cgg
cells under inert atmosphere is traced back to the same
interface. UPS/XPS measurements on in situ plasma treated
ITO prove an increasing ITO work function which is partially
reversed with UV illumination, resulting in increased interface
recombination.

II. METHODS

A. Experimental methods

ZnPc/Cgp heterojunction cells were produced in vacuum
chambers having a base pressure of 10~ mbar. Eight cells,
each having an active area of 0.12 cm?, were evaporated in
one run on the same substrate. The indium tin oxide (ITO)
coated glass substrates were provided by the University of
Stuttgart (roughness RMS = 0.3 nm and sheet resistances of
18 ©2/0) and by Kintec (RMS = 6 nm and 7 2/0). The ITO
substrates were cleaned in ultrasonic baths with glass cleaner
(Elma), deionized water, acetone, and isopropanol. Some were
additionally exposed to UV ozone for 15 min in air or an in
situ O,-plasma for 20 s. The standard bulk heterojunction
(BHJ) cell stack consists of ITO/co-evaporated ZnPc:Cgp(1:1,
40 nm)/Cgp (20 nm)/Bphen (9 nm)/Ag (100 nm) (see Fig. 1).
The interlayer bulk heterojunction (IBHJ) cell stack features
an additional ZnPc interlayer of 5 nm to 10 nm between the
ITO and the active layer. For planar heterojunction cells (PHJ)
ZnPc (50 nm), Cgp (40 nm), Bphen (9 nm), and Ag (100 nm)
were subsequently deposited. ZnPc (BASF or Creaphys) and
Ceo (Creaphys) were both sublimed twice, while Bphen (4,7-
diphenyl-1,10-phenanthroline) was used as delivered (Fluka,
99%). The deposition rate was controlled by quartz crystal
monitors.

After in situ metal deposition, all cells were directly trans-
ferred into a nitrogen glove box (O, < 1 ppm, H,O < 1 ppm)
without contact to ambient air. J-V characteristics under AM
1.5 were measured. With the help of a mask it was ensured that
only the active area of the respective cell was exposed to light
from the solar simulator. In the degradation experiments a J-V
curve under illumination was recorded and after 1 min the dark
curve was measured. This procedure was repeated 20 times and
the illumination time was 22 s for each light curve. In order to
demonstrate the importance of UV light on cell degradation, a
UV filter truncating the spectrum below 400 nm was applied
to the setup. The intensity of the solar simulator was adjusted
such that a silicon reference cell showed the same reading with
and without the filter.

(a) BHJ (b) IBHJ (c) PHJ
20 0m O

40 nm ZnPc:Cyg,
\ ITo | ITo ITo

FIG. 1. (Color online) Schematic of the different cell stacks. Bulk
heterojunction (BHJ) (a), interlayer bulk heterojunction (IBHJ) (b),
and planar heterojunction (PHJ) (c).
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Photoemission experiments were performed using a multi
chamber ultrahigh vacuum (UHV) system that allowed oxygen
plasma treatment, Cgy deposition by thermal evaporation,
and exposure to UV light through a MgF, viewport. A
halogen lamp providing around 100 mW/cm? or a UV-LED
lamp providing around 6 mW at 365 nm was used. X-ray—
photoemission spectroscopy (XPS) and ultraviolet photoemis-
sion spectroscopy (UPS) experiments were performed in an
Escalab-250 system using the monochromated K, line of an
Al x-ray source (1486.6 eV, resolution 0.4 eV) and He I and
II resonance lines (21.22 eV and 40.81 eV, resolution 0.2 eV)
from a He discharge lamp. During the UPS measurements,
an electric potential of 6 V was applied to the samples. The
spectra are given in a binding energy scale referred to the
Fermi level of a sputter cleaned Ag reference sample. The
work function and the valence band maxima (VBM) were
found from extrapolation of the linear portion of the secondary
electron cutoff and the valence band (VB) onset to background
level, respectively. The base pressure during the measurements
has been lower than 10~!” mbar. The interface band diagrams
were constructed from the XPS and UPS data as described in
Ref. 27.

B. Numerical methods

A one-dimensional macroscopic device simulation based
on the drift-diffusion formalism is used to model the cell
behavior and discuss the experimental results.!"?8-32 The
device simulator ASA,* solves a system of three coupled
differential equations: the continuity equations for electrons
and holes in steady state

aJ,

3 = —q[Gopt()C) - R(X)], (1)
X

aJp

= glGop(x) — R(x)], 2)
X

and the Poisson equation

N 3)
€0€r

which relates the electrical potential ¢ to the space charge p
and the dielectric constant €ye;. The optical generation rate,
the recombination rate, and the elementary charge are labeled
Gopi(x), R(x), and ¢, respectively. The current densities J,
and J, are defined as conventional currents, i.e., the direction
of J, is opposite to the direction of the actual electron flow,
resulting in the minus sign in Eq. (1). The currents are driven
by drift and diffusion

on
Jo=¢q <}’l/,LnF + Dn—> , )
0x
g = F—p,oP )
p =49\ PHp poc )

where the diffusion constants D, are assumed to be related
to the electron and hole mobilities , and i, by the Einstein
relation Dy, = wnpkpT/ q.34 The concentrations of electrons
and holes are denoted as n and p. The electric field, the
temperature, and the Boltzmann constant are labeled F, T,
and kg, respectively.
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The four boundary conditions connecting the currents and
charge carrier concentrations at the contacts are defined by a
surface recombination velocity S. They read

Jnp(0.d) = qS[n(0.d), p(0.d) — no(0,d), po(0,d)], ~ (6)

where the anode (hole contact) and the cathode are located
at x =0 and x = d, respectively, and the device thickness
is labeled d. The equilibrium concentrations of electrons ng
and holes pg at the contacts are calculated via the injection
barriers ¢, and ¢, assuming the Boltzmann approximation.
The hole injection barrier at the anode ¢, is defined as the
energetic difference between the anode work function and
the HOMO level of the adjacent hole conductor. Note that
in the simulation the ITO is treated as a metal. The resulting
equilibrium concentrations at the anode (x = 0) are

—E, +
16(0) = N, exp <k‘°’B—T¢p) , )
Po(0) = Ny exp (‘—"5" ®)
v ksT s

where N, and N, are the effective densities of states (DOS) for
LUMO and HOMO, respectively. The band gap of the organic
layer in contact with the electrode is named E,. For example, in
case of BHJ cell, E, at the anode is equal to the effective band
gap Egqq of the mixed donor acceptor layer. For the cathode
the equilibrium concentrations can be calculated analogously.
The Boltzmann approximation is also used to relate the charge
carrier concentrations and the quasi-Fermi-level (Er,, Erp)
positions inside the device via

N EFn - Ec (9)
n=Ncexp| ——— |,
P\t
Ev - EFp
=N, — . 10
p exp < kol > (10)
The boundary condition for the electrical potential reads
@(d) — (0) = Vo — V, (an

where Vi and V are the built-in voltage and the applied
voltage, respectively.

An essential part of the cell physics implemented in this
model is the recombination term in Egs. (1) and (2). Three
different bulk recombination pathways are considered. Direct
recombination Rgirecr, recombination via shallow trap states
Ry in the band tails of amorphous organic semiconductors,
and recombination via traps deep inside the band gap Rgecp-
Hence, the total recombination can be written as

R = Ryjrect + Riait + Rdeep' (12)

Direct recombination is widely used in organic solar cell
models and has the form?8-30-32.35

Riirec = &y (np — n}). (13)

The recombination strength y is calculated according to the
Langevin theory®®

q
€0€r

Y = — (it + itp), (14)
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where n; = ,/ngpo is the intrinsic charge carrier concentration.
The recombination reduction factor £ accounts for an experi-
mentally determined reduction of the recombination compared
to the prediction by the Langevin theory.?’-3° Recombination
via trap states has been considered as a limiting factor for
organic heterojunction solar cells. These traps can originate
from shallow tails states®>***? as well as deep trap states at
the donor acceptor interface.**** This type of recombination
is suited to explain the ideality factors n;q > 13 which were
experimentally determined from dark J-V characteristics of
organic solar cells.***® Despite these findings, the influence
of traps on the recombination in organic heterojunction solar
cells is controversially discussed. 443

The following trap models originate from the literature
on disordered inorganic solar cell modeling.”' Shallow trap
states are simulated as exponentially decaying band tails. The
resulting DOS for the acceptor-like LUMO tail states reads

tail E - E.
Neni(E) = N exp . (15)
Urbach

Here, N, éaﬂ (unit: m—3 eV~1) is the tail state DOS at the mobility
edge and Eygp,ch 1S the characteristic decay energy or Urbach
energy. The DOS of the donor like HOMO tail states can be
calculated analogously. The recombination through the trap
states in the band tail follows Shockley-Read-Hall (SRH)
statistics.>>?

The deep trap states are considered to simultaneously
show donor- and acceptor-like behavior. They can be either
neutral (unoccupied), negatively (occupied by an electron),
or positively charged (occupied by a hole). These states are
simulated by two Gaussian distributions of trap states. The
one describing the +/0 transition between positive and neutral
state can be expressed as

total (E _ E+/O )2
N+/0 E) = deep _ deep0 ’ 16
deep( ) Gmexp 202 (16)
where Né‘;ﬁi (unit: m~%) is the total density of deep trap

states and o is the width of the defect distribution which
is centered around EICQ(;O = Emidgap — Ecorr/2. Here, Enideap
denotes the center of the band gap and E. is the correlation
energy. It represents the energy difference between an electron
capture process by a positively charged trap compared to
that by a neutral trap. For the 0/— transition between neutral
and negative state a similar distribution exists which is cen-
tered around Ege/e;() = Enidgap + Ecorr/2. The recombination
through the deep trap states follows multilevel statistics
developed by Sah and Shockley.’* A complete derivation of
the recombination statistics applied to the case of amorphous
silicon was published by Willemen.>

The shunt currents of organic BHJ solar cells exhibit
a nonlinear voltage dependence.’® This effect was recently
attributed to local variations of the contact work functions re-
sulting in single carrier injection and thus space charge limited
current (SCLC).%® Based on our set of model parameters, the
nonlinearity caused by SCLC is not sufficient to explain our
experimental data. Hence, we employ an empirical model to
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TABLE I. Parameters used in the drift-diffusion simulation. Note that the set of parameters obtained by fitting is not unique. Especially the
correlation between the mobilities and the recombination coefficients cannot be resolved from steady state data.>

Parameter Symbol Value Unit
Fixed parameters
Effective DOS? N, Ny 5.25 x 10% m™3
Tail state DOS® Nl il 1.3x10% m3eV~!
Urbach energy® EUrbach 36.3x1073 eV
ZnPc band gap® Ey70pc 1.9 eV
Ceo band gap® Eqy 2.3 eV
Series resistance? R, 9.5 x1073 Qm?
Relative static permittivity® € 34 -
Contact recombination velocity S 1 x 107 ms™!
Temperature T 300 K
Fitted parameters
Effective band gap E, 1.311 eV
Electron injection barrier Pn 0.325 eV
Hole injection barrier for ITO, b 0.253 eV
Hole injection barrier for untreated ITO Pp.unireated 0.573 eV
Electron mobility M 6.86 x 1073 m2V-lg!
Hole mobility Wp 3.77 x 107° m?V~ls!
Density of deep trap states Ng& 1.6 x10'8 m~?
Correlation energy E.on 0.140 eV
Electron capture coefficient of neutral tail states cE 249 x10718 m?s~!
Hole capture coefficient of neutral tail states co 3.17 x1071 m®s~!
Electron capture coefficient of neutral deep states CSECP 2.07 x10~1 m3s7!
Hole capture coefficient of neutral deep states C;ifp 5.13 x10710 m’s~!
Capture coefficient charged/Capture coefficient neutral Ci_/Cy 1790 -
Generation correction factor for ITO, Cgen 0.92 -
Generation correction factor for untreated ITO Cgen,untreated 0.96 -
Parallel resistance ITO, R, 13 Qm?
Parallel resistanceuntreated ITO Ry untreated 3 Qm?
Parallel resistance voltage dependence Cr, 0.7 v-!
Direct recombination reduction factor & 0.125 -

2Calculated assuming the transport energy concept®® and a Gaussian DOS (¢ = 75 meV @, Ny = 1.7 x 107 m=3 61).57

bReference 62.
‘Reference 63.

dMeasured on a cell layout without the organic layers, i.e. only featuring front and back contacts.”’

¢Reference 11.

describe the voltage dependent shunt.’” The parallel resistance
is given by

R, = Rypexp(— Cg V), a7
where R, is the parallel resistance at zero bias and C R,
determines its voltage dependence. The optical generation
rate in Egs. (1) and (2) is calculated using a transfer matrix
algorithm assuming normally incident light.>® In order to
account for voltage independent, geminate recombination
losses and other deviations between calculated absorption and
measured current, the optical generation profile is multiplied
by a constant correction factor cge,. This factor is used as
a fitting parameter. In mixed layers free charge carriers are
directly generated and a field dependent charge separation
efficiency is not taken into account. If light is absorbed in a
pure donor or acceptor layer, excitons are created and their
diffusion toward the next donor/acceptor interface is taken
into account. A more detailed description of the numerical

model will be published elsewhere.”’ The simulations were
performed using the parameter set presented in Table I. Note
that the PHJ cells are not simulated using the numerical model.

III. RESULTS

A. Effect of ITO oxygen plasma treatment on cell performance

The device operation parameters of different cell stacks
built on both untreated ITO and O,-plasma treated ITO (from
now on referred to as ITO,) substrates are summarized in
Table II. Since this investigation concentrates on the influence
of the ITO/organic interface, only this interface was changed
in the different cell stacks. Effects related to changes of the
back contact of the different cell structures are minimized by
the hole blocking Cg layer shown in Fig. 1. The J-V curves of
BHIJ and IBHIJ cells are shown in Fig. 2. The plasma treatment
of the ITO is found to affect the open-circuit voltage V. of all
three cell types. For bulk heterojunction (BHJ) cells it increases
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FIG. 2. (Color online) Experimental J-V characteristics of BHJ
and IBHJ cells with and without ITO plasma treatment measured
under AM 1.5 illumination (a) and in the dark (b).

Veoe by over 70% from about 290 mV to 500 mV. Cells with
an additional electron blocking interlayer (IBHJ) and planar
heterojunction (PHJ) cells show the reverse effect. Here the
value of V. of cells on plasma treated ITO is found to be
about 4% lower compared to cells on untreated substrates.

The short-circuit currents Ji. of BHJ and IBHJ cells are
about two times higher than the value measured for PHJ cells.
This finding can be explained by the high donor/acceptor
interface area found in mixed donor acceptor layers.®* The
additional ZnPc layer in IBHJ cells increases J. due to its
additional absorption. Moreover, all the untreated samples
suffered from slightly lower current compared to their plasma
treated counterparts of the same stack. The fill factor FF of
IBHJ cells increases by more than 20% if the cell is built on
plasma treated ITO (ITOy). This effect is not visible for BHJ
and PHJ cells. These two cell types show no significant change
in FF if built on plasma treated instead of untreated ITO. The
PHIJ cells show more than ten percentage points higher FF
than the other cell stacks.

Figure 2(b) shows the effect of ITO plasma treatment on the
dark J-V characteristics of BHJ and IBHJ cells. In case of the
BHIJ cells the O,-plasma treatment causes a strong reduction
of the dark current in the exponential region of the J-V charac-
teristic under forward bias. Compared to the untreated sample,
the dark current of the plasma treated sample is reduced by
more than an order of magnitude at voltages around V.. In

PHYSICAL REVIEW B 83, 165311 (2011)

TABLE II. Initial device operation parameters for different cell
types as shown in Fig. 1. The cells are deposited on either untreated
ITO or oxygen plasma treated ITO (ITO,) substrates.

Cell type BHJ IBHJ PHJ
Untreated ITO

Voe/mV 291 537 524
Jo/mA cm™2 6.76 8.71 3.63
FFl% 45.8 36.7 59.0
n/% 0.90 1.72 1.12
Plasma treated ITO

Voo/mV 499 513 502
Joo/mA cm™2 8.31 9.76 3.93
FF/% 46.0 449 56.3
n/% 1.91 2.25 1.11

contrast to the BHJ results, we find that the IBHJ and PHJ
samples show the reverse effect. Here, the plasma treatment
increases the dark current in the exponential region of the J-V
characteristic. An alternative ex situ UV-ozone ITO treatment
in air produced the same effect on V. and the dark current as
the aforementioned O,-plasma treatment (data not shown).

B. Cell degradation under illumination

For degradation tests, cells fabricated on ozone treated ITO
were measured with and without a UV filter under simulated
AM 1.5 illumination (120 mW cm~?) in nitrogen atmosphere.
The time evolution of the cell degradation for different cell
stacks is shown in Fig. 3. For better comparison Vo, Js., FF,
and n have been normalized. We find that exposing the bulk
heterojunction (BHJ) cells to simulated sunlight for 7 min
causes a 25% drop in V., a 9% drop in FF, and a short-circuit
current decrease of 7%. Simultaneously, at voltages around
Voc, the dark current Jy,« of the degraded BHIJ cells increases
by more than an order of magnitude. This increase of Jyu is
similar to the one observed on the same cell stack when no
plasma treatment is applied (see Fig. 2). IBHJ cells, featuring
an additional 10 nm electron blocking interlayer, show a
reduced degradation compared to BHIJ cells. At voltages
around V. the dark current of the degraded IBHJ cells was
found to be increased only by a factor of two, resulting in a
Vi decrease of around 5%.

The use of a UV filter effectively reduces cell degradation.
BHIJ cells measured with a UV filter show less than 5% loss
in V. and IBHIJ cells show no degradation within 7 min. The
open-circuit voltage of planar heterojunction (PHJ) cells is
found to be stable when measured with a UV filter and even
increases by 3% when no filter is used [see Fig. 3(a)].

C. Photoemission studies

Information about the band structures of surfaces and
heterojunctions can be experimentally obtained using UPS
and XPS. Systematic photoemission studies of in situ
magnetron sputter deposited ITO films have been carried
out by Klein and coworkers,> %’ who also investigated
the ITO/ZnPc interface.®® It was shown that the CuPc/Cg
HOMO/LUMO lineup varies with the electrode work
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FIG. 3. (Color online) Time evolution of the open-circuit voltage V,.(a), the current density at short-circuit Jy.(b), the fill factor FF (c), and
the efficiency n(d) for PHJ, BHJ, and IBHIJ cells fabricated on ozone-treated ITO. The cells were illuminated using an AM 1.5 solar simulator
with and without a UV filter. Note that IBHJ cells with an electron blocking interlayer show no degradation when a UV filter is used.

function.%® Additionally, the metal-phthalocyanine/Cg
heterojunction has been examined. It was found that both
ambient air®® and substrate temperature during deposition’’
change the electronic structure of the heterojunction. An
influence on the performance of organic light emitting
devices,”""”? organic solar cells'*”* and photodetectors’* has
been reported for differently treated ITO substrates.

We investigate the effect of oxygen plasma treatment on the
ITO and its stability under UV light as well as the electronic
structure of the ITOp/organic interface under UV illumination.
The ITO work function and ionization potential considerably
depend on the specific crystallographic surface as has been
calculated for low index surfaces” and measured for epitax-
ially grown Iny03.7° We derive the ITO work function from
the secondary electron onset in UPS spectra [see Fig. 4(a)].
For the corresponding band diagram of untreated ITO, drawn
in Fig. 4(b), flat band situation and a small surface dipole of
unknown value are assumed. Due to hydrocarbon contamina-
tions, the measured work function of this sample appears with
4.34 eV around 0.4 eV smaller than for in situ prepared clean
samples.67 In the band diagrams of Figs. 4(b), 4(c), 4(d) and
5(c) and 5(d) we use the revised ITO band gap value.”’

We find that oxygen plasma treatment of ITO samples
efficiently removes hydrocarbon surface contamination. After
2 min of plasma treatment the C ls emission is hardly
detectable with XPS. After 4 min the C 1s peak has completely
vanished (XPS data not shown). At the same time the ITO
work function increases by 1.26 eV [see Fig. 4(a)], which is
due to band bending of around 0.26 eV and an induced surface
dipole of around 1.0 eV. The band bending is indicated in

both the ITO core level and the valence band maximum shifts.
The results of the oxygen plasma treatment are summarized
in the band diagram displayed in Fig. 4(c). An increase of the
ITO work function caused by an oxygen plasma or UV-ozone
treatment has also been reported by other groups.”'~74787
The oxidation of the surface has been proposed as a reason
for the increased work function.”® We assume a gradient
of the oxidation and thereby of the oxygen doping level
toward the surface. However, we cannot exclude variations
of the Fermi level position throughout the bulk of the film.
In addition, exposure to plasma may cause electron accepting
surface states. The resulting space charge layer would result
in additional band bending.

A series of UPS spectra of ITO, samples, exposed to UV
light from a halogen lamp through a UV transparent view
port, is displayed in Fig. 4(a). The UV illumination gradually
decreases the work function of the ITO, on a 10 min time scale.
The plasma induced band bending and the surface dipole are
partly reversed. The corresponding band diagram is shown in
Fig. 4(d). Repeated reference UPS measurements without the
external UV light show that also the UPS photons induce the
reversal of the plasma induced changes, while no changes are
observed on a similar time scale just by keeping the sample in
UHYV. About one third of the effects attributed to UV light in
Fig. 4(d) is produced by the exposure to UPS photons during
the measurements. Thus, the plasma induced band bending
and the surface dipole are reversed either by UV or by UPS
photons. UPS source induced variations of the work function
have been reported before on ex situ plasma treated samples
and ITO with carbon contaminations.’*8!
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FIG. 4. (Color online) UPS spectra of ITO before and after 10
min in situ O,-plasma treatment followed by UV irradiation of up
to 50 min under vacuum (a). The corresponding band diagrams for
untreated ITO (b), plasma treated ITO,, (c), and ITO, after in situ UV
light exposure for 50 min (d) are shown.

Research carried out by Fritzsche and coworkers showed
that amorphous and microcrystalline indium oxide (InOy)
films have the tendency to change their absorption and
electrical properties under plasma treatment and exposure to
UV light of E > 3.5V in vacuum or an inert gas.8>-%* It was
found that the conductivity can be increased by about six orders
of magnitude by exposing the film to UV light in vacuum. A
subsequent exposure to an O,-plasma was found to restore the
insulating state. Our ITO samples were measured in air before
and after the plasma treatment. We observed no conductivity or
transparency changes. This is in good agreement with results
reported by Wu et al. for O,-plasma and UV-ozone treated
samples.”!

For the investigation of the ITO/organic interface, we
choose Cg as model organic material. By virtue of its spherical
symmetry we can exclude electronic effects due to specific
steric adsorption modes as observed, e.g., for ZnPc.% The band
diagram of the ITO,/Cg interface is sketched in Fig. 5(c). The
energy gap of Cgp is given as the distance of the = and 7 *
maxima positions in UPS and IPES.*% In this experiment
ITO, showed an oxygen plasma induced dipole of 0.88 eV
and a band bending of 0.44 eV prior to Cgy deposition.
The Cgp deposition causes a partial reversion of the plasma
induced band bending which is indicated in shifts of the In
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FIG. 5. (Color online) UPS spectra of the ITO,/Cq interface
showing the secondary electron cutoff measured with the He I (a)
and the ITO VBM/Cgqy HOMO measured with the He II line (b). The
corresponding band lineup of the ITO,/Cg interface before (c) and
after (d) in siru UV illumination under vacuum.

4d emission (He II spectra) and of the In 3d emission (XPS)
for higher deposition times (data not shown). After the Cg
deposition the residual ITO, band bending is 0.11 eV. In
addition, the work function is reduced by a dipole of —0.25 eV.
Although itis not possible to separate different interface dipole
contributions, for clarity, the Cgy induced dipole is drawn
in addition to the plasma induced dipole of 0.88 eV. This
practice leads in the graph to a spike in the vacuum level at the
ITO,/Cqp interface, the existence of which cannot be ensured
experimentally. Since, in the course of the organic deposition,
the Cgp emissions shift almost in parallel to the ITO substrate
emissions flat bands are indicated in Cgg.

When the ITO,/Cgo interface is exposed to UV light
(halogen lamp), a shift of the C¢p HOMO to higher binding
energies of up to 0.25 eV is observed [see Fig. 5(b)]. A similar
shift of the secondary electron emission edge is found in the
UPS spectra in Fig. 5(a). A small part of this shift (50 meV)
can be assigned to a further decrease of the band bending
in the ITO, substrate, as indicated by the In 3d emission.
The larger part (200 meV) is caused by a change of the
ITO,/Cgp interface dipole as sketched in Fig. 5(d), analog to
the UV induced variation of the surface ITOp/vacuum dipole.
A similar reversion of the work function has been obtained by
illuminating the ITO,/Cg interface with a UV LED (365 nm)
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instead of the halogen lamp. Again, part of the induced changes
in the spectra have been observed without exposure to UV light
indicating that the UPS source itself causes similar changes as
the UV light.

IV. DISCUSSION

A. Effect of ITO oxygen plasma treatment on cell performance
1. Equivalent circuit model

The strongest effect of O,-plasma treatment was observed
for BHJ cells. Beside the 71% or 208 mV increase in V.,
the plasma treatment reduced the dark recombination current
by more than an order of magnitude at voltages around V..
Both effects can be related using an equivalent circuit model
describing the J-V characteristics of a solar cell. The general
form of an equivalent circuit model is

][Vv Jphoto(v)] = Jdark(v) - JphOlO(V)a (18)

where the voltage dependent dark recombination current is
given by

Vine(V Vie(V
Jaark(V) = Jo |:exp <651~T1(9T)> - 1] + % (19)
i p

Here Jo, nig, Jphowo» and R, are the reverse saturation
current, ideality factor, photocurrent, and parallel resistance,
respectively. The internal voltage Vi, differs from the applied
voltage V by the voltage drop at the series resistance Ry

VinV) =V = RyJ (V). (20)

Using Eqgs. (18) and (19), setting J(V,.) = 0 and neglecting
the influence of Ry and R, the dark current can be related to
the open-circuit voltage

ks T
nd—Bln<1+
q

Using this relation and assuming Jynoto >> Jo, the difference of
the open-circuit voltages caused by the O,-plasma treatment
AVoe = Vo, — Ve, can be written as

kBT In (JOU)nIdA +1In [Jphotop(voc)]n.; ’
q (JOP) o [Jphotou(voc)] o

(22)

Vo =

Jphoto(voc)) (2])

0

AVy =

where the indices p and u stand for plasma treated and
untreated, respectively. Equation (22) yields information about
the cause of a change in V. The first term takes into account
the effect of variations of the dark current, while the second
term describes the voltage difference caused by the change
of the photocurrent. In order to apply Eq. (22), the pho-
tocurrents at V = V. are needed. They can be determined
using Eq. (18) and setting J[ Vi, Jphoto(Voc)] = 0. Since, in
our cells, the difference between internal and applied voltage
atV = Vis only about 4 mV, Jppoto(Voc) can be approximated
by Jgark(Voe)- Fitting Eq. (19) to the experimental data shown in
Fig. 2(b) yields the other parameters summarized in Table III.

Equation (22) reveals that the increase of the photocurrent
due to the increased value of V;; and hence a more efficient
charge extraction is responsible for 56 mV or 27% of the
observed increase of V,.. The remaining 152 mV or 73% can be
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TABLE III. Parameters obtained by fitting Eq. (19) to the BHJ
data shown in Fig. 2(b) and assuming T = 300 K. Jphoo(Voe) is
approximated by Jyuk(Voc)-

Parameter BHJ on untreated ITO BHJ on ITO,
g 1.36 1.84
RJ/Qm? 1.42 x10~* 1.14 x10~*
R,/Q2 m? 11 2.1
Jo/Am™2 7.38 x1073 1.08 x1073
Jphoto(Voc /A m~2 25.82 35.52

attributed to the decreased value of J and thus to a decreased
dark current. Since the dark current is not necessarily related to
Vii, only 27% of the increase of V,. can be directly attributed
to the change of the built-in voltage.

2. Drift-diffusion device model

In order to quantitatively explain the mechanisms leading
to the reduction of the dark current and thus of Jy, the drift
diffusion model is fitted to the J-V characteristics of the
BHI cells built on both untreated and plasma treated ITO.
Within the frame of this model Jg,« can be divided into three
contributions, two of which are shown in Fig. 6(a):

Jdark = Jdark“mm + Jdarkbulk + Jdarkcomacp (23)

The first term denotes the current flowing through shunt paths.
The second contribution is the bulk recombination current,

x -3.94eV/,
Erermi 9 ﬁ
-4.68 e\_/\

HOMO C,

ITO ZnPc:C60 C60 Ag

FIG. 6. (Color online) Simplified band diagram for a ZnPc/Cgg
BHIJ cell built on untreated ITO (a) and plasma-treated ITO (b)
showing the main recombination paths for the dark current. Only the
effective band gaps are sketched and for clarity the ITO and Bphen/Ag
contacts are treated as metals. The opacity of the background depicts
the electron equilibrium concentration. The Fermi energy of the Ag
and the Cqy band gap are taken from Refs. 86 and 63, respectively.
The other values originate from the simulation (see Table I).
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which is carried by electrons and holes recombining at the
interface of donor and acceptor molecules. It is equal to the
spatial integral over the recombination rate from Eq. (12)*:

d
Jaarkey, = 4 f R(x)dx. 24)
0

The third contribution is called contact recombination current.
It consists of electrons (holes) traveling from the cathode
(anode) through the whole device subsequently recombining
at the anode (cathode). This type of dark recombination can
be suppressed by introducing selective contacts, i.e., electron
and hole blocking layers, at the electrodes. Following Eq. (6)
it can be written as

= ¢S[n(0) = no(0)] + ¢S[pd) — po(d)]. (25)

The first term of Eq. (25) describes electrons recombining
at the anode (x = 0) and the second term stands for holes
recombining at the cathode (x = d).

Figure 7 shows the excellent agreement of experimental
data and simulation. The input parameter sets for the simula-
tion of the two cells differ in three parameters only, namely, the
optical generation correction factor cgep, the parallel resistance
R, and the hole injection barrier ¢p. For cge, a difference of
4% was found. This difference originates most likely from

Jdarkcomacl

=

0
£
< 10
E
-1
% 10 = exp.
5 o exp.onITO 3
© -3 p
= 10 ——sim. ;
o sim. on ITO_ 1
=] 10'5 Il Il Il Il P
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b
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FIG. 7. (Color online) Comparison of measured and simulated
J-V characteristics of BHJ cells built on plasma treated and untreated
ITO: cells measured in the dark (a) and the same cells measured under
AM 1.5 illumination (b). The simulations were performed using the
parameters shown in Table 1.
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FIG. 8. (Color online) Simulated dark recombination broken
down to its contributions for BHJ cells fabricated on untreated ITO
(a) and cells made on ITO,, (b).

small deviations in the layer thickness and active cell area.
The difference in the parallel resistance, with R, =3 Q m?
and R}‘)‘“treated =13 Qm?, accounts for the experimentally
observed scattering of Jg, under reverse bias. We found
that cells showing identical dark J-V characteristics under
forward bias differ by more than an order of magnitude in
their current under reverse bias. We attribute this behavior to
lateral inhomogeneities of the shunt resistance, which cannot
be modeled directly in a one dimensional simulation. These
changes in R, have no influence on the J-V characteristics
under forward bias as can be seen in Fig. 8.

The simulation yields a value of 320 meV for the change
of the hole injection barrier due to ITO plasma treatment. This
is less than the work function change of 1.26 eV measured
via XPS/UPS on plain ITO (see Fig. 5), but it is consistent
with findings by Kahn et al.¥” For ZnPc they reported that the
change of the Fermi energy is only about 25% of the work
function change of the adjacent electrode. They explained this
behavior by the formation of a strong interface dipole, similar
to the Cgp dipole shown in Fig. 5. Using this estimate, one
would expect that the change of the hole injection barrier
does not exceed 315 meV. This is reasonably close to the
value we determined by fitting. The complete set of parameters
simultaneously describing the cell response of the BHJ cells
fabricated on treated and untreated ITO is shown in Table I.
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A description of the fitting procedure will be published
elsewhere.’

These simulation results verify that both the decrease in
dark recombination and the increase of V,. can be quantita-
tively explained by the plasma induced increase of the ITO
work function. Our findings are in agreement with previously
published results. Xue et al. observed a similar reduction of
the dark current caused by an oxygen plasma induced increase
of the ITO work function for small molecule photodetectors.’
Instead of changing the work function by an ITO treatment, a
MoOj3 layer'®or a doped organic transport layer'® next to the
electrode can be used to control the Fermi level at the anode
and thus the V..

3. Recombination in BH]J cells

Apart from relating the variation of the ITO work function
to the changes in the cell behavior, the simulation is also
able to explain the mechanism behind these changes. Figure
8 shows the simulated dark recombination current broken
down into its three components [see Eq. (23)]. If untreated
ITO is used [see Fig. 8(a)], the dark recombination current
under forward bias is dominated by contact recombination,
i.e., electrons recombining at the anode. The ideality factor
of the contact recombination is n;; ~ 1 because the contact
recombination and the electron concentration at the anode are
given by Eq. (6) and n(0) o< exp[(qV)/(kgT)], respectively.
In contrast, cells with ITO, show an ideality factor of n;y ~ 2.
This is the value expected for recombination via defects
in the middle of the band gap® or via a broad Gaussian
density of states.® Figure 8(b) reveals that for 0 < V <
Voe bulk recombination is the dominant process in ITO,
based cells. The simulation also shows that, in accordance
with the ideality factor, recombination via deep trap states
dominates the bulk recombination in this voltage range (not
shown). Although the above mentioned findings indicate
a recombination mechanism involving sub-band-gap states,
an unambiguous experimental proof for the recombination
mechanism in organic solar cells has not been published. An
overview on the discussion of different experimental methods
and their interpretations can be found in Refs. 44,49,50 and
references therein. A more detailed discussion of this matter
in the context of device modeling exceeds the scope of this
work and will be published elsewhere.”’

Figure 6 shows the underlying mechanism. The electron
equilibrium concentration close to the ITO/organic interface
depends exponentially on the ITO work function [Eq. (7)]. For
cells built on untreated ITO, the high electron equilibrium
concentration next to this interface allows for significant
contact recombination at the ITO. This is described by the first
term of Eq. (25) [see Fig. 6(a)]. The simulation shows that the
bulk recombination of injected charge carriers is negligible
in this cell type because the high contact recombination
prevents significant charge buildup [see Fig. 8(a)]. According
to our simulation the increase of the ITO work function,
induced by plasma treatment, reduces the electron equilibrium
concentration at the ITO/organic interface by four orders of
magnitude and acts as a passivation for the anode. As a
consequence BHIJ cells fabricated on ITO, show no significant
contact recombination for voltages up to Vi.. At higher
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forward voltages the contact recombination again becomes the
dominant recombination mechanism. Having n;; & 1, it grows
more rapidly with applied voltage than the trap dominated bulk
recombination [see Fig. 8(b)].

4. Recombination in IBH] and PH] cells

IBHIJ cells on untreated ITO show high values of V,. and a
low Jyark (see Fig. 2). The introduction of an electron blocking
ZnPc interlayer passivates the anode and suppresses the contact
recombination. This leaves Jyak,, as the only significant
source of dark recombination, resulting in a higher V. as
explained before for the BHJ cells built on ITO,,. In contrast to
the O,-plasma treatment, the ZnPc interlayer suppresses Jqark
without increasing the built-in voltage Vy;. Thus, less driving
force is available to extract the photogenerated charge carriers.
This results in increased recombination of photocharges and a
reduced FF. Hence, in cells with insufficient V4, the interlayer
increases V,. at the expense of the FF.

If ITO, is used, the additional ZnPc interlayer has no
significant effect on the dark J-V characteristics [compare
Fig. 2(b)] since the contact recombination has already been
suppressed by the low electron concentration at the anode. In
this case the interlayer only causes an increase of J. due to
additional absorption. In contrast to the untreated IBHJ cell,
Vii 1s sufficiently high to ensure field driven extraction and low
recombination of the photocharges. A similar enhancement of
the open-circuit voltage due to reduced dark recombination
was reported by Li et al. for PHJ cells.”® They found that
SnPc/Cgy cells show an increased dark current caused by
electron leakage currents from cathode to anode. An electron
blocking LUMO offset, passivating the anode, resulted in the
same characteristic increase of the ideality factor as we observe
for the ITO, based BHJ cells.

Unlike the other cell stacks, PHJ cells are found to be
almost insensitive to the plasma and UV-ozone treatment.
They show no significant change in V,. and FF. This is in
good agreement with previously published experimental and
theoretical ﬁndings.lz’14 As in the IBHJ cell stack, there is
no direct contact between the electron (hole) transport layer
and the anode (cathode) in PHI cells. As a result Jgark., 0
is suppressed and Jy,x is dominated by bulk recombination.
Compared to the IBHJ type cells the PHJ cells show no increase
in FF, when built on plasma treated ITO. This may be a result
of the low donor/acceptor interface area found in PHJ cells.
Since recombination of photogenerated charge carriers takes
place at this interface, a smaller interface area will cause less
recombination even if the external voltage is close to Vy;.

In summary, we find that for an unpassivated anode the
intrinsically low ITO work function causes a high contact
recombination which results in a high dark current and thus
a low V. If the ITO work function is increased by an
O,-plasma treatment, the low electron concentration next to
the ITO reduces the contact recombination and thus acts
as a passivation for the anode. This finding agrees with
the metal-insulator-metal (MIM) model which states that
Vo linearly depends on the work function difference of the
electrodes.® Contrary to that we find that V. can also be
increased independently of V4,; by passivating the anode using
an electron blocking interlayer. In case the open-circuit voltage
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is increased without increasing V,; and if the remaining built-in
field does not provide enough driving force for efficient charge
extraction, the FF is reduced. This demonstrates the MIM
model is not applicable for cells with passivated contacts. In
general, the MIM model can only be used if recombination
at the contacts significantly exceeds the losses in the bulk
of the material, i.e., the cell has to be limited by contact
recombination.

B. Cell degradation under illumination

The fast cell degradation of BHJ cells built on ozone treated
ITO displayed in Fig. 3 is mainly caused by UV light. The UV
part of the AM 1.5 spectrum is identified as the main cause of
degradation since the use of a 400 nm cut-off UV filter reduces
the degradation significantly. Stability enhancing effects by
UV protection have been previously reported by Sullivan et al.
for pentacene/Cgy PHJ cells.?? They attributed the degradation
to a UV induced annealing and reorganization process at the
ITO/organic interface and thereby a worsened contact. In our
cells we find an increase of the dark current after illumination
with UV light. Contrary to the mechanism proposed by
Sullivan et al., this increased dark current indicates a better
conductivity of the ITO/organic interface.

We attribute the degradation effect to a UV induced
reduction of the ITO work function. Hence, it is the reverse
process of the ITO O,-plasma or ozone treatment. The
UPS/XPS measurements presented in Fig. 4 show that UV
radiation reduces the work function of ITO substrates priorly
treated with Oz-plasma (ITOp) and thus partly reverses the
plasma treatment. In addition, when the ITO,, is in contact
with a Cgy layer, we find that UV exposure increases the
injection barrier for holes. Thus, the electron density at the
anode increases (see Fig. 5). Following the line of argument,
as presented in the previous section, the measured reduction
of the work function also covers the observed changes in cell
behavior. For BHJ type cells the degradation manifests itself
mainly in two features, namely an increase of the dark current
Jaark under forward bias conditions and a resulting decrease of
Voe. This increase of Jy, is, though less pronounced, similar to
the effect observed for BHJ cells without ITO plasma treatment
[see Fig. 2(a)]. Thus, from the point of cell behavior, the
degradation also appears to be a partial reversion of the oxygen
induced work function increase. A similar degradation was
found by Heutz et al. for CuPc/Cgy BHJ cells measured in
ambient air.'® The authors attributed the degradation in V,; and
Jsc to traps generated throughout the active layer by external
oxygen. This explanation is not applicable to our results since
our experimental setup excludes the effects of ambient air and
oxygen.

IBHJ and PHIJ cells show significantly less degradation
compared to BHJ devices (see Fig. 3). This is consistent with
our degradation theory since we find that for these cell types
Ve does not depend on the ITO work function (see Table II).
The simulation shows that, after the partial reversion of the
work function, the remaining built-in field still provides an
efficient extraction of the photo charge carriers. As a result,
the FF of the degraded IBHJ cells is only reduced by 5%
whereas a 20% change is observed between cells with and
without ITO plasma treatment. For PHIJ cells we observe
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a UV induced increase of V.., which is consistent with
the decrease of V,. observed after plasma treatment (see
Table II). The explanation for this effect will be published
elsewhere.’

In contrast to the cell behavior shown in Table II, we
find that UV radiation lowers the FF and thus the efficiency
of the PHJ devices by about 10%. Since we find the FF
to be more stable if a UV filter is used, this may indicate
another, though less pronounced, UV induced degradation
mechanism. The stability of similar PHJ devices made of
CuPc/Cgp and measured under illumination in vacuum was
previously published by Heutz et al.'® An alternative to the
unstable Oj-plasma treatment is the control of the work
function by introducing a MoO3 interlayer between ITO and
the organic layers. Kanai et al. reported a high V,. and FF
as well as an enhanced stability under illumination for this
configuration.?®

V. CONCLUSION

We investigated the effect of the ITO/organic interface on
the performance and stability of organic ZnPc/Cg solar cells.
Their open-circuit voltage V,. can be increased either by an
O,-plasma treatment of the ITO or by introducing an electron
blocking layer between the ITO and the mixed donor/acceptor
layer.

Photoelectron spectroscopy (UPS/XPS) measurements
confirm that the ITO work function and thus the built-in
voltage Vy; is increased by an Oj;-plasma treatment. We
show, by means of a continuum approach device simulation,
that the increase of V. is the result of a reduced contact
recombination at the anode (hole contact). Additionally, we
quantitatively relate the reduced contact recombination to the
low equilibrium concentration of the minority charge carriers.
This low equilibrium concentration of electrons at the anode
and thus the high V. can be achieved either by a high V}; or
by an electron blocking layer. We find that if V,. approaches
Vbi, the insufficient driving force results in an accumula-
tion of photogenerated charges and thus in a reduction of
the FF.

Both UPS/XPS measurements and cell data confirm that the
ITO work function change, induced by the oxygen treatment,
is only partly stable under UV radiation. For BHJ cells built on
ozone treated ITO we find a fast cell degradation caused by the
UV part of the solar spectrum. We show that this degradation
process, which mainly affects V., can be explained as a
partly reversion of the oxygen induced ITO work function
increase.
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