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1. Introduction

The global energy system is based upon finite and polluting
fossil sources that destabilize the global climate and cannot
guarantee the energy needs of future generations. In addition,
they are also unequally distributed: nowadays, 1.5 billion
people lack electricity while half the population still relies on
traditional biomass for cooking and heating [1]. Nevertheless,
in 2011, modern renewable energy sources accounted for
8.2% of global final energy demand. Of all renewable sources,
solar photovoltaics (PV) have the fastest development rate,
resulting in 101 GW installed worldwide by the end of 2012,
with roughly 87% of the market covered by crystalline silicon
wafer technology and the rest by thin film technologies [2].

When compared to other renewable sources, PV offers
distinctive advantages such as its resource abundance,
scalability, grid-connection independence and its negligible
operation and maintenance costs. Nonetheless, the Levelized
Cost of Energy (LCOE) for PV technologies remains non-
competitive with the electricity mix due to high capital costs
(predominantly from wafer manufacturing and balance of
system) and a great dependence on financing schemes.

During the last decade, solar cells based on solid-state organic
photoactive materials have been investigated as an alternative
to silicon technology. Organic Solar Cells (OSC) have been
developed by using semiconducting organic materials which
are capable of absorbing light and photo-generate charge
carriers. Since they are thin film devices, their Energy Pay-
Back Times (EPBT) could be less than one year and their life
cycle COz emissions could be below the electricity mix average
[3] (Table 1.1).

Technology n (;::Z) ‘eqCOz /KWh
Mono Si 14% 2.7 81
Multi Si 13% 2.1 62

GalnP 26% 2.1 65

a-Si 7% 1.1 34

CdTe 9% 1.6 50

OSC Laboratory  10% 2.0 61
0SC Roll-to-roll 3% 1.4 35

Table 1.1 Energy pay-back times and life cycle CO; emissions of PV technologies.

However, in order to become cost-competitive with silicon
solar cells, OSC technology still needs to a) reach conversion
efficiencies above 10%, b) attain 10 years or more of
operational stability, and c¢) be industrially feasible and allow
for low manufacturing costs [4]. The maximum conversion
efficiency achieved to date is 12%, while theoretical
calculations suggest efficiencies up to 24% in single junction
devices [5] (Figure 1.1).
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Figure 1.1 Conversion efficiencies of OSC [6].

Two types of semiconductor organic materials have been used
to date: small molecule compounds (oligomers) and polymers
(Figure 1.2), the former achieving record efficiencies and the
latter leading commercialization efforts. Yet, small molecule
OSC offer significant advantages over polymeric materials,
such as synthesis flexibility to obtain the desired properties,
repetitiveness and multilayering capabilities.

Fullerene C70 (acceptor)

DBP (donor)

Figure 1.2 Oligomers used in small molecule organic solar cells.

The semiconductor effect in organic materials is explained via
the sp? orbital hybridization in carbon double bonds (-C=C-),
which have specific energy levels that permit electron
transitions between them (Figure 1.3).
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Figure 1.3 Energy levels of a molecular C=C bond before and after excitation.

In its unexcited state, electrons fill the low energy m orbital
(known as the Highest Occupied Molecular Orbital - HOMO),
while the high energy m* orbital is unoccupied (known as the
Lowest Unoccupied Molecular Orbital - LUMO). When one
electron is excited, the HOMO-LUMO transition has an energy
equivalent to the band gap energy (Egap)-

0SC work in donor-acceptor (D-A) heterojunctions (HJ). While
the p-type material donates electrons through the D-A
interface, the n-type material accepts them. When an organic



D-A system is excited by photons, Frenkel excitons (consisting
of an electron-hole pair) are generated and then disassociate
at the D-A interface so that each charge carrier (e and h) can
travel to its corresponding electrode. Unfortunately, the mean
distance excitons travel before they extinguish, Lex, is very
short (1-20 nm) according Lgy = +/DgxTgx (Where Dgx is the
exciton diffusivity). This limits the thickness of the D-A active
layer to a few nm. Selection of materials with appropriate
HOMO-LUMO levels also determines the maximum open
circuit voltage (Voc):

qVIeX = HOMOp, — LUMO, — E,_p, (1)

where Ee.n is the binding energy of the e-h geminate pair after
charge transfer [7]. Considering this, the conversion of light
into electric current can be split into four different processes,
each one with its own efficiency n; (Figure 1.4) [8]:

1° Photon absorption and exciton generation, na.

2° Exciton diffusion to the D-A interface, nep.

3° Exciton charge transfer into electron-hole pairs, or, ncr.

4° Charge transport and collection in the electrodes, ncc.
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Figure 1.4 Elemental processes of an OSC: (1) exciton generation; (2) exciton
diffusion; (3) exciton dissociation; (4) carriers transport and collection.

na is controlled by the solar absorption spectra of the active
layers. In most cases, nep is the limiting process (usually
<10%) due to low exciton diffusion length. It has been proven
that optimal thickness of the active D-A layer is approximately
equal to the Lex of each constituent layer [9]. For the ncr to be
energetically favorable, the energy that binds the exciton, Eg,
needs to meet the condition Erx > HOMOp - LUMOa. The
carrier collection efficiency ncc depends mainly on the built-in
voltage Vi (difference in work function of electrodes Wj).

The overall photon-to-electron efficiency, known as External
Quantum Efficiency (EQE), defined as the ratio of photo-
generated carriers collected by the electrodes to the number
of the incidental photons, relates to the above efficiencies as:

EQE =14 XNgp X Ner X Nec (2)
The mean distance a charge carrier can drift under an electric

field E before suffering electron-hole recombination is:

—

larife = TE (3)

The product uit;, (mobility of the carrier by its life time) has to
be maximized in order to attain a good cell performance.
From adding the contributions of both charge carriers:

UTerr = HeTe + UnTh (4)

a global or effective ut is obtained, describing the behavior of
the OSC in a general way. Complex experimental methods and
computational modeling can be used to determine the
individual mobilities and lifetimes of the charge carriers, but
they can be time and effort consuming. In this work, a simpler
methodology based on Variable Illumination Measurements
(VIM) has been used to achieve the following objectives:
a) Analyze VIM data to determine the parameters that fit
an equivalent solar cell circuit model.
b) Determine an effective ut for a series of organic solar
cells with intrinsic (donor:acceptor ratio of 1:1) bulk HJ.
c¢) Establish a link between the VIM parameters and cell
degradation.

2. Experimental methods

Figure 2.1 describes a layer arrangement for the small
molecule organic solar cells fabricated for this work. The D-A
materials (p and n type) are the active layer of the device. The
heterojunction morphology, known as bulk heterojunction,
allows both materials to be thoroughly mixed together so that
their interfaces are within a distance less than the exciton
diffusion length. A transparent conductive oxide (Indium Tin
Oxide, ITO) is used as anode due to its ability to transmit light
and conduct charge, while aluminum is used as cathode. MoOs3
is used as a Hole Transport Layer (HTL) and BCP as an
Electron Transport Layers (ETL), so as to promote the
transfer of h and e into the anode and cathode, respectively.

Al — 150 nm

BCP s~ 10 nm
DBP-C70 wessmm < 100 nm
Mo0O3 #++“~ 5nm
ITO ™=~ 50nm
Glass ~1000 um
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Figure 2.1 Solar cell architecture and bulk heterojunction morphology.

DBP has just recently been used as an electron donor, having
unique properties such as a) HOMO level of 5.5 eV, resulting in
a Voc > 0.9 V [10], b) high absorption coefficient, and c) long
Lex (16+1 nm) and high hole mobility (~ 10-4 cm2/V-s) [11].

Fullerenes are widely used as acceptor material due to a)
their complimentary absorption spectrum in relation to donor
materials; b) its long Lgx (40+5 nm) [9] and high electron
mobility (5 x 102 cm2/V-s) [12]. Table 2.1 shows some
properties of the materials used. For the bulk HJ, a DBP and
C70 were mixed in a ratio of 1:1 in order to approximately
balance n and p charges and obtain a true intrinsic (i) layer.

I Initial T HOM(:—LUMO
ITO / 45/NA 4.7-0
Mo0; / 3/%5 54-2.3
DBP ~250-300 10/~30 5.5-3.5
C70 ~300-310 40/~90 6.1-4.2
BCP 100-120 8/~15 6.0-3.5

Al / 150/~70 4.1-0

Table 2.1 Material properties. Initial T is at 10-7 mbar.



The fabrication procedure consisted of a) substrate cleaning
with ultrasonic acetone-isopropanol baths and UV-ozone
treatment; b) deposition of MoOs; ¢) deposition of organic
materials; d) deposition of Al. A quartz crystal microbalance
was used to measure the deposition rates (between 0.1 and 1
A/s). All depositions were performed in high vacuum (10-7
mbar) inside a Nz-atmosphere glove box. (Figure 2.2).

Figure 2.2 MBraun deposition chamber and N2-atmosphere glove box.

Optimal substrate temperature for the DBP layer was found to
be 60°C, obtaining the crystalline structure that maximizes
charge mobility of the charge carriers.

The aluminum contact evaporation is done through a shadow
mask to fix the area of the cell resulting in 4 cells per
substrate, each with an area of 0.075 cm? (Figure 2.3a). A
thermal annealing treatment was done to re-crystallize the
material and decrease shunts [13]. All characterization
measurements were performed using a prototype that keeps
the sample under Nz atmosphere (Figure 2.3b).

Figure 2.3 a) Final 15x15 mm substrate with four cells, as defined by a shadow
mask. b) Prototype for characterizing cells.

For the Power Conversion Efficiency (PCE) measurement, a
standardized solar simulator (1.5 Air Mass, 1,000 W/m?2) was
used, while a commercial measuring unit was utilized for EQE
determination. Figure 2.4 shows the schematic of the VIM
home-made system which measures and analyses the J(V)
curve under logarithmically varying illumination levels by
using neutral grey filters.
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Figure 2.4 Variable [llumination Measurement system
3. Variable Intensity Measurements(VIM)
Figure 3.1 and Table 3.1 show the j(V) curve and main

performance parameters for a series of bulk HJ organic solar
cells with different intrinsic layer thicknesses.
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Figure 3.1 J(V) curves for two different bulk thicknesses. Insert shows EQE.

Puax, Jso Voc,
e
DBP:C70(1:1)(40nm)  3.93%  43.3% 3.93 1120  0.81
DBP:C70(1:1)(30nm) 1.76%  39.0% 1.76 -6.19 0.73

Table 3.1 Main parameters for OSC with two different bulk thicknesses.

At first glance, the difference in conversion efficiencies could
be attributed solely to the variation in the i-layer thickness
and its absorption efficiency. Nevertheless, other quality
factors such as layer imperfections and poor electrical
properties could be in play. This becomes obvious when the
J(V) behavior is analyzed as an electric circuit (Figure 3.2):

Ideal circuit %. J(V)
Jrec Jph Jaio l l Jieak R, +
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Figure 3.2 Generic equivalent circuit (without dashed segment) describing the
real behavior of a solar cell.

The general equation that describes this circuit is:

V-Rs]

(V=Rs])
= — R +]rec (5)
P

nvr

JW) = ~Jon +Jo (exp 1)+
where Jpn is the photogenerated current, Jo is the reverse bias
saturation current, n is the diode ideality factor, V is the
voltage applied to the diode and Vr is the thermal voltage. The
series and parallel resistances Rs and Rp dissipate power and
reduce the efficiency of the cell. An extra loss term is Jre,
which is attributed to electron-hole recombination (current
sink) and will be later added to the equivalent circuit in order
to model the behavior of an intrinsic bulk H]J.

In order to estimate each of the terms in Eq. 5, the VIM
method was applied to the aforementioned solar cell series.
The main performance parameters (Jsg Voo FF, Ryc =
(0V/9]);= and Rgc = (0V/d))y=, among others) were then
plotted as a function of the short circuit current Jsc, avoiding
the need to use calibrated illumination levels [14].

Figure 3.3 shows Roc as a function of log(/sc), reaching the
value of Rs at the highest illuminations. The main contribution
for Rs comes from low conductivities of the bulk active layer
(low carrier mobilities) and the electrodes (high sheet
resistances).
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Figure 3.3 Roc as a function of log(Jsc).

Figure 3.4 shows Rsc as a function of log(Jsc), reaching the
value of Rp at the lowest illuminations. Often called shunt
resistance, Rp is attributed in part to manufacturing defects
such as shorts and pinholes that form conductive paths
between the electrodes or that bypass the D-A interface.
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Figure 3.4 Rsc as a function of log(Jsc). The insert depicts the best fit for the
exponential regime.

Figure 3.5 shows Voc as a function of log(Jsc). On the medium
illumination range a logarithmic fit of the curve can be made
in order to obtain the characteristic diode terms n and /n.
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Figure 3.5 Voc as a function of log(/sc). The insert depicts the best fit for the top
exponential regime.

Table 3.2 summarizes the parameters obtained from the VIM:

Rp, Rs,
Qcm? Qcm?
DBP:C70(1:1)(40nm) 208,213 14 1.37 1.30x10-
DBP:C70(1:1)(30nm) 43,381 10 1.43 3.03x10-8

Table 3.2 Values of the parameters obtained from the VIM analysis.

Since Rs is very similar for both devices and has a low value
(<25 Qcm?), it slightly accounts for the drop in PCE. A low
value of Rp (i.e. high current leakage) partially justifies the
reduced PCE for the 30 nm i-layer.

In addition, the 30 nm i-layer has a saturation current Jo (as
obtained from the Voc vs log(Jsc) plot) one order of magnitude
greater, decreasing further the value of J(V).

Parting from the fact that Rsc is inversely proportional to Jsc
(insert of Figure 3.4) over a wide range of illumination levels,
the following expression can be applied:

Rsc = V¢ ' Js¢ (6)
where V¢ is a constant factor referred as the collection voltage,

which can be interpreted as that single point where all 1/Rsc
slopes meet when extrapolated into the x axis Figure 3.6).

Figure 3.6 J(V) curves for the 0SC measured with the VIM. The collection voltage
Vc is obtained by the x-axis intersection of the 1/Rsc slopes.

This collection voltage can be related to the recombination
losses of the OSC by now adding the recombination current Jrec
to the equivalent circuit, accounting for the recombination
losses in the i-layer (bulk HJ]) of the solar cell [14] [15]. A
simple relationship between Jrec and Rsc may be obtained by
differentiating Eq. 5 and evaluating it at short circuit
conditions [16], so that:

N ~ h = Isc 7
Rsc v lsc Ve

Within this context, a lower V¢ would mean higher
recombination losses. A simple analytical model that relates
V¢ to the carrier transport quality of the organic intrinsic layer
(utef) can then be obtained by considering a few assumptions:

a) Charge collection in the intrinsic bulk HJ is mainly a
drift-driven process (no diffusion) [17].

b) The electric field E is constant across the whole length of
the layer, as defined by E = (V; — V)/L.

c¢) The induced current is proportional to the sum of
electrons and holes drift lengths, Ic = e + In [17].

The validity of these assumptions is limited to small applied
voltages, thin i-layers and low defect densities (or few traps
for recombination) [14] [16], so that the recombination
current becomes the sole factor that decreases the output
current (J = Jpp — Jrec). With some algebra and by evaluating
the derivative 0J,.../dV |, a direct link between Vc and utesis
established [16]:

2utopf Vi ) Vi _V
= (=L)X 21
( L2 Jsc Jse ( )

sc



After extracting the value of V¢ from the experimental VIM
data (Figure 3.4), the utes of each OSC is calculated (Table
3.3). The values are in close accordance with reported
experimental data [18] [19].

DBP:C70(1:1)(L = 40nm)  3.07
DBP:C70(1:1)(L = 30nm)  1.42

3.07x10-10 1735 88% 1.46
3.56x10-11 50.6 70% 2.60

Table 3.3 Values for the carrier collection process obtained from VIM analysis.

The results show some insight on the quality of the carrier
transport process. A high pter can correlate to higher current
extraction into the electrodes, indicating fewer losses by
recombination (and higher PCE). Furthermore, collection
lengths several times larger than the active i-layer result in
high carrier collection efficiencies.

Finally, an insight on the causes of cell degradation can be
obtained by applying the VIM methodology across a window
of time. For the cell with 30 nm i-layer (1:1 DBP:C70), VIM
measurements were done right after cell fabrication and then
every 5 hours. Even though the cell was kept under N:
atmosphere and only illuminated during data
acquisition, the decrease in the conversion efficiency was
substantial (59%). The largest contribution came from a Jsc
drop of 54%, while FF dropped only by 7% and Voc remained
almost constant. Similar results were reported by [20].

it was

Analysis of the characteristic resistances (Figure 3.7a) shows
that, contrary to intuition, Rp increases with time. This
indicates a lack of shunt formation during degradation. Rs
increases slightly, somewhat explaining the decrease in FF.
Figure 3.7b shows how utes also decreases with time, clearly
representative of a loss in carrier mobility and/or lifetime.
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Figure 3.7 Resistance (a) and carrier collection (b) parameters for 0SC with
DBP:C70 (1:1, 30 nm), as obtained from VIM measurements across 30 hours.

4. Conclusions

It was the objective of this project to further understand the
photon-to-electron conversion processes that occur within an
0SC with the purpose of optimizing the different cell
performance parameters.

Variable intensity measurements (VIM) were performed on a
series of intrinsic bulk heterojunction cells with structure
ITO/Mo03/DBP:C70(1:1)/BCP/AlL. Within the context of an
equivalent electric circuit model, different parameters were
obtained by analyzing the VIM data.

The Rs of the devices was found to have little influence on the
PCE, with values below 15 Qcm?, while the lower Rp (< 50
kQicm?) was indicate of high current leakage that decreased
the cell efficiency. VIM data was also used to quantify charge
carrier transport quality by determining the effective
mobility-lifetime product (uter) as a function of the collection
voltage Vc. A higher ptes product correlated to higher Jsc, and
consequently, higher charge collection efficiency.

In general, considering that the active materials selection was
appropriate (high absorption, moderate exciton diffusion
lengths), a poor PCE could be attributed to high current
leakage and low putegs, resulting in very low fill factors
(FF<45%) and low charge collection efficiencies.

Finally, VIM data was analyzed during a time frame in search
for signs of degradation. Although Oz-induced degradation
was non-intentional, a clear deterioration of the PCE was
observed, decreasing 59% in only 30 hours. The cause for
deterioration is attributed to a failure of the Nz-atmosphere
packing of the measuring prototype, allowing Oz to diffuse and
deteriorate the active layer, resulting in a loss of Jsc and utes.

In conclusion, all three objectives of this project were
successfully achieved. The VIM methodology was proven to be
consistent with the equivalent electric circuit model and its
underlying assumptions. In general, a deeper understanding
of the organic operation mechanisms was
accomplished. As for future work, the DBP:C70 ratio needs to
be optimized, VIM experiments should be done using the same
wide-range illumination and additional measurements have to
be done to determine the degradation effects on the device.

solar cell
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