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Summary:

Ternary organic photovoltaic cells (OPVs) have been shown to be a promising approach to
increase cells efficiency through broadening of their absorption range. Often, ternary cells are
based on a blend of two donors and one acceptor, the efficiency of planar ternary
heterojunction being limited by the resistance of the three stacked layers. Here, we show that
by depositing the intercalated layer through a grid we are able to decrease significantly the
series resistance of the device, while the use of two donors allows improving the short circuit
current and the efficiency of the organic photovoltaic cells. Electrical, optical and
morphological studies show the ternary cell behaves like parallel OPVs. The first donor layer
consists in an AlPcCl film, the acceptor layer is a Ceo film while the central layer consists in a
laboratory made molecule called MD2. If the MD2 layer absorbs strongly the light and
permits to the both types of carrier to diffuse, its carriers mobility is small. Therefore, the
discontinuities, due to the grid, of the MD2 intercalated layer allow improving the cells

efficiency over-passing the corresponding binary cells performances.
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1. Introduction

In front of global warming it is necessary to develop renewable energies such as photovoltaic
energy. Among the photovoltaic energy technologies, that based on the use of organic
materials is promised to a bright future in the field of buildings due to the fact that organic
photovoltaic solar cells (OPVs) are flexible, lightweight and semi-transparent [1]. In recent
months, significant efficiency improvement of bulk-heterojunction organic photovoltaic solar
cells (BHJ-OPVs) were achieved through the use of small band gap polymers coupled with
new fullerene free electron acceptors [2, 3]. While it is desirable to improve cell performance,
other parameters are also very important such as the yield of chemical synthesis, its simplicity
and its reproducibility. For instance, the replacement of polymer by molecular materials
presents some advantages such as the reproducibility of the results due to their inherent mono-
dispersity, well-defined structure and simple purification [4].

In the same spirit, molecular materials offer the possibility to prepare efficient planar
heterojunction (PHJ) OPVs by vacuum deposition [5]. The use of thermal evaporation under
vacuum permits possible management of the film morphology through the deposition rate [6]
and the nature of the substrate [7]. Also, the deposition by sublimation allows improving the
purity of the organic materials, leading to high reproducibility of device fabrication [5, 8, 9].
Classical PHJ-OPVs consist of a stack of layers, the photoactive heart consisting of two
organic layers, one electron donor (ED) layer and one electron acceptor (EA) layer. This
organic active part is sandwiched between two electrodes, a transparent electrode and a
reflective metallic electrode. In order to improve the carrier collection efficiency, hole and
electron extracting layers are inserted between the electrodes and the organic active layer.
Whatever the OPV configuration is, BHJ or PHJ, the ultimate achievable efficiency is limited
by the narrow absorption spectra of organic materials. It is possible to broaden the absorption
range through the tandem OPVs approach which has granted high efficiency [10, 11].
Efficiency as high as 15% was achieved with tandem cells, one of them being deposited under
vacuum while the second one was deposited using wet technique [12]. However, the short
circuit current density (Jsc) of such device corresponds to that of the diode giving the smaller
Jsc [13]. So, it is required to control carefully the fabrication receipt, which makes it a
difficult structure to implement in practical OPVs. To overpass this difficulty, device
architectures employing three molecular species in a cascade energy alignment can be used
[13-18]. Efficiencies higher than 13.7% using ternary polymer solar cells based on bulk
heterojunction were published [19]. On the other hand, good performances were obtained

using simple ternary PHJs, i.e. OPVs with three organic layers, as demonstrated in different



examples [20-28]. Among these publications, very promising results were obtained [25].
Moreover, with industrial perspectives in mind, it is necessary to compare general
performances of OPVs, i.e. reproducibility, ease and yield in chemical synthesis of new
molecules and not only the OPVs efficiency alone. Actually, efficiency is only one of the
criteria for the commercialization of OPVs. Other important criteria are the ease to synthesize
molecules and their stability. Among these simply scalable and cost effective molecular
material for OPV, a family of arylamine based push-pull derivatives has been developed in
the MOLTECH-Anjou Laboratory [29]. It appears that the molecule MD2, presented in
Figure 1, has emerged as a central material in this compound family [4, 30]. It can be
synthesized in only two steps [31] and, when it is co-evaporated with Ceo in multi-layers BHJ-
OPVs it allows achieving 4% of efficiency [32]. Nevertheless, its modest hole mobility (Un =
1.0 10° cm?V-!s) limits its charge transport properties. Therefore, many small push-pull
analogues to MD2 were developed to overcome this limitation and as shown by Cabanetos et
al. [29] promising results were achieved. Another way of investigation consists in introducing
MD?2 in ternary OPV using a smart geometrical approach that makes it possible to use its
potential in OPVs while limiting the negative effect of its high resistivity. This is what we
have tried to do in this work. After selecting a commercial electron donor whose band
structure is compatible with that of MD2, we optimized the geometry of the stacked layers so
as to limit the series resistance of the cell. Due to its light absorption complementarity with
MD?2, the dye elected was AlPcCl (aluminum phthalocyanine chloride), while as EA we used
fullerene Ceo.

We named “ternary OPVs” those based on the three layer structures AIPcCl/MD2/Cgo, while
those using a simple couple, AIPcCl/Cego, MD2/Cgp or AIPcCI/MD?2, were called binary
structures (Supporting information Sla,b).

As shown by the band scheme of figure 2, the AIPcCI/MD2/Cgo stacked layers exhibit a
cascade band scheme, with sufficient HOMO and LUMO offsets for efficient exciton
dissociation. Also, the open circuit voltage value being limited by the energy difference
between the HOMO of the outmost donor and the LUMO of the EA, the maximum expected
value is quite large, i.e. 1.25 V. In order to broaden the light absorption, by introducing MD2
between AIPcCI and Cep in the ternary structure, without increasing too significantly its series
resistance, we have deposited the MD?2 layer through a grid.

In these conditions, the ternary structure behaves as if it is constituted of independent parallel

structures: anode/AlPcCl/Cgo/cathode and anode/AlPcCl/MD2/Cgo/cathode structures. Such



parallel structure avoids too large series resistance increase, thanks to the parallel-linkage

mechanism of these OPVs, which improves the efficiency of the OPV.

2. Experimental

2.1 Organic molecules

The chemical structures of the organic molecules used during this work are shown in Figure 1.
Organic molecules, AIPcCl, Ce, and BCP, and also Cul, MoOs, Al were provided by
CODEX-International (France) while 2-((5-(4(diphenylamino)phenyl)thiophen-2-
yl)methylene)malononitrile (MD2) was synthesized as previously reported [30].

2.2 Organic photovoltaic cells deposition process and characterization

The preparation of the ITO coated glass substrates and experimental conditions used for the
OPYV realisation were previously presented [33]. Therefore they are briefly described in the
supporting information S2 and S3. The schematic representations of the OPVs are shown in
Sla and S1b. The characterization techniques used during this study are presented in the
supporting information S3. Here we simply list them in order to introduce their acronyms for
future use: space charge limited current (SCLC) method to estimate carrier mobility, current
density-tension (J-V) characteristics, External Quantum Efficiency (EQE), Optical
transmission measurements, Atomic Force Microscopy (AFM) and Scanning Electron
Microscopy (SEM) studies.

As said above, hole and electron extracting layers are desirable to improve the power
conversion efficiency (n) of the OPVs. As hole extracting layer (HEL), a double layer
MoOs3/Cul was inserted between the ITO anode and ED. We have already shown that this
HEL leads to optimized efficiencies [34, 35]. On the other hand, an exciton blocking layer
(EBL) such as a bathocuproine (BCP) layer, was inserted between the EA and the Al cathode
[36]. This layer is also acts as an Electron Transport Layer. More specifically, in the case of
PHJ, it was called “exciton blocking layer (EBL)” because it blocks exciton transport towards
the cathode. This avoids exciton quenching at the contact organic / cathode and protects the
electron acceptor layer during the cathode deposition by evaporation [36-38].

The structures used were as follow:

Glass / ITO (100 nm) / MoOs3 (3 nm) / Cul (1.5 nm) / organic active layers / BCP (9 nm)/ Al
(120 nm), the different configurations of the organic active layers are presented in the next

paragraph.



3. Experimental results

3.1 Electrical (SCLC, J-V and EQE) and optical studies.

In a ternary PHJ-OPV the central layer must be ambipolar in order to allow the diffusion of
charge carriers of both types, holes and electrons.

It was already shown that some organic molecules leading to ambipolar materials can be used
as intercalated layer in ternary structures [39, 40]. Here, as we propose to use MD?2 as central
layer because its band structure is well adapted to this use (Figure 2). Its hole mobility being
known, we first measured the electron mobility of MD2, to check its ambipolar character and
hence to ensure its possible use as central layer in ternary structures. In these ternary PHJ-
OPVs, AlPcCl was the donor and Ceo was the acceptor. According to the protocol described in
S3.1, the measurement of the electron mobility, pe, was performed through the use of electron
only structures: ITO/Ca/MD2/LiF/Al. We have also checked the hole mobility, ph, using hole
only devices: ITO/MoO3/MD2/MoOs/Al. The measured hole mobility, ph = 1 10 cm?/Vs,
corresponds to the expected value [29, 32]. The electron mobility is pe = 1.6-3.3 10°° cm?/Vs.
As we will see, these relatively limited carrier mobilities will lead us to look for a smart
geometrical strucure in order to be able to use MD2 effectively as an intermediary layer in a
ternary PHJ-OPV.

After this preliminary study, we have measured the J-V characteristics of AIPcCl/MD2/Ceo
ternary PHJ-OPVs. In parallel to the study of these ternary OPVs, we studied binary OPVs
from all possible combinations deduced from the ternary structure in order to verify if the
multiple interfaces within the ternary structure are all active or not. So, we fabricated a set of
PHJ- OPVs based on AIPcCl/Cgo, MD2/Cep and AIPcCl/MD?2 couples as control devices.

The optimization of the thickness of the organic active layers is reported in the supporting
information S4, while the more significant results are reported in Table 1 and Figure 3. In
Table 1, the main parameters of each the different OPVs categories are presented. The Figure
3a shows the J-V characteristics of the different binary OPVs, while the Figure 3b is
dedicated to the optimization of the MD2 intercalated layer.

About the binary OPVs, the best result is obtained with AlIPcCl, while the worst result is due
to the couple AIPcCI/MD?2. The results obtained with the couples AlPcCl/Cgo [41] and
MD2/Cep [29] are similar to those already published. The quite limited efficiency value



obtained with the couple AIPcCI/MD?2 is probably due to the poor quality of its interface and
to the small electron mobility of MD2. It can be seen that, when a classical, i.e., a continuous
MD?2 film is intercalated between the AIPcCl and Ceo films in a ternary structure, the
efficiencies achieved are lower than those of the binary structures. This is due to a large
decrease of the fill factor and a limited value of Jsc. These limitations are related to the
increase of the series resistance. When the MD2 layer is thick of 15 nm, the J-V
characteristics are S-shaped which can be attributed to the very high series resistance value
(Table 1). For thinner MD2 layer the series resistance decreases and Jsc increases
significantly. Nevertheless FF is still limited and, the performance increase, which can be
obtained through the thickness decrease of the MD?2 layer, allows matching the performances
of the binary OPVs only for a zero MD2 layer thickness. As evidenced by the series resistance
value, this is due to the fact that the carrier mobilites in MD2 are limited. Therefore, it was
necessary to find a geometrical configuration that permits to overcome this bottleneck. We
have already shown that by using as a first electron donor layer, a layer whose morphology
allows the ternary structure to behave as it was two diodes in parallel, significant efficiency
can be obtained [42]. We have used this phenomenon but by controlling it. To do this, we
have used a grid to known geometry, and we have evaporated the MD?2 layer through this
grid, in order to obtain a discontinuous MD2 layer. As shown in table 1 and Figure 3b, such
approach leads to performances which overpass those of the binary structures. The grid was
made from heavy-duty 250 pm diameter steel wire spaced of 375 pm, giving 375 x 375 pm
square holes (Figure 4a). It means that, roughly 40% of the AIPcCl under layer was covered
by MD2 (Figure 4b).

As shown by the profile of Figure 5, the MD2 layer deposited through the grid resulted in
cobbles whose thickness corresponds well to the value measured using the quartz monitor, in
the present case 7 nm, while their width is 375 pm which corresponds to the expected value.
The schematized morphology of the OPVs obtained when the MD2 layer of the ternary PHJ is
deposited through the grid is shown in Figure 6. The arrows indicate the band scheme of the
structures corresponding to the both kind of structures encountered in such devices, either the
ternary AlPcCl/MD2/Cg ternary OPV or the AlPcCl/Ceo binary OPV. Such an alternating
structure makes it possible to significantly decrease the series resistance (Table 1), while it
allows benefiting from the current contribution due to the absorption of light by MD2. The
EQE study permits to confirm this result (Figure 7a). In order to compare the shape of the
EQE spectra with that of light absorption we have measured the optical density of the

different films, alone and when they are staked. The absorption spectra of the different layers



used and that of their stack are represented in Figure 7b. The total absorption of the stacked
layers corresponds to the sum of the absorption of the different stacked layers.

At first glance, depending of the ternary structure, it can be seen that the EQE spectra follow,
more or less, the shape of the absorption spectrum of the stacked layers. The EQE signal
between 575 and 815 nm corresponds to the main absorption band of AlPcCl, even if some
MD?2 contribution from 575 to 700 nm must not be ruled out. The central part of the EQE
spectrum, between 400 and 600 nm must be attributed to MD2. Finally, the EQE signal in the
small wavelength range can be attributed to both materials and, also, to Ceo. This attribution
of the various contributions to the EQE spectrum allows us to discuss the influence of the
thickness and morphology of the MD2 layer. When the MD2 thickness is 15 nm, the series
resistance of the diode is very high and the OPV efficiency is small, the same applies to the
EQE signal. The AIPcCl being far from the acceptor, its contribution is very small. If that of
MD? is clearly visible, it is also relatively small, which is in good agreement with the small
Jsc measured in these OPVs. When the MD2 layer thickness decreases, the series resistance
of the ternary OPV decreases and its efficiency increases. The increase of the current is
clearly due to a large increase of both contributions, AIPcCl and MD2. Nevertheless, the
contribution of AlPcCl is still quite limited. This contribution is strongly improved when the
MD?2 film, with the same thickness, is deposited trough a grid, the discontinuity of this layer
inducing a significant decrease of the series resistance thanks to direct contact between
AIPcClI and Cso. However, the participation of MD?2 in the signal remains important, even if it
decreases compared to the previous signal. It shows clearly that, even when it is
discontinuous, the MD2 layer contributes to Jsc, which justifies that this type of OPV
configuration exhibits the highest efficiency among the different OPV studied presently. The
absorption curves of the structures ITO/MoOs3/Cul/AlIPcCI/MD2 show that if the contribution
to the absorption spectrum of MD2 deposited through a grid is smaller than that of a
continuous film it is still clearly visible (Supporting Information S7)

In Table 1, we can see that, after optimisation of the MD?2 layer thickness and morphology, by
comparison with binary OPVs, the ternary AIPcCI/MD2/Cso OPV improves Jsc while FF
decreases. In the case of continuous MD?2 films, small FF and Jsc, may be related to the small
electron mobility of MD2. Moreover, this limited carrier mobility singularly limits the
thickness of the intercalated layer.

Therefore, the deposition of MD2 through a grid allows over-passing the bottleneck induced
by the limited carrier mobility of MD2. If the idea of using structured organic layer, forming

interpenetrated fingerlike junction to improve exciton dissociation is not new [43, 44], the



structured layer used in the present work is quite different. As a matter of fact, while usually,
the idea was increasing the ED/EA interface area using nanostructured layers, in the present
work the patterning consists in the formation of parallel micro-OPVs, using grid of
microdimensions. It results that the interface area increase is not as large as in the case of
nanopatterning, but with our micropatterning there is no difficulty for filling hollow areas not
containing MD?2. It is known that the use of nanowire arrays induces a low Voc due to the fact
that dark current rapidly increases due to the direct contact of nanowires with the cathode due
to high roughness of these structures [45]. Due to the micro size of our patterning such affect
are nearly absent in our OPVs, even if there is a small increase of the dark current (S6), while
Voc is only faintly affected.

As a matter of fact, about AIPcCl we have already shown [41] that the OPV performance
depends significantly of the deposition rate of AIPcCI. Due to better crystallinity, films
deposited at low deposition rate, 0.02-0.04 nm/s, give the best OPVs (Table 1). Nevertheless,
it must be noted that larger Voc (# 0.8 V) are achieved for higher deposition rate. This is due
to the fact that if a better crystallinity increases the short circuit current and therefore the OPV
efficiency, it increases also the film roughness, which induces some leakage current and a
limitation of the Voc value [41]. This fact can explain the Voc values obtained with the
ternary OPVs. In the case of ternary OPCs, the MD2 layer intercalated between the AlPcCl
and Ceo layers increases the series resistance, which must decrease the leakage current of the
OPV and therefore increase its Voc value. This explains the large Voc value of the ternary
OPVs. The largest Voc values are obtained when the MD2 layer is continuous. When the
MD?2 layer is deposited through the grid, it is discontinuous, its resistance decreases and the

Voc value also.

4. Conclusion

In the present work, we demonstrate that, the bottleneck due to a limited carrier mobility of
the intercalated organic layer can be over passed using a clever geometrical approach. As a
matter of fact, by depositing the intercalated layer through a grid, we decrease significantly
the series resistance of the ternary OPC, while preserving most of its light absorption, which
leads to an increase of Jsc. Thus, the Jsc value of the patterned ternary structure is increased
by almost 60% compared to that of the structure with a continuous layer of the same
thickness. That allows obtaining an efficiency of 4.19%, which is the highest efficiency

obtained among all possible configurations of this family of binary and ternary OPVs.
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Figures
Figure 1: Chemical structures of the investigated organic materials.
Figure 2: Band scheme of the ternary structure PHJ-OPV AIPcCI/MD2/Ceo
Figure 3: J-V characteristics of (a) the different binary OPVs and (b) different typical ternary
AIPcCI/MD2/Cgo OPV, the MD2 layer thickness and morphology being used as parameters.
Figure 4: Visualization of the grid and of the corresponding deposited film.
Figure 5: Surface profile of a MD2 film deposited through a grid obtained with a
profilometer.
Figure 6: Schematization of the geometrical section of a ternary PHJ-OPV with a MD2 layer
deposited through a grid and corresponding band schemes.
Figure 7: (a) -EQE spectra of ternary PHJ-OPV with different MD2 layer thickness and
configurations, (m) MD2 9 nm thick deposited through a grid, (¥) Continuous MD?2 layer
thick of 9 nm, (e)Continuous MD?2 layer thick of 15 nm.

(b) — Light absorption of the different layers [MD?2 (thin line), AIPcCI ([ /[ e ]) and
C60 ( )] and when they are stacked (thick line).

Table
Table 1: Parameter of the cells of the different OPC categories.



pros

Al-ClI N

L,

~

\

cC

Figure 1.

Cal




-3.45

-3.79 Ceo

-5.35
AlPcCI

-5.96
MD2 6.2

Figure 2.



2L -
AlPcCI/MD2 v’

-6 F

J (mA/cm?)

@)

-8 AIPcCL/C,
210 oo

i 5
-4+ |\/|D2/C60 DE@S
0
- EEnsnaaEE
0 DDDDDDDD[DDDDDD[DDDDDDDDDD .

@)

O
@)

©)

ml

0 200 400
vV (mv)

600

800

- (b) | AIPcCI/MD2/C,

2 MD2t=15n
e sesessesSete s

J (mA/cm?)

-8 trerr T MD2 t = 9 nm
110
12

— ==
A A
VAN

-200 0 200 400
V (mv)

Figure 3.

600

800



Sy REREn-o
SeRERPRERELLD

2 mm

Figure 4



t (A°)

80 - .

60 i w |
40 + -
20 | -
OF -
_20 ! | | |
0 200 400 600
d (um)

Figure 5.

800



Al

C6O
BCP MD2
AlPcCl
MoO,/Cul —» i |
I | ITO
I I “«
| |
| Substrate :
I I
I I
Cul ; |
| ] Cul v
MoOg, Coo EEE:LI
MoO, Ceo siii
ITO O
AlPcCl
BCP IPcCl L]
MD2
BCP

Figure 6



0.40 T T T T T T T T T T

O.D. (a. u.)

0.35 i (a) MD2: 9 nm + Grid /.-"."'- ]
] -
0.30 ™" . .
| MD2: 9 nm & \
4 . V. |
0.25 A\L \ wv,’ '\v J 1 1
) A" 3 / Vv 1
8\/ 0.20 —\\V\\ vvyv ,l.-.\v\ ./. vwv'y V\v .
L i . o .y |
O 015l sy ceemst \
R B o ° Tvwy' \& I
0 10-_ ®o0 o990 000’ ®se v i
| MD2: 15 nm ®secsee qee e \
0.05F Y \ .
OOO L 1 L 1 L 1 L 1 L 1
400 500 600 700 800 900
A (nm)
0,6 (b) 1
AIPcCI/MD2/C
04t 1
\o
7
0,2}
O’O I 1~ ———— = = = :—_n
400 600 800 1000
A (nm)

Figure 7.



AIPcCI/MD2/Cgg ternary OPVC and corresponding binary cells

Sample (thickness, nm) Voc Jsc FF n Rs Rsh

V) (mA/cm?) (%) (%) (€2) (Q)

MD2 (15)/Ceo 0.81 5.49 59 2.75 12 500

AlPcCl (26)/ Ceo (40) 0.70 9.61 59.5 3.97 10 450

AlPcCl (20)/ MD2 (7) 0.42 4.50 48 1.00 11 300

AlPcCl (20)/ MD2 (15)/Ceo 0.80 3.66 30 0.93 400 800
(40)

AlPcCl (20)/ MD2 (9)/Ceo (40) 0.80 7.37 38 2.24 28 250

AlPcCl (20)/ MD2 (9)/Ceo (40) 0.75 11.90 47 4.19 9 200

(MD2 through grid)

Table 1: Parameter of the cells of the different OPC categories.



Al
Ceo

BCP

 —

MoO,/Cul
«—ITO

'!!A
al
ol
| AlPcCl ]
~ 2} BCP
:
Law} -8 I






