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Design of organic solar cells based on a squarine dye as electron donor
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Optical modelling based on transfer matrix method has been carried out to design small molecule BHJ organic solar
cells with better performance. The active layers represent blends of in-house synthesized squaraine dye Sql as electron
donor and soluble fullerene derivative PCs1BM ((6,6)-phenyl Ce1 butyric acid methyl ester) as acceptor. The solar
photon absorption in Sq1/PCs1BM layers with different weight ratio has been simulated and the possible maximum
short circuit photocurrent (Jsc™®) in devices with standard and inverted architecture has been calculated. It is found that
the inverted device stacks show larger calculated Jsc™ compared to the standard device structure. Modelling of the
optical field distribution in the different device stacks proved that this enhancement originates from an increased
absorption of incident light in the active layer, and hence from the increased exciton generation rate. Simultaneously, it
is established that the effect of the ZrO, optical spacer to the increase of Jc™ is less expressed in inverted device stacks
than in standard ones. Finally, the results obtained are discussed with a view to finding the optimal design of real BHJ

cells based on Sq1/ PCe1MB active layers.
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INTRODUCTION

Recently, the organic solar cells (OSCs) based
on polymer or low molecular weight
semiconductors are subject of continuously
growing interest as promising low-cost alternative
of Si-solar cells that still dominate the market [1].
Contemporary OSCs devices are based on a
heterojunction that results from the contact between
electron donor (D) and electron acceptor (A)
materials. D/A heterojunctions can be created with
two main types of architecture: bilayer
heterojunction and bulk heterojunction (BHJ) that
is now regarded as the most promising approach to
obtain high performance devices [1].

The most key element of the multilayered OSCs
structure are the active layers, composed by two
components — donor and acceptor. In BHJ cells the
active layer represents a blend of donor and
acceptor that provides larger D/A interface where
generation of charge carriers takes place [2]. Till
now, the best efficiency OSCs contain fullerene Ceo
and especially its soluble derivative PCBM ((6,6)-
phenyl Ce; butyric acid methyl ester) as acceptor,
which seem without alternative in the near future

[3]. As per the type of the electronic donors the
organic cells are conditionally divided into polymer
and low-molecular (M below 100) ones.
Juxtaposing the properties of these two classes of
organic semiconductors reveals that the low-
molecular ones possess higher purity, better
reproduction of the main physicochemical and
optical properties, higher carrier mobility, better
defined molecular structure and exactly determined
molecular weight [1, 4]. All the pointed advantages
have generated unprecedented interest and intensive
research in the recent years, aiming at development
and exploring of new electron donors for producing
the so-called “small molecule” OSCs. However,
even though the highest power conversion
efficiency (PCE) of 9.96 % was obtained very
recently it is still considerable lower than that of
inorganic solar devices [5]. Obviously, further
research efforts are needed to obtain cells with
better performance and prolonged lifetime. This
requires the optimization of several factors which
determine the cell efficiency, such as molecular
structure of the donor materials and their optical
and  electrical properties, active layer
nanomorphology, ratio between the donor and
acceptor moieties in the BHJ film, concentration of
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the blend D/A solution and last but not least the
device architecture [6].

In our previous work [7] the potentiality of a
synthesized by us symmetrical n-hexyl substituted
squaraine dye (labeled as Sqgl) for using as electron
donor component in BHJ organic solar cells with
conventional structure (here referred to as
“‘standard’’) has been studied from the optical point
of view. The soluble n-type fullerene PCs:MB was
chosen as acceptor. The results of optical modelling
performed indicate that the optimal thickness of the
blended Sq1/PCs1MB active layer is about 100 nm,
which provides an efficient overlapping of the total
absorption with solar spectrum in the range
between 580 and 900 nm [7]. It is known, however
that due to the short exciton diffusion length and
low charge carrier mobility of organic materials,
the thickness of the active layers should be
considerably smaller [8]. To compensate the lower
absorption in the thinner active layers a smart
design strategy has been applied [9], consisting of
the insertion of optical spacers [10] and the use of
different contact materials which reduce the
parasitic absorptions [11]. Moreover, to improve
the charge collection, functional layers are inserted
to modify the interfaces between the active layers
and the respective electrodes [1]. Following the
above strategy we have found that the insertion of
ZnO or C60 spacer layer with optimal thicknesses
significantly enhances J™* for active layers
thinner than 50 nm, which is mainly due to the
improved light absorption by a factor of 5 to 10.
Simultaneously, the optical effect of inserted
PEDOT:PSS hole transporting layer was found to
be negligible for thicknesses of Sq1/PCMB layers
below 100 nm [7].

Recently, there have been extensive
investigations on the so-called “inverted
architecture” of polymer solar cells (PSCs), where
the polarity of charge collection is the opposite of
the conventional design [12, 13]. The
implementation of the inverted cell structure
requires the introduction of a buffer layer from
metal oxide, mostly ZrO,, ZnO, TiO; etc., for
improving the function of the transparent 1TO
electrode as cathode, and a substitution of Al
electrode with higher work function metal like Au,
Ag, Pt, etc., which serves as anode [13]. Compared
with conventional PSCs, the inverted type devices
demonstrate better long-term ambient stability by
avoiding the need for the corrosive and hygroscopic
PEDOT:PSS and low-work-function metal cathode,
both of which are detrimental to device lifetime
[14]. It has also been shown that the inverted design
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provides superior solar cell performance, which
was attributed to different absorption profiles with
reduced parasitic absorption in polymer:fullerene
solar cells [15]. However, the efficiency of this
architecture in small molecule organic cells has
hardly been investigated.

In the present work, the potential photovoltaic
performance of BHJ solar cells with Sq1/PCes:BM
active layer and different design was projected by
optical modelling based on transfer matrix method.
For the purpose the simulated solar photon
absorption in blended with different weight ratio
Sql/PCsBM active layers and the calculated
maximum short circuit current J™ for cells with
standard and inverted architecture were compared.
Besides, the impact of ZrO, and MoO; optical
spacers on the calculated Js;™* values were also
estimated.

EXPERIMENTAL DETAILS

The symmetrical n-hexyl substituted squaraine
dye 2-(5-(((2,2-diphenylhydrazono)  methyl)-1-
hexyl-1H-pyrrol-2-yl)-4-(5-(2,2-diphenyl-
hydrazono)-ylidenemethyl)-1-hexyl-2H-pyrrol-1-
ium)-3-oxocyclobut-1-enolate, labeled as Sql) was
in-house synthesized [7] by optimizing a method
proposed recently in the literature [16, 17].

Single Sgl dye and blended Sql/PCes:MB films
with different weight ratios (1:1, 1:2, 1:3) were
prepared from solution of the compounds in
chloroform by spin coating in glove box. The
experimental details are described in [7]. Optical
constants of the blended Sq1/PC¢BM films were
determined with a high accuracy on the basis of
three spectrophotometric measurements at normal
incidence of light - transmittance T and reflectance
Rs and Rn of the films, deposited on transparent
(BK7) and opaque (Si wafers) substrates,
respectively [18].

Optical modeling of a BHJ device stack was
carried out using the transfer matrix formalism,
based on the Fresnel formulas for the several
interfaces occurring in the cell. This approach has
been explained in full detail in the literature [19,
20]. In our work a Matlab script developed by
Burkhard and Hoke, which treats the case of normal
incidence of light, was applied [21]. The absorption
distribution for each wavelength over the film
thickness has been calculated in the wavelength
range 350 — 900 nm.

Knowing the power of incoming AM 1.5 solar
spectrum, the exciton generation rate per unit
volume G(x) at each position x is described by
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A1

G(x) = M EQact(Je,A)dﬂL

where the Q(x, 1) is the time average of the energy
dissipation per unit time at the position x and
wavelength A, h is Plank’s constant and c is the
speed of light [19]. Further integration over the film
thickness results in the total number of absorbed
photons. The possible maximum short circuit
current density Js"™* was calculated assuming that
each absorbed photon results in a collected electron
i.e. the internal quantum efficiency, IQE, equals
one [21].

The two types of architectures of the modelled
solar cells are shown in Fig. 1. In the standard
device configuration (Fig. 1a), the active layer is
sandwiched between PEDOT:PSS and ZrO;
covered with Al. For the inverted devices (Fig. 1b),
the active layer is embedded between the electrons
selective ZrO; and the holes selective MoO3 layers,

Sq1:PCBM

PEDOT:PSS
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Fig. 1. Scheme of BHJ organic solar cells with:
a) standard structure; b) inverted structure.

covered with Ag metal contacts. The optical
modelling was performed for both BHJ cell
structures, where the light enters through the glass
substrate, sequentially passing the buffers and
active layers. Then the light is reflected back from
the metal electrode and finally leaves the solar cell
partly at the front again. In all calculations the
thicknesses of ITO and Ag electrodes were set to
100 nm and those of PEDOT:PSS to 60 nm. We
have used literature data for the optical constants of
ITO, Al and ZrO;, [22]. The optical constants of
PEDOT:PSS, Ag and MoOs films were determined

experimentally by applying the same procedure as
for Sql dye. For the purpose 50 nm thick films
were spin coated or thermally evaporated in
vacuum (10 Pa) on glass substrates and Si wafers.

RESULTS

As a first step in our study the optimal
Sq1/PCsBM weight ratio in the blended active
layers was experimentally determined. This is
because of the fact that, as noted above, the ratio
between the donor and acceptor moieties in the
BHJ film affects strongly the device performance.
Fig. 2 presents the absorption spectra of 100 nm
films  with different Sql/PCeiBM  weight
proportions (1:1, 1:2 and 1:3). As seen, the
spectrum of the all samples studied shows
absorption of light across a broad range of
wavelengths - from ultraviolet to near infrared, with
a maximum at 775 nm. The absorption in the range
350 — 600 nm is due to the presence of PCe1MB in
the blended films whilst the main absorption peak
is due to electron excitations in the squaraine dye
molecules. Reasonably, the height of the main peak
decreases with decreasing the content of Sql in the
blended films studied, being the lowest for 1:3
proportions of the donor/acceptor constituents.
Further, the photovoltaic potential of Sq1/PCs:BM
active layers was followed in simple standard cells,
ITO/PEDOT:PSS(~60nm)/Sql:PCes1BM(~100nm)/
Al(~100nm). The current density—voltage (J-V)
curves obtained for cells with different
Sql/PCeBM ratio in the active layers are shown in
Fig. 3. It is seen that the weakest photovoltaic
response is observed for the active layer with 1:1
ratio of the donor and acceptor moieties. Obviously,
this film has very low potential for using as active
layer it the cells studied, despite its higher
absorption. The two other Sql/PCs:BM films (1:2
and 1:3) have almost the same relatively stronger
response which was the reason to continue our
investigation with them.
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Fig. 2. Absorption spectra of 100 nm thick Sq1/PCs1MB
films with different D/A weight ratio.
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Fig. 3. J-V curves for conventional BHJ cells at different
weight ratio of the Sq1/PC¢MB active layers.
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Fig. 4. Refractive index (n) and extinction coefficient (k)
spectra of blended Sql1/PCsBM films.

Fig. 4 shows the spectral dispersions of
refractive index (n) and extinction coefficient (k)
for blended Sq1/PCe¢:BM layers with 1:2 and 1:3
weight ratio. On their basis, the optical absorption
profiles for standard and inverted devices, each
with 100 nm thick Sql/PCsBM active layer, were
calculated and can be compared in Fig. 5. Fig. 5a
presents spectral dependence of total absorption
within the active layer, while the exciton generation
rate Gx under AM 1.5G illumination versus position
in the active layer is shown in Fig. 5b. In the
calculations the photon to exciton conversion
efficiency is assumed to be one meaning that every
single photon absorbed in the active layer initially
creates an exciton. It is seen that the inverted
structure can harvest more photons from solar
spectra than the standard devices. Besides, the
generation profile is shifted towards the back metal
electrode and the formation of exited states near the
back electrode is considerably larger for inverted
cell geometry. Hence, the systematical optical
modeling studies showed that the inversion of the
multilayered cell structure causes both the slight
shift of the maximum of the electric field towards
the back electrode and the increase of the overall
modulus throughout the whole active layer.
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Fig. 5. Comparison of calculated optical absorption
profiles for devices with standard and inverted structure.
The thicknesses of buffer layers ZrO, and MoO3 were set

to 20 nm. a) Fraction of incident light absorbed in 100
nm thick Sq1/PCs1MB active layer in dependence of
wavelength; b) Exciton generation rate in 100 nm thick
active layer under AM 1.5G illumination as a function of
position within the active layer;
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Fig. 6. Calculated Jsc™ as a function of active layer

thickness for the same device structures (as in Fig. 5)
under 100 mW cm2 AM 1.5G spectral illumination.

Assuming an 1QE=1, the maximum short circuit
current density Jsc™* under AM 1.5G illumination
in dependence of Sql/PCe:MB layer thickness is
depicted in Fig. 6 for both device structures. As
seen, the inverted device stack always has a higher
Jsc™ than the standard one, regardless of the active
layer thickness, demonstrating the advantage of the
inverted device structure. It should be noted here
that these calculations consider the optical
properties of the solar cells and not the electrical
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necessities of low sheet resistance or prevention of
pin hole formation. Nevertheless, they represent a
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Fig. 7. Calculated short-circuit current density Jsc™
contours under 100 mW cm? AM 1.5G spectral
illumination as a function of active layers and optical
spacer thicknesses for: a) standard device with ZrO;
optical spacer and b) inverted device with MoOs optical
spacer.

considerable potential improvement of the
photocurrent in devices with inverted structure. The
dependence of calculated J,c™* on the thicknesses
of the active layers and optical spacer is illustrated
in Fig. 7 for standard device with ZrO, spacer/Al
electrode and inverted device with MoO; spacer/Ag
electrode. According to the simulation results
presented, the values of J,c™ are less dependent on
the spacer thickness in the device with inverted
structure. On the whole, the effect of optical spacer
to the increase in Jic™ is higher in devices with
standard architecture.

CONCLUSIONS

Optical modelling based on transfer matrix
method has been performed to predict and improve
the performance of BHJ solar cells with standard
and inverted architecture, based on a symmetrical
n-hexyl substituted squariane dye Sqgl as electron
donating component in the active layer. The results
obtained demonstrate that the inverted device
stacks, comprising bulk heterojunction composed
of Sgq1 donor and PCsBM acceptor with 1:2 and
1:3 proportions, show larger short circuit currents
compared to the standard device structure.
Obviously, this enhancement originates from the
increased absorption of incident light and the

subsequent raise of exciton generation rate within
the active layer. This statement is confirmed by the
results from modelling of the optical field
distribution in device stacks with both types of
architecture. On the other hand, the simulations
performed show that the impact of the optical
spacer on the increase of Jic™* is less expressed in
the cells with inverted design than in standard ones.

Finally, it is worth to mention that the
experimental verification of the results obtained is
in progress and will be forthcoming in a separate

paper.
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JIU3AMH HA OPI' AHUYHM CJITBHYEBU KJIETKM HA OCHOBATA HA CKYAPHJIMEBO BAT'PUJIO
KATO EJIEKTPOHEH JOHOP

Cu. Kutosa, JI. CrosaoBa, }O. luxoBa, M. Kanguncka, A. Bacunes, B. Mankos

Hncmumym no onmuuecku mamepuanu u mexronozuu "Axao. M. Manunoscku”,
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[ocreruna va 10 okTromBpu 2016 r.; kKopurupasa Ha 21 HoemBpH, 2016 T.

(Pestome)

[IpoBeneHO € ONTUYHO MOJENUpaHe M0 METOAa Ha O0bpHATaTa MaTpHIa C LeJl IPOSKTHPaHe HA HUCKOMOJIEKYJIHU
OpTraHWYHU CITBHYCBH KJIETKH ¢ 00EMEH XeTepOpPEeX0/1 U MOA00PCHH XapaKTePUCTUKH. AKTUBHUSAT CIION TPECTaBIIsIBa
CMeC OT CHHTE3MPaHO OT Hac CKyapHiiMeBo 6arpmino Sql kaTo TOHOP Ha eJIEKTPOHU U Pa3TBOPUM JICPHUBAT Ha (yrepeHa
PCes1BM ((6,6)-phenyl Cg butyric acid methyl ester) karo enextponeH akienrop. CumynupaHa € aGcopOuusTa Ha
CITbHYEBA CBETJIMHA B aKTHBHHUTE clioeBe ¢ pa3iuuHO Sql/PCeBM choTHOIIEHHE M ca NMPECMETHATH BBH3MOXKHHUTE
MaKCHUMallTHH CTOHHOCTH Ha TOKa Ha KbCO CheAuHeHHE (Jsc"X) B KIETKH ChC CTAaHAAapTHA W OOBbpHATA apXUTEKTYpa.
[Momy4yeHuTe pe3ynTaTd MOKa3BaT, Y€ MO-BUCOKH CTOWHOCTH Ha Jsc™ MOraT Jia ce OYakKBaT IpH KISTKUTE ¢ 0ObpHATA
CTPYKTypa. MonenupaHeTo Ha paslpeAelieHHeT0 Ha ONTHUYHOTO IO0JI€ B KICTKHTE C pa3iM4eH JU3aliH MOTBBPIH, 4e
TOBA yBEJIMYCHHUE CE ABJDKU Ha IOBUILICHATA a0COpOLMs Ha MajaniaTa CBETJIMHA B aKTUBHUS CJIOH M CICIOBATEIIHO Ha
M0-BHUCOKATa KOHIEHTPAIHMs HA EKCUTOHUTE. YCTAHOBEHO € ChILO Taka, Ye BIMSHHETO Ha ONTHYHHUSA creiichp oT ZrO:
BbpXY MMOBUINABAHETO HA CTOMHOCTHTE Ha Js"™ € MO-CHIIHO M3Pa3eHO B CTAHAAPTHUTE MOJICTHH KIIETKU. Pesynrarute
OT IPOBEACHOTO U3CJIeIBAaHE Ca JUCKYTUPAHH C OIJIe]] HAMUPAHETO Ha ONTHMAJICH JIM3aiiH Ha PeaiHU CI'bHYEBU KIIETKH
¢ obemeH xeTepornpexo/] Ha ocHoBarta Ha Sq1/ PCe1MB akTuBHHU CllOEBE.
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