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A series of archetypal photovoltaic cells with a fully-subporphyrinoid planar heterojunction was fabricated by the ther-
mal vacuum evaporation technique. The donor component of this junction was a boron subphthalocyanine chloride,
while the acceptor component was perfluorinated subphthalocyanine or its heterocyclic analogues in which one, two or
three tetrafluorobenzene ring(s) were substituted by the 1,2,5-thiadiazole ring(s) using the recently described synthetic
approach. The photovoltaic parameters of such cells were measured and compared to those of the reference cell with
the conventional fullerene C , as electron acceptor.
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bBoina uzeomosnena cepusi MOOEIbHbIX (POMOBOTLMAUECKUX SUEEK HA OCHOGE NOIHOCHIbIO CYONOPHUPUHOUOHOZO0
NAAHAPHO2O 2emeponepexodd, CQOPMUPOBAHHO2O MEMOOOM MEPMOBAKYYMHO20 UCHApeHUs. [[OHOPHbIM KOMNOHEeH-
mMoM 3moeo eemeponepexooa 0wl 00bIUHbI HezameujeHHbIl cyopmanoyuanunamoodop(Ill) xnopuo, a akyenmoprvim
KOMROHEHMOM — NephmopuposanHHblll Cyophmanoyuanun uny e2o 2emepoyuKIuiecKue anaioe, 8 KOmopbix 00UuH, 06d
uiu 6ce mpu mempagmopOeH3onbHbIX ppacmenma Oviau 3ameujensvt Ha 1,2, 5-muaduazonvrulil yuki. bouiu uzmepenvi
OCHOGHbIE napamempsl GomonpeoGpa306anUs U NPOGEOEHO UX CPAGHEHUE C NAPAMEMPAMU AHALOSUYHBIX AUEeK, 8 KO-
MOPLIX UCNONB306ANCS MPAOUYUOHHBIIL akyenmop — gynnepen C,,

KaroueBbie caoBa: CyOdranonuanussl, nepdropupoBaHHbie u  1,2,5-THajna3on-aHHETUPOBAHHBIE aAHAJIOTH,
cyOropgupa3uHbl, TOHKUE TUIEHKH, MOJICKYJISIPHBIE FETEpOIepexo/ibl, pOTOBOIBTAMYECKHE SUCHKH.
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Introduction

Halogen-substituted  subphthalocyanines  (SubPc)
attracted much attention as electron acceptors in so-called
‘fullerene-free’ photovoltaics, including devices with all
subphthalocyanine-based!'*?! and cascade junctions™ (see
also reviews by Torres et al.’! and Bender et al.'®). Parent
compound, unsubstituted subphthalocyaninatoboron(III)
chloride is routinely utilized as a donor in the devices
containing molecular™® or hybrid™ heterojunctions, but can
also serve as an acceptor in conjunction with the electron-
rich molecular materials, such as polyarenes or thiophenes.?®
It was recently shown that even without p/n junction subph-
thalocyanines give higher yields of free charge carriers upon
photoexcitation than other molecular semiconductors.

Fusion of 1,2,5-thiadiazole rings strongly enhances
the mt-electron-deficiency of the porphyrazine macrocycle!®!”
allowing to use tetra(1,2,5-thiadiazolo)porphyrazine and its
metal complexes as n-type organic semiconductors in proto-
types of the field-effect transistorst!!and in photovoltaic cells
as acceptors instead of fullerene.!'”

We have synthesized novel heterocyclic subphthalo-
cyanine analogue — subporphyrazine bearing three fused
1,2,5-thiadiazole rings!®! and, very recently, two low-sym-
metry analogues of perfluorinated subphthalocyanine having
1,2,5-thiadiazole ring(s) instead of one or two benzene rings.
4 These subporphyrazines form together with symmetrical
subphthalocyanines a series of cognate subporphyrinoids as
shown in Chart 1. The first three compounds of this series
formally belong to the family of 1,2,5-thiadiazole fused
subporphyrazines, in which peripheral 1,2,5-thiadiazole
unit is consecutively replaced with the four-fold fluorinated
benzene ring. These are denoted as SubPzS.F, SubPzS F,
and SubPzS F, (Chart 1). Naturally, the ultimate stage of such
a replacement leads, using the given abbreviation format,
to SubPzS F , i.e., the well-known chloro[dodecafluorosub
phthalocyaninato]boron(Ill), frequently termed as perfluor-
inated-SubPc. Following the existing tradition!!>>61516] this
compound is denoted as SubPcF , in Chart 1.

Judging from the molecular structures!'>!”! and our
DFT calculation results (Figure 1), the first four compounds
in Chart 1 should behave as electron acceptors at the molec-
ular level and as n-type semiconductors in the solid state.
In this work, we have employed them as electron-trans-
porting and acceptor components in the archetypal thin-
film photovoltaic cells with a planar molecular hetero-
junction. Another (donor) component was unsubstituted
subphthalocyaninatoboron(III) chloride, also termed as per-
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Figure 1. Positions of highest occupied and lowest unoccupied
molecular orbitals (HOMO and LUMO) of complexes from
Chart 1 obtained from DFT B3LYP calculations (left panel).
For comparison, the calculated HOMO-LUMO gaps for the
conventional donor, zinc phthalocyanine ZnPc, and acceptor,
fullerene C,; (from ref.l"l) are shown in the right panel.

hydrogenated-SubPcl'®! (fifth compound in Chart 1, denoted
as SubPcH,)), so that the fully subporphyrinoid-based het-
erojunctions were obtained.

Experimental

The synthetic routes and related procedures (purification,
identification) are described in the preceding works.['>!4]

The preparation of the archetypal photovoltaic cell was similar
to that previously reported.'®!”) The cell scheme was ‘glass/
ITO/MoO /SubPcH ,/acceptor/Al’, where MoO_ is a 10 nm
substoichiometric molybdenum trioxide layer (buffer/workfunction
modifier,l"**"” see Figure S1), acceptor=SubPzS F, SubPzSF,,
SubPzS F,, SubPcF , (or C,, see text), and Al is an aluminum
top cathode (40 nm). The thickness of a p-type layer (SubPcH )
was 20 nm, the thickness of an n-type (acceptor) layer was 30 nm.
All functional layers were obtained by the thermal evaporation
technique,!'>1¢1811 the standard Aldrich ITO-coated glass slides
were used as substrates. (Photo-)electrical characterization
of the cells with an active area of 0.16 cm? was carried out in an inert
atmosphere (argon) at the room temperature using a Zolix SS150
solar simulator and a Keithley 4200 SCS parameter analyzer. Data
are presented in Table 1, Figure 2 and in Supporting Information
(Figures S1-S3).

SubPzSs3Fo SubPzS2F4

Chart 1. Molecular structures.
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Thiadiazole Fused Subporphyrazines

The energy of the frontier molecular orbitals for
the subporphyrinoids presented in Chart 1 was estimated
by quantum chemical calculations using the density functional
theory method (B3LYP functional with all electron pcseg-2 basis
sets®)). The detailed discussion of the calculation results will be
published elsewhere.

Results and Discussion

Dark J-V dependences for the cells with the all-sub-
porphyrinod heterojunctions are shown in Figure 2a-d. The
rectification in the darkness is usually poor, most likely due
to compensating (unwanted) contribution of the interactive
‘acceptor/Al’ junction.'*#11 Under illumination of 100
mW/cm?, a photovoltaic effect arises (Figure 2(a-d)), the cor-
responding parameters are summarized in Table 1. Signifi-
cant photovoltage generated by the molecular heterojunction
can be expected from the large difference between HOMO
energy of donor (SubPcH ) and LUMO energy of acceptor
(see Figure 1). These values are obtained from the B3LYP
DFT calculations (pcseg-2P% basis sets) and should be treat-
ed with care when comparing to other sources.l'*!! They
do represent only the relative positions of the energy lev-
els in the series of subporphyrinoids used in this work. The
highest U  value in this series was measured on the cells
containing SubPcF , as acceptor, but the best performing cell
contains SubPzS F.. The latter provides the maximal value
of short circuit current J  contributing to the overall cell effi-
ciency (see Table 1).

Fill factors in such cells typically suffer from the high
parasitic resistances, basically serial resistance R, and from

1e+0

the limited charge extraction at the cathode!!l (see, e.g.
Figure 2(f)). Note that the layer thicknesses were not
optimized for each particular materials combination, instead,
we intended to maintain the equality of the cell scheme for
the sake of appropriate comparison.”! For the same reason,
the “acceptor/cathode’ interface was not modified by insertion
of the exciton blocking and/or electron transporting
layers. As known, an exciton-blocking material should
carefully be adapted for the specific acceptor/cathode pair
to avoid substantial energy losses at the interface.!!-368.18.19.22]
An indirect argument for this is the lack of correlation
between the value of U  (Table 1) and the LUMO position
in acceptor (Figure 1).

This is illustrated in Figure 2(f). When an 8 nm thick
layer of a wide bandgap bathocuproine (BCP) is inserted,
both the photovoltage and photocurrent increase in the cell
with the SubPcF , acceptor (by 0.07 V and 0.022 mA/cm?,
respectively). However, for the SubPzS.F -based cell,
insertion of BCP leads to the much greater increase in U
(up to 1.25 V), while J  decreases by a factor of five. Next,
although rectification in the darkness is improved by BCP
(Figure S2), insertion of a highly resistive BCP interlayer adds
to R, and a ‘kink’["l appears in the 4" quadrant of illuminated
J-V plot — Figure 2(f). Therefore, this approach cannot be
automatically applied to the ‘subporhyrazine/metal’ interface
and requires a more detailed study (to be published later).

As it is seen from Figure 2(b,c), the devices with low
symmetry compounds are more effective in the photocon-
ductive mode than in the photovoltaic mode, i.e., behave
rather as photodiodes. The photocurrent signals S at 1 V
reverse bias (marked by arrows in Figure 2(a-e)) are listed
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Figure 2. J-V characteristics of the glass/ITO/MoO /SubPcH, /acceptor/Al cells, where acceptor=SubPzS.F, SubPzS F,, SubPzS F
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SubPcF , or C (a-e); and 4" quadrant of linear J-V plot for the illuminated SubPzS F - and SubPcF ,-based cells with and without BCP
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Table 1. Parameters of the cells with a ‘SubPcH, /acceptor’ heterojunction, acceptor=SubPzS F , SubPzS F,, SubPzS F,,
U, =open circuit voltage, J = short circuit current.

oc

SubPcF , or C,.

SubPzS F SubPzS F, SubPzS F, SubPcF C,

u,v 0.70 0.80 0.80 0.89 0.90

J_, mA/cm? 0.05 5-10° 0.98 0.02 1.43
Sphoto* 6 2.0-10° 1.1-10° 2.9-10° 1.0-10*

* Srhoo=photocurrent signal, determined as photo-to-dark current ratio at —1 V (see, Figure 2(a-¢)).
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