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The J-V characteristics of planar heterojunctions consisting of molecular semiconductors, tin (or lead) phthalocyanine
and boron chloride subphphalocyanine SubPc, are obtained. While almost non-rectifying in the dark, the illuminated
Jjunctions show an unexpectedly significant photovoltaic effect (0.4 V). The sign of the photovoltage is also different from
what is expected considering the donor/acceptor properties of paired compounds. This observation should be taken into
account when introducing phthalocyanines in multilayer photovoltaic cells as buffers or cascade components.
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Tonyuenvl gonvmamnepuvie XapakmepucmuKku NiaHAPHLIX 2eMePonepexo00s, COCMOSIUX U3 NAPbl MOLEKVIAPHBIX
NoNYNPoOBOOHUKOS,  (pmanoyuanuHama o1n0éa (uiw ceunya) u cyogmanoyuanunama 6Oopa. Hecmomps
HA Mo, Ymo 6 memMHoOme GLINPAMAAIOUIUE CEOUCMEA 2eMePonepexo0a He NPosGIsIIOMcs, NPU 0CEEUWeHUU HeONCUOAHHO
nonyuen 0080IbHO 3HAUUMENbHbIU homogonomauyeckuil 3¢ppexm (0.4 B). 3nax pomo-3.0.c. marxoice omuuuaemcs
O 0ACUOAEMO20 HA OCHOBAHUU OOHOPHO-AKYENMOPHBIX CEOUCME KOHMAKMUPYIOWUX KOMNIEKCo8. Dmo HabmooeHue
crnedyem yuumvléamsv npu 66e0eHuUl GmMAaioyUaHUHO8 8 MHO2OCIOUHbIe (HOMOBOILIMAUYECKUE AYCUKU 8 KAuecmee

6yGhepos unu KOMNOHEHMO8 KACKAod.

KiroueBrble ciioBa: MOHeKyﬂHpHLIe TeTEPOIICPEXOabI, Q)TaHOHPIaHI/IHLI, KaCKaJJHbIC COJIHCUHBIC STYCHKHU.

Introduction

Metal phthalocyanines (MetPcs) and their nearest
analogs — boron chloride subphthalocyanines (SubPcs) —
are widely used in organic electronic devices with
a planar molecular heterojunction (PHJ).!"M The anisotype
phthalocyainine-based PHJ containing two different-type
(p- and n-) semiconductors are conventionally employed,
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whereas the isotype heterojunctions formed with two semi-
conductors of the same conductivity type (p-/P or n-/N) have
been studied very little so far. There is some information on
the use of phthalocyanine-based isotype PHJ in the organic
field-effect thin-film transistors.¥ Photovoltaic cells, or
even measurements of the photovoltaic effect in isotype PHJ
with two phthalocyanine semiconductors, to the best of our
knowledge, have not been reported yet.[*
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Scheme 1.

Meanwhile, there recently appeared a concept of a cas-
cade organic solar cell.l'! According to it, thin molecular
layers are consecutively deposited on top of each other
to form the multiple energetically cascading junctions that
enable a more efficient two-step exciton dissociation®!%
and/or charge transport.>¢*!"l Additional benefits are associ-
ated with the well-aligned excitation transfer (energy relay)
(L6121 and/or with the broadening of the spectral range due
to the complementary photoabsorbing layer(s).[610-14

It should be stressed that of at least three components
of the cascade, such as the donor/interlayer/acceptor, the two
ones may be semiconductors of the same conductivity
type, i.e., p-/P/n or p-/n-/N.I'*I Peripherally unsubstituted
MetPcs are generally known as the p-type (or donor)
materials,['2>%11 whereas SubPcs demonstrate a rather
complicated (bipolar®®!37) behavior, acting as either a donor
or acceptor depending on the redox properties of adjacent
molecules.!'¢8%13-181 Both kinds of complexes have a long
history of use in the cascade PHJ.I"

There are also reports on the insertion of the p-type
phthalocyanine as a buffer layer between the anode
and the donor of the main PHJ, in which this donor is another
(p-type) phthalocyanine semiconductor.!H1416:17]

Inall of the above examples the concentration of charge
carriers and the positions of the energy levels in the adja-
cent (p-type) molecular semiconductors are different.
Therefore it is not unrealistic to assume that an isotype
p-/P heterojunction can be formed at the interface between
SubPc and conventional metal phthalocyanine.”? In this
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work, we have fabricated and tested the archetypal thin-
film devices containing the MetPc/SubPc junction with
a view to elucidating its own rectifying and photovoltaic
activity.

Experimental

The devices were fabricated using the vacuum techniques as
described earlier.">!! Tin phthalocyanine (SnPc), lead phthalocya-
nine (PbPc) and boron chloride subphthalocyanine (SubPc) were
purchased from Aldrich and used as received (Scheme 1). In some
experiments, we used a subphthalocyanine derivative fully fluori-
nated on periphery (SubPcF 1), which was synthesized and puri-
fied at ISUCT.!"! Standard Aldrich ITO coated glass slides served
as substrates. The MetPc/SubPc bilayer (or its analogues) depos-
ited in different sequences was sandwiched between the bottom
ITO/MoO, and top MoO /Ag/MoO_ electrode.”” The thickness
of the MoO_ layer on ITO was 5 nm, the thickness ratio in the tri-
layer top electrode was 15/10/5 nm. Thicknesses of molecular lay-
ers varied as follows: SnPc or PbPc 40 nm, SubPc 20 nm and Sub-
PcF |, 20 nm. To obtain reliable characteristics for the devices with
the SubPcF , bottom layer, the MoO _ buffer in the bottom electrode
was omitted. In a likewise matter, MoO_was removed from the top
tri-layer electrode when the SubPcF , layer was on top (Table 1).
While the sequence of deposition was varied as described below,
all other conditions during the device preparation were maintained
exactly the same. The device area in all experiments was 0.14 cm?.

Photoelectrical measurements were carried out at room
temperature using a Keithley SGS-4200 parameter analyzer
and a Zolix AM1.5G solar simulator on a batch of devices trans-

Table 1. Values of V/ and J_ (polarity as in Figures 1-4, S4-56). A series of four samples was measured for each device composition. The
averaged values in the series are given along with the error intervals (in parentheses).

N Device composition V.,V J_, mA/cm?
1 Glass/ITO/MoO,/SnPc¢/SubPc/MoO /Ag/MoO -0.36(+0.05) 0.06(+0.01)
2 Glass/ITO/MoO,/SubPc/SnPc/MoO /Ag/MoO 0.39(£0.05) -0.05(x0.01)
3 Glass/ITO/MoO, /PbPc/SubPc/MoO /Ag/MoO -0.44(+0.04) 0.07(+0.01)
4 Glass/ITO/MoO /SnPc/SubPcF /Ag/MoO_ 0.43(0.04) -0.37(0.07)
5 Glass/ITO/MoO /SubPc/SubPcF /Ag/MoO, 0.85(+0.08) -0.18(+0.03)
6 Glass/ITO/SubPcF ,/SubPc/MoO /Ag/MoO, -0.60(+0.06) 0.44(+0.08)
7 Glass/ITO/MoO /SnPc/SubPc/SubPcF ,/Ag/MoO, 0.67(+0.01) -0.62(+0.01)
8 Glass/ITO/MoO /SubPc/SnPc/SubPcF ,/Ag/MoO, 0.81(£0.01) -0.29(+0.02)
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Figure 1. Comparison of J-V characteristics of the devices with SnPc/SubPc and SubPc/SnPc bilayers (in the dark — left panel, under
illumination — right panel). The sequence of layers is depicted in the graph. For better comparison, the insets show the dependences

redrawn in the semilog scale.

ferred through air. The devices were illuminated from the ITO
side. The basic absorption maximum (Q-band) of SnPc and SubPc
photoabsorbers lies in different domains of the visible/NIR spec-
trum (see, Figure S2), the results on illumination of the devices
with the monochromatic light (EQE) will be published elsewhere.

Results and Discussion

Figure 1 shows the dark and illuminated J-7 depend-
ences for the devices with the SnPc/SubPc bilayer (squares).
Forward bias corresponds to the positively charged bot-
tom electrode — this polarity was fixed for all the devices
described here. Dark J-V dependences are almost sym-
metrical, which is expected for a sandwich-type device with
quazi-ohmic electrodes and a non-rectifying Pc/Pc* inter-
face in the middle.l"s-21.22.24

Surprisingly, for the illuminated SnPc/SubPc junction
the J-V dependences shift to quadrant I of the plot at the given
polarity, i.e., the devices behave as formally ‘inverted’ pho-
toelectrical cells. The absolute value of the open circuit volt-
age V is 0.36 V (Table 1).

Judging by the HOMO positions (Figure S3), SubPc
should, presumably, be an acceptor, while more easily oxi-
dized SnPc appears to act as a donor. Thus, the p/n het-
erojunction (or D/A heterojunction®) could be anticipated
in this pair, similarly to that reported (e.g.,**) However, such
a p/n junction should result in the ‘normal’, not inverted,
photovoltaic cell, for which the illuminated J-V depend-
ences are supposed to shift to quadrant I'V.

One should keep in mind that the literature HOMO-
LUMO (calculated or measured) plots do not always reflect
the actual transport energy levels in organic semiconduc-
tors.!"2324 Furthermore, the bipolarity of SubPc in sand-
wich-type diodes was revealed in the air-free conditions
(see, e.g.,""). As concluded from the field-effect measure-
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ments in Ref.?! the majority charge carriers in extrinsic
semiconductor SubPc are holes, a clear inversion from the n-
to p-type occurs upon exposure to ambient air.

The equivalent devices, where another classical donor
lead phthalocyanine!! was used to form the PbPc/SubPc
junction, demonstrated the same trend as in Figure 1 with
illuminated J-V dependences shifted to the II quadrant
of the plot (Figure S4). Note, the devices exhibit rela-
tively high ratio of photocurrent-to-dark current densi-
ties (<10*@=0.1V, Figure S4). As illumination in various
spectral domains shows, the majority of the photocurrent
in the devices is associated with contribution of the SubPc
(or SubPcF ) layer (Figure S5).

Then, we reversed the bilayer without changing
the device composition at all (Figure 1, stars). The dark J-V
dependences are again nearly symmetrical, but under illu-
mination they shift to the IV quadrant of the plot, which
is typical to the ‘normal’ device. This implies that the n/p
junction expected for the SubPc/SnPc bilayer does not occur.

To further prove the observed effect, the p-type tin
phthalocyanine in the bilayer was replaced with an n-type
perfluorinated subphthalocyanine SubPcF ,.[" The results are
shown in Figure 2 (diamonds) in comparison with the charac-
teristics of the parent SnPc/SubPc device. At the given polar-
ity, the devices incorporating the SubPcF /SubPc bilayer
show typical for the inverted cells characteristics in the dark
(rectifying n/p junction) and ¥ of 0.60 V under illumination.
The latter value is comparable to those reported in the lit-
erature for similar photovoltaic cells.!''**? The short circuit
current J largely increases compared to the parent device
with SnPc/SubPc junction, but its absolute value is still very
low (Table 1). The most likely reasons are the non-opti-
mized thickness of layers and the absence of the appropri-
ate buffer at the ITO/SubPcF,, interface. This also explains
the S-shaped profile of the illuminated J-V dependences
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Figure 2. Comparison of J-V characteristics of the devices with SnPc/SubPc and SubPcF,,/SubPc bilayers (in the dark — left panel, under
illumination — right panel). The sequence of layers is depicted in the graph. For better comparison, the insets show the dependences

redrawn in the semilog scale.
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Figure 3. Comparison of J-V characteristics of the devices with SnPc/SubPc and SnPc/SubPcF , bilayers (in the dark — left panel, under
illumination — right panel). The sequence of layers is depicted in the graph. For better comparison, the insets show the dependences

redrawn in the semilog scale.

in Figure 2, although other explanations, like a drop of shunt
resistance due to photoconductivity, are also possible.!

Next, the parent SnPc/SubPc junction was modified
by replacing SubPc with SubPcF ,, as shown in Figure 3.
Now, the conventional molecular p/n heterojunction
is formed, therefore the J-V dependences and photovoltaic
parameters are close to those of the ‘normal’ photovoltaic
cells (Table 1).

Comparison of the data in Figures 2 and 3 suggests that
both SnPc and SubPc act as p-type semiconductors when

Maxkpozemepoyurnvt / Macroheterocycles 2018 11(4) 412-417

paired with a standard n-type (acceptor) material, and con-
tributions from the interfaces (parasitic Schottky junctions
at the electrodes) are, indeed, not substantial. On the other
hand, SubPc cannot be regarded as an ‘acceptor’ with respect
to SnPc since the opposite sign of the photovoltaic effect for
the SnPc/SubPc junction is seen in Figure 1.

If so, the formation of an isotype PHJ between
two molecular semiconductors SubPc and SnPc can be
hypothesized, similarly to 4. Here, the poorly conducting
in the dark SubPc can be thought as p-type and a better
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Figure 4. Comparison of J-V characteristics of the devices with the tri-layer junctions (in the dark — left panel,
under illumination — right panel). The sequence of layers is depicted in the graph. For better comparison, the insets show

the dependences redrawn in the semilog scale.

conductive SnPc as P-type component. A characteristic
feature of isotype junctions is non- (or weakly) rectifying
behavior in the dark,? although its forward and reverse
J-V dependences obey different laws. However, it becomes
photovoltaically active under illumination (Figure 1,S4),
possibly due to the largely increased concentration of pho-
togenerated charge carriers in SubPc. More information
on the fundamental properties of these molecular semi-
conductors is needed to draw the relevant band diagram
of the heterojunction at thermal equilibrium.%! The accu-
mulation of charge carriers and band bending in the p-p
isotype heterojunction between a 3-unit phenanthrene
(wide band-gap semiconductor) and vanadyl phthalo-
cyanine (narrow band-gap semiconductor) is described
in Ref.P! Similarly we can assume that the built-in field
arises at the interface between SnPc (narrow band-gap)
and SubPc (wide band-gap), which facilitates the dissocia-
tion of excitons in the illuminated devices thus giving rise
to the photocurrent.

Finally, tri-layer structures were similarly fabri-
cated and tested. Figure 4 shows the J-J characteristics for
the SnPc/SubPc/SubPcF,, and SubPc/SnPc¢/SubPcF , multi-
junctions. The former case resembles the cascade architecture
in the way that SubPc can be an acceptor with respect to SnPc
and a donor with respect to SubPcF ,. And indeed, the high-
est photocurrent among all of the tested devices was detected
in this case (Table 1). The illuminated J-V" dependences for
two sub-junctions, SnPc/SubPcF , and SubPc/SubPcF, , are
shown in Figure S6. The photovoltage in the tri-layer SnPc/
SubPc/SubPcF , device is lower than in the reference bilayer
cell without SnPc/SubPc junction, indicating its negative
function in such a sequence of layers.

The latter case, SubPc/SnPc/SubPcF , is essentially
a modification of the SnPc/SubPcF , bilayer from Figure 3
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(triangles) by introducing SubPc at the bottom electrode
(¢f. 1)), The value of V, decreases by 0.14 V compared
to the other trilayer device (Table 1), which suggests
the ‘open’ state of the SubPc/SnPc photodiode (Fig-
ure 1). It is unclear why the dark rectification disappears
and the value of J  does not increase in this case (Figure 4).
Probably, there are limitations of the transport of charge
carriers across the SubPc/SnPc interface (accumulation).
Besides, the conductive pathways in the multilayer thin-film
cascade could be combined. For instance, the parallel elec-
trical functioning of junctions (photodiodes) in the trilayer
cascade solar cell was found in "1, despite their spatial posi-
tion in series.

Conclusion

The significant photovoltaic effect arises at the SubPc/
MetPc interface. This interface should most likely be consid-
ered as an isotype p-/P junction since both kinds of thin-film
materials are the p-type semiconductors at the given condi-
tions. Such a junction alone cannot be expected to produce
high power conversion efficiencies since the photocurrents
are quite low. Nonetheless, the photovoltage can be as high
as 0.44 V for the devices incorporating the PbPc/SubPc
bilayer. This fact adds diversity to the concept of cascade
in the multijunction solar cells, associated basically with
the excitation transfer. Alternatively, such an isotype junc-
tion existing within the cascade can play a role of additional
serially connected photodiode, polarity of which affects
either ¥ or.J_, or both.
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