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The effect of titanyl phthalocyanine TiOPc in the methylammonium lead triiodide (MAPbI)) perovskite based solar
cells is studied. The photovoltaic output of cells at low intensity illumination with ), =840 nm is greatly enhanced
when using TiOPc as a NIR-absorbing hole conductor. Compared to the reference cells with a standard cuprous iodide
Cul as a hole-transporting layer, the photocurrent increases by a factor of 15, so that the narrow-band power conversion
efficiency (PCE) exceeds 2 %. It should be pointed out that the irradiation wavelength lies beyond the intrinsic
absorption of MAPbI, or any other material in the device scheme except TiOPc. The improvement is associated with
the photoactivity of TiOPc molecules in the near infrared region due to the largely splitted Q-band, as confirmed
by the dependence of parameters on the polymorph transition in the TiOPc films.
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H3zyueno enuanue pmanoyuanuna mumanuia Ha GOmogoIbMAULCKUE NPOYECChbl 8 COTHEUHBIX JNEMEHMAX HAd OCHOGE
mpuiioouda memunammonusi-ceunya (neposckum MAPDI). Dgpgpexmusnocmo npeobpaszosanus mownocmu (PCE)
8 AUEUKAX NPU 0CBeUeHUU HUZKOU UHMEHCUBHOCTIU ¢ MAKCUMYMOM 0KON0 840 HM pe3Ko 6o3pacmaem npu ucnonv306a-
nuu TiOPc 6 kauecmee ObIpoUHO-MPAHCROPMHO20 Cl0sl. B cpasnenuu ¢ smanonnoil siueiikoil, cooepoicaujeti OblpoUHO-
mparcnopmubwiil ciou woouda meou Cul, pomomox yseruuusaemcsi 6 15 paz, max umo PCE conneunou siuetiku 6 y3Kkom
ungpaxpacrnom ouanaszone npesviiaem 2 %. Cnedyem noouepkHyms, 4mo MakCUmMym UCIOUHUKA OCBEUeHUSL TIeMHCUM
3a npedenamu coocmesennozo noanowenus MAPbI, unu m06o2o dpy2020 mamepuana 6 cxeme yCmpoucmea Kpome
TiOPc. Taxum obpaszom, npoepecc cesizan ¢ pomoaxkmusHocmoio monexyn TiOPc ¢ Onudchem ungpakpacrom oua-
nasomne, BO3HUKAIOWel U3-3a CUIbHO20 pacujennienus Q-noiocel, 4mo nOOMEEPHCOAeMcst U 3a6UCUMOCTILIO BLIXOOHbIX
napamempos om noaumoppnozo cocmosnnus nienox TiOPc.

KiaioueBble cioBa: CDTa.J'IOIII/IaHI/IH THUTaHHJIA, HOJ'II/IMOpq)HHﬁ Mepexoa, MomniomcHUe B ommkuem MK JAuara3soHe,
TIEPOBCKUTHLIC COJTHCYHBIC STYCHKH.

Introduction in order of 15-20 % or higher. Planar heterojunction solar
cells employing the perovskite/fullerene bilayer were first
Perovkite solar cells have attracted enormous atten- reported in ref.l"! and since then have aroused great interest

tion in the last decade due to the easily achieved, but among researchers in the field due to the stablizing effect
still not stabilized, power conversion efficiencies (PCE) of C,.* In these cells, the methylammonium lead triiodide
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(MAPbL) perovskite is a single, or dominant, photoabsorber
which provides the photoconversion activity in the UV/vis-
ible range up to ~750 nm. At longer wavelengths the cells are
optically inactive. Several approaches to enhance spectral
range of perovskite-based cells are reported. So, the pho-
toactivity of the perovskite material itself can be extended
to the NIR domain by altering its chemical structure, as
shown by the example of various formamidium, mixed-metal
or mixed-halide derivatives.’ Alternatively, additives
to the perovskite precursor solution, like soluble phthalo-
cyanines,’ enhance the light absorption being incorporated
in the resulting active layer and thus improve the efficiency
of cells. In ref.,[¥ zert-butyl substituted copper phthalocya-
nine not only helped to absorb the incident photons, but also
inhibited the formation of unwanted voids in the perovskite
structure during the film growth. Eventually, the photon-to-
electron conversion diapason of the whole multilayer device
can be widened by embedding functional components
that are intrinsically photoactive at the wavelengths where
the perovskite materials do not absorb.!"*

In this work we report on the photovoltaic effect
in the MAPbI -based cells” irradiated with a narrow-band
light source in the near infrared (NIR). In the reference
cell, cuprous iodide Cul was used as hole transporter
in conjunction with MAPbL. The gain in the photoresponse
was achieved through pairing MAPbI, with the molecular
hole-transporting layer composed of the NIR photoabsorb-
ing dye molecules, TiOPc (titanyl phthalocyanine).

Experimental

The preparation of the multilayer cells by the vacuum
deposition technique is described previously.!”) The schematic
of cells is shown in Figure 1. Initially, the cell with cuprous iodide
Cul as a hole-transporting layer (HTL) were obtained follow-
ing the technological concept arisen in Refs.'>) They served
further as a reference. The composition of the cells (thickness
in parentheses) was: glass/ITO/MoO, (3 nm)/Cul (15 nm)/MAPbI,
(250 nm)/C60 (35 nm)/BCP (6 nm)/Ag (50 nm). Here, ITO is a dou-
ble indium-tin oxide, MoO, is a substoichiometric molybdenum
trioxide, and BCP is a bathocuproine (exciton blocking layer). The
active area of the cells is determined by the strip-like top elec-
trodes and equals to 0.13 cm?.

In the next two series, a 30 nm thick titanyl phthalocyanine
TiOPc (Aldrich, dye content 95 %) was deposited as HTL in place
of Cul. An MoO, anodic underlayer in these series was omitted

Figure 1. Schematic of photovoltaic cells fabricated and tested in
this work.
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due to incompatibility with the molecular overlayer (very poor
electrical quality of the resulting diodes). Probably, the reason lies
in the pronounced disordering of TiOPc molecules in films grown
on MoO, (as described, e.g., in ref.I"'')which makes them discontinu-
ous. In the first series, the as-deposited TiOPc layer was used, while
in the second series the molecular layer underwent thermal treatment
at 150 °C during 10 min in air after deposition. All other experimen-
tal conditions and processes were strictly identical to those used for
manufacturing and testing of the reference cells with Cul.

Photoelectrical measurements were carried out in a shielded
steel chamber filled with the ultrapure argon at room temperature.
A NIR LED delivering the incident light power P, of 2 mW/cm?
was used to irradiate the samples, its emission spectrum is shown
in Figure 1. The J-V curves were taken with a Keithley SCS-4200
parameter analyzer. Note, there was no irradiation of samples
in the UV and visible range, all measured photovoltaic parameters
correspond to the narrow-band irradiation within the emission
peak shown in Figure 1. The optical transmission of samples
in the range of 360-960 nm was measured using a FireFly4000
spectrometer.

Results and Discussion

Figure 2(a) compares the intrinsic optical absorption
of TiOPc layer on glass/ITO before and after annealing.
The larger splitting of Q-band in annealed samples indi-
cates the stronger aggregation of molecules in solid state.
It is well-known that polycrystalline vacuum-deposited
TiOPc films exist in, at least, two temperature polymorphs.
U151 The room-temperature polymorph is ascribed as phase
I (or B), the high-temperature one — as phase II (or o). All
polymorphic modifications of TiOPc are extensively studied
in the literature. The TiOPc molecule has a non-planar,
convex shape with axial oxygen atom at the top (Figure
S1). Monoclinic B-TiOPc can be viewed as an ensemble
of alternating layers of faced Pc-rings and parallel Ti=O
bonds (TOC Figure), while in triclinic a-phase the stacks
of slipped molecules have the Ti=O bonds oriented in oppo-
site directions with alternating downward and upward axial
ligands.''12151 The latter arrangement determines much
higher photoconductivity in the a-TiOPc crystals and thin
films.*151 Several groups!"'¥ reported on the beneficial
effect of B-to-a transition on the photovoltaic parameters
of the devices employing the TiOPc-based molecular het-
erojunctions.

In our previous workl®? we have studied the wavelength-
selective performance of the MAPbI -based cells with
cuprous iodide as HTL. An intriguing issue was the regis-
tration of a non-zero photovoltaic response under illumina-
tion at A = 860 nm, i.e., in the region where MAPbI layer
is optically transparent (Figure 2(b)). In the entire multilayer
device, some increase in absorption at wavelengthes longer
than 850 nm is detected, its origin being non clear (prob-
ably, optical losses due to the light scattering or reflectance).
In ref.’! a similar effect was observed, but in the cells with
a low bandgap mixed-MAPbI, perovskite containing forma-
midium and tin ions, which makes it weakly absorbing up
to 970 nm (cf. B)). In this work, we repeated experiments
with constructively similar devices (used as reference there-
inafter) but at the decreased irradiance level of 2 mW/cm?
and A = 840 nm.

Figure 3 shows the dark and NIR-illuminated J-V
dependences for the cells with Cul or TiOPc as HTL; cor-
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Figure 2. Absorption spectra of (a) the TiOPc films before and
after annealing, the LED emission line is also shown; (b) the
glass / ITO / TiOPc /MAPbIL, / C60 / BCP cell without the top Ag
electrode before and after annealing of TiOPc layer, compared to
the reference cell with Cul. The absorption of the bare MAPbI,
film on glass/ITO is also given. Substrate is always subtracted.

responding parameters are summarized in Table 1. As seen
from Figure 3(a), replacement of Cul with TiOPc decreases
the density of dark currents flowing across the device under
low voltages. However, when the NIR light is shed on
the sample, the photovoltaic activity of the device greatly
increases — Table 1, Figure 3(b). Interestingly, the photocon-
version parameters do not degrade with time, as it usually
occurs in the perovskite-based devices exposed to the sun-
light®31' (Figure 3(c)). Contrary to that, an improvement
of the device efficiency is seen after 10 min of continu-
ous NIR illumination, mainly owing to the contribution
of the short circuit current J  (Table 1). The results on illu-
mination of samples with other narrow or wide band sources
are published elsewhere™ (see, also, Figure S2).

To further prove whether the molecular HTL is respon-
sible for this effect or not, we annealed the glass/ITO/TiOPc
blank at 150 °C during 10 min before depositing the rest
of the device. Figure 2(a) shows that after such a treatment
the long-wavelength maximum of the split O-band practi-
cally coincide with the peak external illumination, i.e.,
LED emission spectrum. Furthermore, this red-shifted
spectral feature manifests itself very clearly in the over-
all absorption profile of the multilayer device — compare,
Figure 2(a) and (b). As result of the increased photon cap-
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Figure 3. J-V dependences of the cells (see text).

turing in the cell, an about two-fold improvement of PCE
is obtained, including the increase in the fill-factor FF
(Table 1). The increased value of FF suggests that electrical
losses in the device, such as resistivity of the (molecular)
layers and barrier heights, are reduced. There are several
reasons that may contribute to the TiOPc annealing effect on
the device performance, such as formation of J-aggregates
or strongly coupled dimers, leading in turn to the increased
hole mobility, enhanced exciton diffusion length or for-
mation of favorable conduction passes, etc.':314 Notably,
these reasons arise solely from the molecular reorganization
in TiOPc layer (see, above). At the microscopic level, this
reorganization is visualized by the changes in the morphol-
ogy of the TiOPc film surface (Figure S3). The tilt angle
of conducting molecular stacks with respect to the substrate
could also be different, depending on the deposition condi-
tions and substrate material.l''1%]
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Table 1. Photovoltaic parameters of the glass/ITO/HTL/MAPbL/
C,/BCP/Ag cells at A = 840 nm (P, = 2 mW/cm?) measured
immediately after turning the light on (0 min) and after continuous
illumination during 10 min.

HTL
Parameter Illumination TiOP —
time iOPc, as iOPc,
MoO,/Cul deposited annealed

U,V 0.43 0.47 0.50
J_, pA/cm? i 1 5 8

“ 0 min

FF 0.54 0.41 0.50
PCE, % 0.15 0.53 0.97
U,V 0.45 0.49 0.53
J_, pA/em? ) 2 6 15

“ 10 min
FF 0.54 0.42 0.50
PCE, % 0.23 0.63 2.02

Similarly to the non-annealed sample, continuous NIR
illumination has a healing effect on the performance of
devices with annealed HTL. After 10 min of exposure, the J
value increases twice compared to the samples measured
immediately after light exposure (0 min) (Table 1 and Fig-
ure S2). Open circuit voltage U generated by the cells
rises gradually in the row Cul2>TiOPc initial>TiOPc
annealed. This is an important point suggesting appearance,
and increasing contribution, of an additional photoactive
TiOPc/perovskite junction (diode), biased positively with
respect to the basic perovskite/C junction responsible for
fundamental photovoltage in the device.!"

Conclusions

The enhancement of spectral sensitivity of the MAPbI. -
based photovoltaic cells towards the NIR range is demon-
strated by introducing a non-planar phthalocyanine complex
TiOPc that serves as both photoabsorber and hole-transport-
ing layer. To the best of our knowledge, this is the first report
on the efficiency > 2 % in the wide bandgap MAPbI -based
solar cells at the incident photon energies lower than 1.5 eV.
The effect was proved by the temperature induced poly-
morph transition in TiOPc. Annealing of molecular TiOPc
layer induces formation to an a-polymorph, which differs
by the intensive absorption in near infrared. Photovoltaic
output of the cells increases accordingly. The results are
potentially interesting in view of interfacing perovskite
materials with the p-type molecular photoabsorbers, alter-
natively or supplementary to the well-known perovskite/n-
C,, junctions.
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