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This report presents two non-perihperally octaalkyl-substituted nickel phthalocyanines (NiPcs), namely, NiEt;Pc and
NiPr,Pc, for use as dopant-free hole transport materials in perovskite solar cells (PSCs). The length extension of the alkyl
chains from ethyl to propyl significantly tunes the NiPcs’ energy levels, thus reducing charge carrier recombination at the
perovskite/hole transport layer (HTL) interface and leading to higher open-circuit voltage (Vpoc) and short-circuit current
density (Jsc) observed for the NiPrpPc-based PSC. And higher charge carrier mobility, higher thin film crystallinity, and
lower surface roughness of the NiProPc HTL compared with that of the NiEt, Pc one also lead to higher Jgc¢ and fill factor
(FF) observed for the NiPr,Pc-based device. Consequently, the NiPr,Pc-based PSC exhibits a higher power conversion
efficiency (PCE) of 14.07% than that of the NiEt,Pc-based device (8.63%).

Keywords: perovskite solar cells, metal phthalocyanines, hole transport layers

PACS: 88.40.hj, 73.40.—, 81.20.-n

1. Introduction

Hybrid organicinorganic perovskites solar cells (PSCs)
have drawn consideration attention due to the potential
of achieving even higher efficiencies and low fabrication
cost.l'=31 In the last decade, the power conversion efficiencies
(PCEs) of the PSCs increased rapidly from 3.8% in 2009(4]
to a certified 25.5% in 2020,5) making this new photovoltaic
technology more and more commercially attractive. As a
necessary part of PSCs, hole transport layers (HTLs) play
a vital role in enhancing hole extraction and transport, re-
ducing charge carrier recombination, and protecting the per-
ovskite layer from the moisture invasion, which is of great
importance to obtain a PSC with high efficiency and good
stability.[1:°°1 Current hole transport materials (HTMs) can
be generally classified into three categories, including in-
organic, polymeric, and small-molecule HTMs.!8] Among
these, small-molecule HTMs are regarded as one of the most
promising candidates owing to low-cost synthesis and easy
chemical modification,® which is beneficial for mass man-
So far, spiro-OMeTAD (2,2°,7,7’-Tetrakis[N,N-
di(4-methoxyphenyl)amino]-9,9’-spirobifluorene) is one of

ufacture.

most widely used small-molecule HTMs, and the high-
est PCE of 23.32% has been achieved.['”] However, the
expensive preparation limits its commercialization. Fur-
ther,
pristine

due to the inherently low conductivity of the

spiro-OMeTAD, hydrophilic additives such as

DOI: 10.1088/1674-1056/ac1573

lithium bis(trifluoromethanesulfonyl)imide (LiTFSI), 4-tert—
butyl pyridine (TBP), and so on, are usually necessary in order
to improve the HTL conductivity, which induces poor device
stability in air.[%!1-12]

As one class of small-molecule HTMs, organometallic
compounds that contain a delocalized 18 m-electron conju-
gated system with a metal ion located at the central cavity,
have also attracted considerable research attentions and ef-
forts in recent years due to their excellent hole extraction and
transport ability when employed as HTMs in PSCs.[8-:11-14]
So far, metal phthalocyanines (MPcs) are one of the most
widely studied organometallic HTMs in PSCs.[!>! This class
of HTMs could be an ideal alternative to the expensive spiro-
OMeTAD due to simple synthesis and easy purification, 32161
as well as superior semiconducting nature originating from
the interaction between organic ligand and central metal.!'”!
Also, the easy chemical modifications via varying central
metal ions or introducing suitable functional groups to the 7-
conjugated cores may help to systematically adjust the chem-
ical, physical, electronic, optical, and electronic properties of
the compounds, therefore affording a suitable energy align-
ment with different perovskite active layers, facilitating charge
extraction, and transfer, and allowing cost-effective solution-

n.[8:19] Moreover, MPcs can be used

processed film preparatio
for fabricating HTLs without any dopant, which may help to

lower fabrication cost and improve device stability.!-®! It has
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been reported that the PCE as high as 19.7% was obtained by
using an arylamine-substituted copper phthalocyanine as non-
dopant HTM. [16]

perovskite
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Fig. 1. (a) Chemical structures of the NiEt,Pc and NiPr,Pc, (b) the device
configuration, and (c) energy level diagrams of PSCs studied in this work.
The incorporation of substituents to the primary MPc
skeleton is well known to be an effective strategy for MPcs’
chemical modification.!!"'>18-211 The attached substituents
bring their own special chemical and electronic characteris-
tics to the MPc chromophores, thus significantly affecting the
properties of the MPcs.*?! Particularly, MPcs functionalized
with alkyl substituents on phenyl rings are of intensive in-
terest during the last decade,[!:132123-231 which not only in-
creases the MPcs’ solubility in common organic solvents, but
also leads to higher charge carrier mobility due to shorter in-
termolecular 71— distance arising from the driving force of
alkyl chains.>!°! Also, alkyl groups increase hydrophobic na-
ture of thin films, which would be more beneficial for the
impedance of moisture ingress.”'>! On the other hand, sub-
stitution positions at MPc ring may also play an important
role in the properties that the MPc compound possess!>%20]
Since a typical MPc molecule is composed of four isoin-
dole moieties linked by a ring of nitrogen atoms!?” there
are two positions available at the phenyl rings, to which sub-
stituents can be incorporated, namely peripheral position (2,
3,9, 10, 16, 17, 23, 24) and non-peripheral position (1, 4,
8, 11, 15, 18, 22, 25).128] The substitutions at different po-
sitions have been found to significantly affect the intrinsic
properties of the MPc compounds, including optical, elec-
tronic and chemical properties, as well as aggregation behav-
ior in solid state.[?®! So far, the strategy of alkyl modification
on MPcs for use as HTMs in PSCs mainly focuses on pe-
ripheral substitutions, !-%13-2%-30] while non-peripheral substi-
tutions are still rarely studied. With this in mind, we herein in-
troduce two non-peripherally alky-substituted nickel phthalo-

cyanines (NiEt,Pc and NiPr,Pc, Fig. 1(a)) for use as non-
dopant HTMs in PSCs. The solar cells based on these two
MPcs have been fabricated and characterized, and the influ-
ence of alkyl chains on the device performances was then ex-
amined.

2. Experimental details
2.1. Materials

All the chemicals were purchased from the commer-
cial sources and used without any further purification. The
NiEt;Pc and NiPrpPc utilized in this study were synthe-
sized and purified according to similar method described
in the reported literature,!*®! involving a one-step synthesis
from the starting materials of 36-diethylphthalonitrile and 36-
dipropylphthalonitrile, respectively. The final products were
further purified via vacuum sublimation in a tube-type heating
furnace (Technol VDS-80) in order to fulfill the requirements
of electronic applications. NiEt,Pc: yield, 18%; MALDI-
TOF MS m/z (M*): caled. for [C4gHygNigNi]T: 794.34;
found: 794.30. UV-vis (chlorobenzene): Apax = 697, 628 nm
(Q-band). FTIR (KBr): v = 2960, 2928, 2866, 1605, 1573,
1515, 1450, 1405, 1341, 1177, 1091, 1054, 984, 916, 829,
759 cm~!. NiPr,Pc: yield, 16%; MALDI-TOF MS m /z(M™):
caled. for [CsgHesNigNi]™: 906.46; found: 906.27. UV-
vis (Dichloromethane): Aya.x = 699, 630 nm (Q-band). FTIR
(KBr): v =2954, 2929, 2870, 1604, 1571, 1514, 1456, 1375,
1330, 1184, 1089, 985, 929, 819, 761 cm ™.

2.2. Device fabrication and characterization

The n—i—p perovskites solar cells with the configuration
of FTO/SnO,/perovskite/NiEt, Py (or NiPryPc)/Au (Fig. 1(b))
were fabricated and tested by the reported method!%¢!
CH;3;NH;3Pbl; (MAPbI3) was used as perovskite layer, and
vacuum-deposited NiEt, Pc and NiPr;Pc layers as non-dopant
HTLs.

3. Results and discussion

Thermogravimetric analysis was performed to investigate
the thermal stability of the studied materials, as illustrated in
Figs. 2(a) and 2(b). It can be found that both the NiEt,Pc and
NiPr,Pc are thermally stable, and the decomposition temper-
atures, at which a 5% weight loss occurs, are estimated to be
437 °C and 446 °C, respectively, suggesting that the materials
used this study are suitable HTMs in PSCs.

The ultraviolet-visible (UV-vis) absorption spectra of the
NiEt;Pc and NiPr,Pc thin films deposition on fluorine-doped
tin oxide (FTO) substrates are depicted in Figs. 3(a) and 3(b).
Both the samples illustrate two strong characteristic absorp-
tion bands: one in the near UV region, known as B-band ab-
sorption, and another in the range of ca. 600 nm-800 nm,
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known as Q-band absorption, which is the typical absorption
behavior of the MPcs in solid state.[!8! The B-band absorption
is induced by w — 7* transition (apy —>e’1‘g) from the highest
occupied molecular orbital (HOMO) to the lowest unoccupied
molecular orbital (LUMO), and the Q-band absorption is due
to T — m* transition (ap, —>eTg) from HOMO to LUMO of
the MPc ring.[1:%-3% The optical bandgaps of the NiEt,Pc and
NiPr;Pc samples were determined from the absorption onsets
and calculated to be 1.69 eV and 1.68 eV, respectively.
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Fig. 2. Thermogravimetric analysis curves of (a) NiEt,Pc and (b) NiPr;,Pc.

The ionization energy measurement system (IPS-4) was
employed to test the HOMO levels of the studied materials,
as shown in Figs. 3(c) and 3(d). The HOMO level of the

NiEt;Pc was found to be —5.30 eV, and with the length ex-
tension of alkyl chains from ethyl to propyl, a higher HOMO
level is observed for the NiPrpPc (5.11 eV). Using the optical
bandgaps, the LUMO levels of the NiEt, Pc and NiPr,Pc were
estimated to be —3.61 eV and —3.43 eV, respectively. The en-
ergy band diagram of the PSCs studied in this work is depicted
in Fig. 1(c). It can be found that both the HOMO levels of the
NiEt;Pc and NiPr,Pc are higher than the valence band (VB)
of the CH3NH;3Pbl3 absorber (—5.40 eV), which may help to
provide sufficient driving forces for hole injection from the
perovskite layer into the HTLs.!"3!l Also, the HOMO levels
of the NiEt,Pc and NiPr,Pc are lower than the work function
of the Au (—5.1 eV), which is favorable for hole collection
on the Au electrode.!!®! Furthermore, the NiPr,Pc exhibits a
higher LUMO level than that of the NiEt,Pc, which is more
beneficial for blocking electron migration from the perovskite
into the HTL, and thus reducing the opportunity for charge
carrier recombination at the interface and within the HTL.!!]
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Fig. 3. (a), (b) UV-vis absorption spectra of the NiEt,Pc and NiPr,Pc thin

films deposited on FTO with the thickness of 60 nm. (c), (d) The photoelec-
tron yield spectroscopy (IPS-4) of the NiEt, Pc and the NiPr,Pc.
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Fig. 4. J-V characteristics of best PSCs based on (a) NiEt,Pc, (b) NiPr,Pc, and (c) spiro-OMeTAD (doped) HTMs.

The PSCs using NiEt;Pc and NiPr,Pc HTLs were fab-
ricated with the conventional n—i—p planar device configura-

tion of FTO/SnO,/perovskite/NiEt,Pc (or NiPr,Pc)/Au, and
the standard PSC using doped spiro-OMeTAD as HTL with

the same configuration was also fabricated and character-

ized for reference according to the method described in the
literature%%! The PSCs were characterized under a xenon lamp
with AM 1.5, 100 mW/cm? simulated light illumination. The
current—voltage (/-V) characteristics of the best devices are

depicted in Fig. 4, and the relevant parameters such as the
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open-circuit voltage (Voc), short-circuit current density (Jsc),
fill factor (FF), and PCE are summarized in the inset table.
For each type of PSCs, 10 devices were characterized and the
statistics of the photovoltaic parameters are depicted in Fig. 5
and Table 1. The champion PSC based on NiEt;Pc exhibits
a Jgc of 18.65 mA/cm?, Voc of 0.96 V, FF of 48.32%, and
PCE of 8.63%, while the best PSC based on NiPr,Pc has a Js¢
of 22.83 mA/cm?, Voc of 1.04 V, FF of 59.40%, and PCE of
14.07% (Fig. 4 and Table 1). Higher values in Jsc, Voc, and
FF can be observed for the NiPr,Pc-based PSC, giving rise to
its higher PCE and exhibiting better hole extraction and trans-
fer ability of the NiEt,Pc layer.

Interestingly, as shown in Fig. 1(c), although the NiEt,Pc
has a deeper HOMO level of —5.30 eV than that of the
NiPrPc (—5.11 eV), the NiPryPc-based PSC has been found
to exhibit a higher Voc of 1.04 V than that of the NiEt,Pc-
based device (0.96 V) (Fig. 4, Table 1).
that the Voc of PSCs is strongly affected by charge carrier

It is well known

recombination inside the perovskite layer and/or at the ad-
jacent interfaces, and serious charge recombination typically
results in significant Voc loss.32331 As shown in Fig. 1(c),
higher LUMO level of the NiPryPc (—3.43 eV) compared with

that of the NiEt,Pc may help to block electron injection from

the perovskite layer into the HTL, and thus reduce charge re-
combination at the perovskite/HTL interface more effectively,
which is more useful for reducing the Vpoc loss, and leads to
higher Voc observed for the NiPryPc-based device. Also, re-
duced charge carrier recombination at the perovskite/HTL in-
terface and within the HTL arising from higher LUMO level
of the NiPr,Pc is thought to be one main reason responsible
for the enhanced Jsc and FF observed for the NiPrpPc-based

device.[1-31]

1.08
. 23t
5f () & b
S i R R
S Loz} F=| S
5 0.99¢ <‘:E 20k
§ 0.96 . Z 19}
« k3 @) .
0.93} v 2 186 %%]
0.90 17k ¢
NiEt,Pc NiPrsPc NiEt,Pc NiPryPc
65 16
d
6o} () _ 1} @ .
< I
X g5 < ol tﬁi
e 53]
= 50 e O 10t
s
40 66— .
NiEt,Pc NiPryPc NiEt;Pc NiPryPc

Fig. 5. Photovoltaic parameter statistics of the PSCs based on NiEt,Pc and
NiPr,Pc: (a) Jsc, (b) Voc, (¢) FF, and (d) PCE.

Table 1. Photovoltaic parameters of the PSCs based on NiEt;Pc, NiPr,Pc, and spiro-OMeTAD.

HTM Voc (V) Jsc (mA/cm?) FF (%) PCE? (%)
. 0.94+0.02 18.05+0.0.63 47.78£2.40 7.97+0.48
NiEt, Pc
(0.96) (18.65) (48.32) (8.63)
. 1.014+0.02 21.824+0.53 57.70+2.24 12.75+0.74
NiPrPc
(1.04) (22.83) (59.40) (14.07)
Spiro-OMeTADP 1.05 22.57 67.55 16.01
210 devices collected from the same batch; Pspiro-OMeTAD doped with LiTFSI and TBP.
- 8 -
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Fig. 6. GIXRD patterns of bare perovskite, (a) NiEt,Pc/perovskite and (b) NiPr,Pc/perovskite.

The film quality should be another factor that affects hole
extraction and transfer ability of the HTLs. Thus grazing in-
cidence x-ray diffraction (GIXRD) on two HTLs was exam-
ined to probe crystalline structures within the thin films. Fig-
ure 6 depicts the GIXRD patterns of the vacuum-deposited
NiEt,Pc and NiPr;Pc thin films with the same thickness on

top of the perovskite layer, and the GIXRD pattern of the
bare perovskite layer was also characterized and presented
for reference. As shown in Fig. 6(a), no obvious crystalline
characteristic is observed for the NiEt,Pc/perovskite sample,
while the NiPr,Pc/perovskite sample exhibits a diffraction sig-
nal with a 26 value of 5.7° (Fig. 6(b)), indicating higher
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thin film crystallinity as well as higher order of molecular
arrangements within the thin film, which is more beneficial
for hole extraction and transport, and thus leads to higher
Jsc and FF found for the NiPr,Pc-based PSC.I'2l Atomic
force microscopy (AFM) technologies were employed to study
the morphologies of the HTLs, as illustrated in Fig. 7. The
AFM image reveals that the bare perovskite layer exhibits
the roughest surface morphology with a surface root-mean-
square (RMS) roughness of 18.5 nm (Fig. 7(a)), while lower
surface RMS roughness values are observed for the NiEt,Pc
HTL (9.2 nm, Fig. 7(b)) and NiPr,Pc HTL (5.2 nm, Fig. 7(c)),
which may help to provide better interface contact and form

a more uniform conducting path for charge transfer.!'! The
much lower surface RMS roughness observed for the NiPr,Pc
HTL than that of the NiEt;Pc sample, which is more favorable
for charge extraction and transfer, is considered to be another
reason responsible for higher Jsc and FF of the device based
on the NiPr,Pc HTL.

The hole transport properties of the NiEt; Pc and NiPr,Pc

pm
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were investigated via bottom-contact field-effect transis-
tor (FET) technology. The FETs using vacuum-deposited
NiEt;Pc and NiPrPc thin films as active layers were fabri-
cated according to the method described in the literature, ']
and the output and transfer characteristics of as-fabricated
FETs are depicted in Fig. 8. Both the devices exhibits ex-
hibit a p-type FET characteristic, with varying hole mobility
values. The NiEt,Pc-based FET exhibits a mobility of 1.33 x
107> cm?/V-s and a threshold voltage of —14 V (Figs. 8(a) and
8(b)), which values are 3.64 x 10~* cm?/V-s and —4 V for the
NiPryPc-based device (Figs. 8(c) and 8(d)). The mobility of
the NiPr,Pc-based FET is one order of magnitude higher than
that of the NiEt,Pc-based one, clearly revealing that the length
extension of alkyl chains from ethyl to propyl tunes the MPcs’
hole transport properties effectively, which leads to better hole
extraction of the NiPr,Pc HTL, and thus partly contributes
to higher Jsc and FF values observed for the NiPr,Pc-based
PSC.[115]
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Fig. 8. (a) Output and (b) transfer curves of bottom-contact FET based on NiEt,Pc, and (c) output and (d) transfer curves of bottom-contact FET based

on NiPryPc (L =10 um, W = 1500 pm).
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The hole extraction ability of the NiEt,Pc and NiPr,Pc
HTLs was investigated via steady-state photoluminescence
(PL) spectra.
coated with or without HTLs were characterized, as shown

The PL spectra of the perovskite layers

in Fig. 9(a). A strong PL signal appearing at ~774 nm is
found for the bare perovskite layer, which is induced by the
recombination between the photo-generated charge carriers
within the perovskite layer.[l:!?] The PL spectra was signif-
icantly quenched when the perovskite absorber was covered
with NiEt;Pc and NiPr,Pc layers indicative of efficient sep-
aration of photo-induced excitons, as well as efficient hole
transport from the perovskite layer to the HTLs.[%1%15:31]
A higher quenching efficiency of 96.5% is observed for
the NiProPc/perovskite sample compared with that of the
NiEt,Pc/perovskite one (95.5%), indicative of better hole
extraction ability of the NiPrp,Pc HTL. To further explore
the quenching process, the measurement of time-resolved
photoluminescence (TRPL) spectra was performed, as illus-
trated in Fig. 9(b). The PL decay lifetimes extracted from
the TRPL spectra were found to be 71.647, 33.550, and
8.017 ns for the bare perovskite the NiEt,Pc/perovskite and
NiPr,Pc/perovskite samples, respectively. Shorter PL. decay
lifetime observed for the NiPryPc/perovskite sample further
confirms the superior hole extraction ability of the NiPr,Pc
HTL,[16-3134] and the results are in good agreement with the
Jsc values observed for the studied PSCs (Fig. 4, Table 1).
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Fig. 9. (a) Steady-state and (b) time resolved PL spectra of bare
perovskite, NiEtyPc/perovskite, and NiPr,Pc/perovskite. The inset in
panel (a) is the enlarged steady-state PL spectra of NiEt,Pc/perovskite and
NiPr,Pc/perovskite.

4. Conclusions

In summary, two non-peripherally octaethyl- and

octapropyl-substituted NiPcs, i.e., NiEt,Pc and NiPr,Pc, were
successfully synthesized and characterized. Both the NiPcs
exhibited efficient hole extraction and transport properties
when used as dopant-free HTMs in PSCs. The length ex-
tension of the alkyl chains from ethyl to propyl significantly
increased the NiPcs’ LUMO level, which effectively reduced
charge carrier recombination at the perovskite/HTL interface,
leading to reduced V¢ loss and enhanced Jsc and FF for the
NiPryPc-based device. Also, the alkyl chain extension signif-
icantly increased hole carrier mobility and affected the crys-
tallinity and surface roughness of thin film, resulting in en-
hanced hole extraction and transport ability of the NiPr,Pc
HTL. As a result, the NiPrpPc-based PSC exhibited better de-
vice performances than those of the NiEt, Pc-based device.
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