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ABSTRACT

A solution combustion synthesized hole transport layer (HTL) of spinel nickel cobaltite (NiCo,0O4) incorporating 3% Cu-2% Li
was fabricated using the doctor-blading technique for planar inverted perovskite solar cells (PVSCs). PVSCs incorporating 3%
Cu-2% Li-doped NiCo,04 showed an increase in Jsc and Voc device performance parameters compared to unmodified NiCo, Oy,
leading to power conversion efficiency (PCE) of 16.5%. X-ray photoelectron spectroscopy measurements revealed the tendency
of Cu cations to replace preferably the surface Ni atoms by changing the surface stoichiometry of NiCo,0Oy4, inducing a cathodic
polarization. Ultraviolet photoelectron spectroscopy measurements unveiled the increase in the ionization potential by 0.1 eV for
a co-doped NiCo,04 film compared to unmodified NiCo,O4-based HTL. We attribute the enhanced PCE of the inverted PVSCs
presented to the improved hole extraction properties of 3% Cu-2% Li NiCo,O4 HTL.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http: //creativecommons.org/licenses /by /4.0/). https://doi.org/10.1063/1.5079954

Perovskite solar cells (PVSCs) have shown an incredible
fast power conversion efficiency (PCE) improvement, going
from 3.8% in 2009' to over 20% in 2018.2> A lot of param-
eters have been investigated to increase the performance
and reliability of the devices, such as the element compo-
sition®'! and preparation method of perovskite,'?2! device
configuration,??26 and materials and preparation conditions
of hole/electron transporting layers.?7-33

Regarding the investigation of functional hole trans-
porting layers (HTLs), a wide variety of organic and inor-
ganic materials have been implemented to improve hole
extraction, with some of the latter's advantage being the
wide optical band gap (thus high transparency in the visible
range) and superior hole mobility, while they can be solu-
tion processed. Some promising inorganic HTLs are NiOx,3“
Cu:NiOx,3537 CuOx,3%40 Cul,*! CuSCN,*2 CuGaO,,*> and

CuCrO,.“* Recently, we have reported combustion synthe-
sis of monodispersed spinel NiCo,O4 nanoparticles of ~4 nm
diameter forming a compact layer with an electrical conduc-
tivity of ~4 S/cm. The developed films were applied as an
efficient and reliable HTL for inverted structure perovskite
solar cells (PVSCs) using a 230 nm thick perovskite layer.*>
In order to increase the PCE of the devices, a thicker per-
ovskite layer is needed. The enhancement in light absorp-
tion leads to an increase in photogenerated carriers which
accumulate at the perovskite/HTL interface (accumulation
zone) and are subsequently collected by the contact.“® Thus,
HTLs with enhanced hole collection capability are required to
increase the PCE. A common method to enhance HTL charge
collection efficiency is incorporation of intentional defects
through extrinsic doping. This process can induce a higher
electrical conductivity as well as better energy level alignment
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of HTL with the perovskite active layer.#”>' For example,
recently a co-doping strategy of NiOx with Cu/Li or Li/Mg
elements has been successfully applied to enhance the PCE of
PVSC.525%

In this paper, we report the use of solution combustion
synthesized NiCo,0O4 co-doped with 3 mol. % Cu and 2 mol. %
Li (3% Cu-2% Li) as efficient HTL to increase the performance
of inverted PVSCs. Initially, a NiCo,O4 film doped with 5 mol. %
Cu was incorporated as HTL in PVSC exhibiting an increased
Voc. However, the Jsc of the corresponding PVSC has declined
significantly compared to unmodified NiCo,O4-based PVSC
due to lower electrical conductivity. We show that an increase
in the electrical conductivity can be achieved by 3% Cu and
2% Li co-doping of the NiCo,O4-HTL, resulting in PVSCs with
enhancement on both Voc and Jsc compared to NiCo,O4-HTL
based PVSCs.

X-ray photoelectron spectroscopy(XPS) investigation on
co-doped NiCo,O4-HTL showed a decrease in the Ni/Co
atomic ratio compared to unmodified NiCo,O4-HTL, indicat-
ing the preferable surface substitution of nickel by copper
cations, which induces a cathodic polarization as has been
previously reported.>* As a result, an increase in the ionization
potential by 0.1 eV was observed for 3% Cu-2% Li NiCo,04-
HTLs compared to stoichiometric NiCo,O4-HTL using ultra-
violet photoelectron spectroscopy (UPS). The increased
performance of the reported PVSCs could be attributed to the
cathodic polarization potential and thus better hole collection
efficiency of the 3% Cu-2% Li NiCo, 04 layer.
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The PVSCs under investigation were prepared on top
of glass/Indium Tin Oxide (ITO)/NiCo,04 for the dif-
ferent doping types processed as described in detail
in the supplementary material. The perovskite solution
was prepared 30 min prior to spin coating by mixing
Pb(CH3CO»)2.3H2O:methylammonium iodide (1:3) at 40 wt. %
in dimethylformamide (DMF) with the addition of 1.5% mole of
MABr (methylammonium bromide). Briefly, an ~350 nm per-
ovskite active layer was spin-coated on top of each substrate
followed by 50 nm spin-coated PC7BM (serving as the elec-
tron selective contact) and 100 nm thermally deposited Al
More details of the materials and processing conditions can
be found in the supplementary material.

Figure 1(b) demonstrates the current density-voltage (J-
V) measurements under 1 sun simulated illumination for the
PVSCs using NiCo,O4 with different doping types, and the
extracted photovoltaic parameters are shown in Table I. Pris-
tine NiCo,O4 HTL based PVSCs show a considerably lower Voc
(0.88 V) but higher Jsc (18.25 mA/cm?) compared to 5% Cu-
doped NiCo,0O4 HTL based PVSCs (Voc = 1.03 V, Jsc = 14.89
mA /cm?), while FF is similar (72.3% and 73%), delivering a PCE
of 11.61% and 11.02%, respectively. Importantly, PVSCs incor-
porating 3% Cu-2% Li NiCo,O4 HTL exhibit both higher Voc
(1.05 V) and Jsc (21.05 mA/cm?) as well as a slightly higher
FF (74.8%) compared to previous devices, delivering a PCE of
16.54%.

In order to investigate the reduced photocurrent of 5%
Cu-doped NiCo,04, we first excluded any possible optical
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TABLE I. J-V extracted parameters of PVSC using 15 nm undoped, 5% Cu, and 3%
Cu-2% LiNiCoy04 as HTL.

HTL Voc (V)  Jsc(mA/cm?)  FF(%)  PCE (%)
NiCo204 0.88 18.25 72.3 11.61
5% Cu 1.03 14.89 73 11.02
3% Cu-2% Li 1.05 21.05 74.8 16.54

TABLE II. Room-temperature four-point probe extracted values of undoped NiCo, O4
and 5% Cu and 3% Cu-2% Li NiCo, 0y films.

NiCo204 Conductivity (S/cm)
Undoped 4.00
5% Cu 1.87
3% Cu-2% Li 4.85

losses induced by the doping. Figure 1(a) demonstrates the
transmittance of an ~15 nm-thick NiCo,O4 layer on glass /ITO.
It is obvious that the difference in transmittance is negligible
for all films under study, where the extracted Tauc-plot (Fig.
S1) for direct transitions [(c.E)? = A.(E - Eg)] shows similar opti-
cal bandgaps (Egs). Furthermore, the similar morphology in all
types of NiCo,0y4 films was confirmed excluding, also, differ-
ences in electrical losses related to film quality (e.g., shunt-
ing current). Figures S2 and S3 illustrate the AFM topography
images of (a) 5% Cu and (b) 3% Cu-2% Li NiCo,0y films fab-
ricated on quartz and glass/ITO substrates, while Fig. S3(c)
illustrates the topography of the ITO underlayer. In both cases,
the films exhibit similar roughness between them (0.7-0.8 nm
for quartz and 2.9-3.0 nm for glass/ITO substrates) compa-
rable to the ones measured for the pristine NiCo,O4 films,
affirming the similar quality of different types of NiCo,04
films.#>

Thus, electrical characterization of PVSC was performed
using electroimpedance spectroscopy (EIS) measurements
under illumination and zero bias on the previously described

(@)

scitation.org/journal/apm

PVSC configurations. As it is observed in Fig. 1(c), all spec-
tra show the characteristic two frequency response, where
the first arc (higher frequencies) is ascribed to charge
transport resistance (Ry), while the second larger arc (lower
frequencies) is ascribed to the charge carrier recombina-
tion resistance (Rrec).°>°¢ PVSC incorporating 3% Cu-2%
Li NiCo,04-HTL exhibits higher Ryec compared to unmod-
ified NiCo,O4-HTL based PVSCs, while showing lower Ry
[Fig. 1(c), inset)]Jcompared to both unmodified and 5% Cu-
doped NiCo,04-HTL based PVSCs due to the higher electri-
cal conductivity of the 3% Cu-2% Li NiCo,Oy4 layer, as it was
also confirmed by the four point probe conductivity measure-
ments summarized in Table [I. Kim et al. also reported an
increase in the electrical conductivity of spinel nickel cobaltite
by introduction of Li.>”

Additional Mott-Schottky [Fig. 1(d)] measurements were
carried out on devices sweeping from higher to lower volt-
age under dark conditions. The crossing of the curves at 1/C?
= 0 is attributed to the flat band potential of the device.>8>°
5% Cu and 3% Cu-2% Li NiCo,0O4-HTL based PVSCs show a
higher built-in potential compared to unmodified NiCo,O4-
HTL based PVSCs, which is consistent with the increased Voc
value achieved for the 5% Cu and 3% Cu-2% Li NiCo204-HTL
based PVSCs.

Further investigation of the charge carrier recombination
dynamics was conducted to elucidate the enhanced device
performance of 3% Cu-2% Li doped NiCo,O4-HTL based
PVSCs compared to undoped NiCo,O4-HTL based PVSCs. We
first exclude any difference in the perovskite film morphol-
ogy. AFM topography images (Fig. S4) of the perovskite sur-
face revealed similar surface roughness (12.5 + 0.4 nm) and
grain sizes (~110-123 nm), as shown in the supplementary
material (Fig. S5), indicating that PVSCs under study com-
prise similar morphology within the active layer. Moreover,
Voc-light intensity measurements were performed to investi-
gate the recombination mechanism within PVSCs under study.
According to the simplified Shockley-Read-Hall recombina-
tion model, the slope between logarithmic light intensity and
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FIG. 2. (a) Voc-light intensity measurements of PVSC using 15 nm-sized undoped and 3% Cu-2% Li HTL. (b) Steady-state room temperature photoluminescence (PL)
spectra of 350 nm thick perovskite films fabricated on 15 nm unmodified and 3% Cu—2% Li co-doped NiCo,04 on a glass/ITO substrate.
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TABLE IlI. Nickel to cobalt (Ni:Co) ratio obtained by the XPS analysis of undoped,
5% Cu, and 3% Cu-2% Li NiCoy04 samples.

Ratio NiCo204 5% Cu 3% Cu—-2% Li

Ni:Co 0.55 0.43 0.45

Voc must be equal to 2kT/q for trap-assisted and kT /q for
trap-free recombination.?°-4 As shown in Fig. 2(a), the Voc-
light intensity curves scale equal to kT/q, implying that a
trap-free recombination mechanism is dominant for all the
PVSCs in this paper. Thus, steady state photoluminescence
(PL) measurements [Fig. 2(b)] are adequate to evaluate the
degree of charge recombination at each configuration. The PL
intensity of undoped NiCo;O4-HTL is much higher compared
to 3% Cu-2% Li NiCo,04-HTL, implying that a much higher
number of electron-hole pairs recombine for the case of the
undoped HTL, justifying the lower PCE of the correspond-
ing undoped NiCo204-HTL based PVSCs. The experimental
results presented indicate that 3% Cu-2% Li NiCo,O4 HTL
transfers and collects hole charges more efficiently than the
undoped NiCo,O4 HTL.

A deeper material property and device physics investi-
gation was performed to better understand the origin of the
enhanced hole collection properties of 3% Cu-2% Li NiC0,04.

APL Materials ARTICLE
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Structural characterization with X-ray diffraction (XRD) on
the corresponding NiCo,O4 samples (Fig. S6) matched the
cubic face-centered lattice structure of NiCo,O4 (PDF#20-
0781), implying single-crystalline structure. X-ray photoelec-
tron spectroscopy (XPS) measurements were also performed
on doped and undoped NiCo,O4 HTLs. The Co 2p spectrum
(Fig. S7) was best fitted by using two spin-orbit doublets for the
tetrahedral Co*? and octahedral Co*® oxidation states and with
two shake-up satellites located at the higher binding energy
(BE) side of the main peaks. The peak located around 779.7 eV
can be attributed to the octahedral Co*3 observed in Co304,65
while the higher binging energy peak around 780.9 eV can be
assigned to the tetrahedral Co*? similar to Co0.5¢ The spec-
trum of the Ni 2p; /, region was fitted using three components
(Fig. S8). The peak at 854.3 eV corresponds to Ni*? ions, while
that at 856.0 eV is attributed to Ni*3.6567 The shake-up satel-
lite at around 861.8 eV was fitted considering one broad line.
For Cu doped films, the Cu 2p spectra were recoded and are
displayed in Fig. S9. The Cu 2p doublet is well resolved. The
Cu 2p3/2 peak at 934.6 eV and the satellite at higher bind-
ing energies indicate that Cu is oxidized and can be identified
as Cu*? ions in octahedral coordination.>#6768 The intensity
of the Cu 2p3/2 peak for the 3% Cu-2% Li NiCo,0y4 is low,
and the satellite structure is not resolved. Nevertheless, the
peak is located at BEs around 934.6 eV; thus, even for a lower
concentration of Cu, there are Cu*? ions. Table [l summarizes
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the Ni:Co atomic ratio values obtained from the processing of
the reported XPS spectra. The surface sensitivity of XPS and
material precursor stoichiometry reveal that a small excess of
Ni ions is identified at the surface of the undoped NiCo,04 as
the XPS calculated Ni:Co ratio is 0.55. For 5% Cu doped and
3% Cu-2% Li NiCo,04, a decrease in the Ni:Co ratio confirms
the deficiency of the Ni ion at the surface, resulting in 0.43
and 0.45 ratios, respectively, which has been preferentially
replaced by the Cu ions. These findings agree with the previ-
ously reported results of Tavares et al.># where the introduc-
tion of Cu replaces surface Ni ions at the NiCo,O4 electrodes,
which indeed induces a similar effect to cathodic polarization
(downshift of the energy bands).

Additional ultraviolet photoelectron spectroscopy (UPS)
measurements were also performed on doped and undoped
NiCo,0y4 films to determine the energy levels. Figure 3(b) dis-
plays the UPS spectra of the valence band region near the
Fermi level. The valence band maximum (VBM) for NiCo,0O4
was found at 0.2 eV below the Fermi level, while it is shifted to
higher binding energies (~0.3 eV) when NiCo, Oy is doped with
5% Cu and 3% Cu-2% Li. Figure 1(a) shows the high binding
energy region of UPS spectra, where the high energy cut-off
region is used to determine the work function (®) of the inter-
face. @ for all films of NiCo»,O4 was found at 5.1 eV, and the ion-
ization potential was calculated by adding the values of ® and
VBM. Thus, ionization potentials were found to be ~5.3 eV for
the undoped NiCo,04 and ~5.4 eV for 5% Cu and 3% Cu-2%
Li NiCo,04 HTLs. A schematic representation of PVSC energy
band levels applying different types of NiCo,Oy4 layers is illus-
trated in Fig. 3(c) where the calculated values from the UPS
and Eg (~2.3 eV) from UV-Vis optical absorption spectra were
utilized. To summarize, the induced cathodic polarization of
the 3% Cu-2% Li NiCo,O4 HTL increases the built-in poten-
tial of the corresponding PVSCs as shown using Mott-Schottky
measurements and reduces the charge recombination losses
(as inferred from the EIS results presented) due to better hole
extraction (as inferred from the PL measurements presented),
giving rise to an increase in both Voc and Jsc compared to
undoped NiCo,O4 HTL based PVSC.

In conclusion, we report the doping of co-doped NiCo,04
with 5% Cu and 3% Cu-2% Li to increase the PCE of inverted
PVSC using a 350 nm Pb(CH3CO3),.3H,O:methylammonium
iodide (1:3) based perovskite formulation. 5% Cu doping
increases the Voc of the corresponding PVSC but decreases
the Jsc compared to undoped NiCo,O4 PVSC due to lower
electrical conductivity. To overcome this effect, 3% Cu-2%
Li co-doping was applied on solution combustion synthesized
NiCo,04-HTL, inducing an increase in electrical conductiv-
ity, resulting in inverted PVSCs with lower charge transport
resistance compared to 5% Cu doped NiCo,O4-HTL based
PVSCs and higher charge recombination resistance compared
to undoped NiCo,0O4-HTL based PVSCs. Mott-Schottky mea-
surements showed the higher built-in potential of the Cu
doped NiCo,04 PVSC, while PL studies confirmed the better
hole extraction of the 3% Cu-2% Li NiCo,O4-HTL /perovskite
active layer interface. Further investigation for the origin of
this enhancement was performed by XPS measurements on
the co-doped and undoped NiCo,Oy4, revealing the tendency

ARTICLE scitation.org/journal/apm

of Cuions to replace preferably the surface Niions of NiCoyOy,
changing the surface stoichiometry of Ni:Co which induces a
cathodic polarization effect. UPS measurements revealed the
increase in the ionization potential by 0.1 eV for the 3% Cu-
2% Li NiCoy0O4 HTLs compared to undoped NiCo,O4-HTLs, a
parameter which improves hole carrier extraction properties
for the 3% Cu-2% Li NiCo,04-HTL based PVSCs reported. As
a result, inverted PVSCs containing 3% Cu-2% Li co-doped
NiCo,04 HTL showed an increased PCE of 16.54% compared
to undoped NiCo,04-HTL based PVSCs with a PCE of 11.61%.

See supplementary material for details of the proposed
hole transporting layer materials, processing of perovskite
films, and fabrication of perovskite devices. Additional infor-
mation of material optical characterization, surface topogra-
phy, XRD and UPS/XPS measurements, and analysis of the
experimental results is included.
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