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1. Introduction

With the explosive development of the Internet of Things (IoT)
technology, indoor photovoltaics (IPV) are becoming a promising
candidate to sustainably power the billions of wireless sensors for

secured and smart buildings.[1–4] IPV refers
to the devices that convert artificial light
inside buildings to electricity. Indoor light-
ing in domestic and commercial buildings
is mainly dominated by compact fluores-
cent lamps and white light-emitting diodes
(LEDs). Among the various photovoltaics
(PV) technologies available today, halide
perovskite-based IPVs are most promising
for integration with IoT technology because
of their excellent optoelectronic properties,
high specific power, earth-abundance,[5]

easy, and cost-effective processability using
solution-based methods such as roll-to-roll
printing.[6] Under standard 1 sun illumina-
tion, perovskite solar cells (PSCs) have
made enormous progress within a decade
with certified power conversion efficiency
(PCE) exceeding 26%.[7] This efficiency
has been achieved by a focused research
effort on optimizing the perovskite active
layer, device architecture, and defect passiv-
ation methodologies across the bulk and

buried interfaces. The main differences between IPV and the
conventional 1 sun solar cells are in terms of illumination inten-
sity and the light spectra, which are shown in Figure 1a. The light
intensity for indoor light (0.05–0.6 mW cm�2) is 500–1000 times
lower compared to 1 sun (100mW cm�2), leading to significantly
different charge carrier dynamics and device design consi-
derations. For example, the density of photo-generated charge
carriers is not high enough to fill the trap states that can exist
in the bulk and at the buried interfaces.[8] The absence of this
beneficial light-induced trap filling under indoor lighting
demands stringent defect minimization approaches at every
functional layer to maximize the PCE of IPVs. Efficient defect
passivation will reduce the efficiency gap between the theoretically
predicted (more than 55% depending on the indoor illumination
source) and experimentally observed PCE of IPVs (≈35%, as
mostly reported).[8–11] Most of the existing approaches to
maximize the efficiency of IPV are focussed on halide perovskite
active layer bandgap widening and interface passivation with
less emphasis on the type of hole/electron transport layers and
how it impacts the IPV performance.[8,12,13] This is a very critical
issue to address as recent studies have shown that the trap density
at the buried interface can be two orders of magnitude higher
than the bulk defect density and the charge transport efficiency
depends on the quality of the charge transport layer/perovskite
interface.[14,15]
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Halide perovskite indoor photovoltaics (PVs) are highly promising to autono-
mously power the billions of microelectronic sensors in the emerging and dis-
ruptive technology of the Internet of Things (IoT). However, how the wide range of
different types of hole extraction layers (HELs) impacts the indoor light harvesting
of perovskite solar cells is still elusive, which hinders the material selection and
industrial-scale fabrication of indoor perovskite photovoltaics. In the present study,
new insights are provided regarding the judicial selection of HELs at the buried
interface of halide perovskite indoor photovoltaics. This study unravels the det-
rimental and severe light-soaking effect of metal oxide transport layer-based PV
devices under the indoor lighting effect for the first time, which then necessitates
the interface passivation/engineering for their reliant performance. This is not a
stringent criterion under 1 sun illumination. By systematically investigating the
charge carrier dynamics and sequence of measurements from dark, light-soaked,
interlayer-passivated device, the bulk and interface defects are decoupled and
reveal the gradual defect passivation from shallow to deep level traps. Thus, the
present study puts forward a useful design strategy to overcome the deleterious
effect of metal oxide HELs and employ them in halide perovskite indoor PVs.
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A typical PSC architecture consists of a perovskite light
absorber sandwiched between a hole extraction layer (HEL)
and an electron extraction layer (EEL). The n-i-p PSC with metal
oxide (SnO2, TiO2) as EEL and 2,2 0,7,7 0-tetrakis-(N,N-di-p-
methoxyphenlamine)-9,9 0-spirobifluorene (Spiro-OMeTAD) as
HEL has been the most successful architecture under 1 sun
illumination. Under 1000 lux indoor LED light illumination, this
architecture achieved the highest PCE of 41.2%. However, the
n-i-p structure suffers from J-V hysteresis and involves
the complicated doping process for the HEL.[16,17] In this case,
the emerging p-i-n planar structure is attracting more attention
and becoming a promising device architecture to simplify the
fabrication process and reduce the detrimental hysteresis
effect.[18,19] Our previous study has shown that under indoor
lighting conditions, p-i-n device architecture outperforms n-i-p
architecture in terms of both efficiency and less hysteresis.[17]

In the p-i-n PSC devices, [6,6]-Phenyl-C61-butyric acid methyl
ester (PCBM) is the most commonly used EEL for its superior
energy level matching and reduced J-V hysteresis,[20] and for
extracting holes, poly(N,N 0-bis(4-butylphenyl)-N,N 0bis(phenyl)
benzidine) (poly-TPD) and [2-(9 H-carbazol-9-yl)ethyl]
phosphonic acid (2PACz) are the most promising and emerging
organic HELs for high efficiency and simple fabrication.[21–23]

However, considering the resilience to oxygen and water
ingression, metal oxide inorganic transport layers are promising
candidates for efficient, stable, and cost-effective p-i-n PSCs.
Nickel oxide (NiOx) has attracted extensive investigation as the
hole transport layer for its suitable bandgap, good energy level
alignment, high stability, and high hole mobility.[24] Under 1
sun, a PCE of 23.91% has been reported for NiO HEL-based
PSCs by Chen et al.[25] Enhanced efficiency of above 25% has
been achieved by employing passivated-NiO to improve the bur-
ied interfacial conditions, indicating the superior potential of its
hole extraction property under 1 sun irradiance.[26,27] Copper
oxides (CuOx), which are also known as cupric oxide (CuO)
and cuprous oxide (Cu2O),

[28] are alternative HELs for p-i-n
photovoltaic systems with superior efficiency of 19% as achieved
by Rao et al.[29]

Despite these promising attributes of organic andmetal oxides
as HEL under 1 sun, its performance comparison under indoor
lighting conditions is still ambiguous. Moreover, insights on how
the perovskite/HEL buried interface quality influences the
photovoltaic PCE under different lighting conditions, its J-V hys-
teresis properties, and light soaking effects are lacking in the con-
text of halide perovskite IPVs. Such understanding is necessary
for the development of reliable ambient light harvesters capable
of self-powering the IoT wireless sensors, which are currently
absent in the literature and constitute the central theme of this
study. In the present study, we investigate how the selection of
HELs of organic (Poly-TPD/PFN and 2PACz) and metal oxide
(NiO & CuOx) based semiconductors in p-i-n perovskite IPV
devices determines the light-harvesting properties under differ-
ent illumination levels. We observe that even though the photo-
voltaic properties of Poly-TPD and NiO HELs-based devices are
comparable under 1 sun illumination, under indoor lighting,
they demonstrate very different PV performance. We also
observe that the devices employing a metal oxide transport layer
suffer from lower performance, higher leakage current, and
higher J-V hysteresis compared to organic HEL-based devices.
The light soaking effect, which hasn’t been previously reported
for indoor perovskite PVs, was found to be necessary for metal
oxide layer-based devices to improve their performance. Since
indoor light sources do not emit UV light and the light intensity
is almost three orders lower compared to 1 sun irradiance, new
insights have been obtained related to light-induced defect pas-
sivation required for the halide perovskite IPVs. To alleviate the
effect of traps, an interface modification strategy is applied by
introducing a 2PACz-based self-assembled monolayer (SAM)
resulting in higher PCE, better energetic alignment, much-
reduced leakage, and suppressed light soaking effect. Thus by
systematically investigating the selection of the type of transport
layers, charge carrier dynamics, and sequence of measurements
from dark—light soaked—interlayer passivated device, we
revealed the gradual defect passivation from shallow level to deep
level traps. This is a new approach to analyzing bulk and interfa-
cial defects by adjusting the light source and measurement

Figure 1. a) Comparison of the 1 sun spectrum with the warm white LED indoor light source (1000 lux) used in this study. b) Schematic of the investi-
gated device structure. The hole transport layers utilized in this study are organic HEL (Poly-TPD/PFN) and metal oxide HEL (NiO & CuOx). c) Schematic
illustration of corresponding energy level diagram. The numbers shown are energy and the unit is ‘eV’.
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conditions/sequence simultaneously, and it holds great implica-
tions for the halide perovskite-based optoelectronic devices
research community.

2. Results and Discussion

The PV devices were fabricated in a typical p-i-n device structure
as shown in Figure 1b. All functional layers in the device were
fabricated by solution-processed spin-coating method except the
top metal electrode. Detailed experimental procedures of HEL
preparation and device fabrication are in the Supporting
Information. Figure 1c briefly illustrates the energy level diagram
of different HELs and the perovskite photoactive layer of
MAPbI3. The valence band/highest occupied molecular orbital
(HOMO) level of the MAPbI3 and the HEL layers were measured
using ambient photoemission spectroscopy (APS) as shown in
Figure S1, Supporting Information. The measured values are
in agreement with previous reports.[23,28–34]

The J-V characterization of the fabricated devices was carried
out under both indoor and 1 Sun (AM 1.5 G) illumination con-
ditions as shown in Figure 1a. All the indoor J-V measurements
were executed under 1000 lux, 2700 K warm white LED light
(with irradiance 0.32mW cm�2, noted as indoor light). The cor-
responding photovoltaic performance parameters are shown in
Figure 2, S2, Supporting Information, and Table 1. For indoor
measurements, photovoltaic devices comprising organic HEL
exhibit an outstanding PCE of 27.84% and 26.58% for forward

and reverse scans (Figure 2a), which is the highest among the
three different HELs. NiO HEL device shows a champion indoor
PCE of 21.50% and 23.10%. Compared to organic HEL-based
devices, NiO-based devices exhibit slightly higher hysteresis,
resulting from the discrepancy of VOC (Figure S2, Supporting
Information). The VOC of the NiO champion device is 0.73
and 0.82 V for different scan directions, while the organic
HEL device could reach 0.86 V for both forward and reverse
scans. The drop in VOC and the presence of J-V hysteresis are
severe for CuOx HEL-based devices (0.57 and 0.72 V for forward
and reverse scans). A statistical distribution of PCE of organic
and metal oxide HELs-based devices is shown in Figure 2b.

Figure 2. Results under indoor light illumination (top) and 1 sun illumination (bottom). a) Champion J-V curves of different organic and metal oxide
HELs-based devices under indoor light illumination. b) The statistical distribution of PCE values of different HELs-based devices. c) Steady-state PCE
comparison of different HELs-based devices. d) Champion J-V curves of different organic and metal oxide HELs-based devices. e) The statistical
distribution of PCE values of different HELs-based devices. f ) Steady-state PCE comparison of different HELs-based devices.

Table 1. Champion photovoltaic parameters from J-V characterization of
different HELs based devices.

PCE [%] FF [%] Jsc [mA cm�2] Voc [V]

FW RV FW RV FW RV FW RV

Indoor Organic 27.84 26.58 77.49 75.27 0.133 0.131 0.86 0.86

NiO 21.50 23.10 81.49 78.52 0.115 0.114 0.73 0.82

CuOx 15.47 16.21 78.02 65.48 0.110 0.109 0.57 0.72

1 Sun Organic 15.00 15.32 75.16 78.18 18.80 18.49 1.06 1.06

NiO 13.95 14.01 76.04 75.10 18.86 18.66 0.97 1.00

CuOx 10.91 10.26 75.61 69.06 15.41 15.25 0.94 0.97
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The consistently higher photovoltaic performance of organic
HEL devices over the NiO and CuOx HELs is evident from
Figure 2b. CuOx HEL-based devices show a broad distribution
of PCEs ranging from ≈2% to 15% with many devices showing
PCE of ≈2%. By analyzing the distribution of photovoltaic per-
formance parameters as shown in Figure S2a–c, Supporting
Information, it can be noticed that the fill factor (FF) and short
circuit current density (JSC) are comparable (only slightly lower
for CuOx) for the three HELs, whereas the lower PCE values of
the CuOx HEL-based devices are mainly due to the lower VOC

(which are only 0.1–0.2 V for many devices though some devices
show 0.8 V). Figure 2c shows the steady-state PCE measured
from maximum power point tracking. The steady-state PCE
aligns well with the J-V measurement PCEs of 24.0%, 18.3%,
and 13.6% for PolyTPD-PFN, NiO, and CuOx HEL-based devi-
ces. The good match between J-Vmeasurements and steady-state
PCE indicates the performance reliability of the fabricated PV
devices. The high fluctuation in the indoor steady-state PCE is
due to the indoor light source being a domestic lamp rather than
a standardized, voltage-regulated light source like 1 sun solar
simulator.

In comparison, under 1 sun illumination, organic HEL-based
devices achieved a PCE of 15.0% and 15.32% under forward and
reverse scans with negligible hysteresis, whereas NiO HEL devi-
ces showed a PCE of 13.95% and 14.01% (Figure 2d). However,
CuOx devices only showed PCEs of 10.91% and 10.26% with low
JSC of 15.41 and 15.25mA cm�2, compared to ≈18mA cm�2 for
organic and NiO HEL-based devices. Figure 2e shows the statis-
tical distribution of PCE from these devices and the Poly-TPD
HEL-based devices outperform the metal oxide HEL-based devi-
ces. The CuOxHEL devices show a larger spread in the PCE com-
pared to the other two HELs (between 2% and 10% under 1 sun
illumination). The statistical distribution of the performance
parameters shown in Figure S2d–f, Supporting Information
shows the main performance limiting parameters for the metal
oxide HELs are VOC and JSC. Figure 2f exhibits 1 sun steady state
PCE of 14.4%, 14.1%, and 10.8% for organic, NiO, and CuOx

HEL-based devices, respectively, which support the value from
J-V characterization. It took longer duration for NiO and
CuOx HEL-based devices to reach stabilized PCE and this
behavior can be attributed to the ion migration and charge trap-
ping as has been previously reported.[17,35] Figure S3, Supporting
Information shows the external quantum efficiency (EQE)
spectra for the three groups of devices, and the organic HEL devi-
ces showed a higher EQE compared to metal oxide HEL-based
devices in general.

Next, the light soaking effect under 1 sun and indoor light, as
shown in Figure 3, was investigated. This effect refers to the evo-
lution and improvement of photovoltaic performance parameters
under light exposure.[36,37] Interestingly, the metal oxide HEL-
based devices do show light soaking effects, while no such effect
was observed for the organic HEL-based devices. From Figure 3a,
under 1 sun exposure, NiO HEL-based devices showed rather
poor PCE of 5.90% (forward) and 6.92% (reverse) initially when
the devices were just started to be illuminated from the dark. A
significant improvement in PCE was observed after the devices
were exposed to illumination for ≈5min; the PCE increased to
9.79% and 10.19%, respectively. On the other hand, CuOx devi-
ces also show an improved PCE from 4.50% and 5.37% to 8.57%

and 9.16% for forward and reverse scans as shown in Figure 3b.
From Figure 3a,b, during the evolution of PCE from the light
soaking effect, the main photovoltaic parameter improved is
VOC. For the NiO HEL-based device, the VOC was improved from
0.56 and 0.71to 0.94 and 0.95 V for forward and reverse scan,
respectively [from Figure 3a].

Under indoor illumination, similar J-V characteristics evolu-
tion to improved PCE is observed for the two metal-oxide
HEL-based devices. The PCE of NiO HEL-based devices
increased from 6.03% FW (10.13% RV) to 21.50% and
23.10%, respectively (Figure 3c), whereas the PCE of CuOx

HEL devices increased from 2.68% and 3.85% to 16.32% and
16.96% (Figure 3d). No such light soaking effect has been
observed for the organic HEL-based devices even under indoor
illumination. From Figure 3, it can be noticed that after light
soaking, J-V hysteresis is also suppressed for both NiO and
CuOx HEL-based devices under both 1 sun and indoor light con-
ditions. In both illumination conditions, the main photovoltaic
parameters improved due to light soaking are VOC (majorly)
and FF (minorly) with no considerable effects in the JSC.

The light soaking effect has not been reported so far under
indoor light illumination although it is commonly reported for
PSCs under 1 sun illumination.[36,38,39] The physical mecha-
nisms responsible for the light soaking effect under 1 sun, as
has been previously identified, are: 1) ion migration; 2) traps/
defects at the bulk and buried interfaces; 3) charge accumulation
at the electrode interface; and 4) lattice expansion (yet to be inves-
tigated in detail).[38] Since the main performance parameters
improved are VOC and FF under both illumination conditions
along with J-V hysteresis suppression, the presence of ion migra-
tion coupled with the physical mechanisms of 2) and/or 3) might
be the main contributing factor for the enhanced photovoltaic
properties.[38] The effect of halide ion migration from perovskite
active layer to the HELs is also discussed previously.[40–42] The
VOC and FF enhancement due to light soaking effect under 1
sun illumination has been attributed to the trap-filling
effect of photogenerated charge carriers both at the electrode
interface and at the bulk and the increased built-in field
arising from the suppression of ion accumulations or the band
bending effect at the interface. For indoor artificial light-
sources, the intensity is almost three orders lowercompared to
1 sun illumination and the UV light is absent. Hence to under-
standthe main cause and mitigation of light soaking effects,
the decoupling of bulkvs electrode interface-related defects is
necessary.

Previously, in organic PV and in PSCs consisting of metal
oxide transport layers, such as TiO2, ZnO, etc, the presence of
UV light in the sunlight has been crucial in observing the light
soaking induced PV performance enhancement since the UV
light with high energy photons could fill the deep level defects
at the buried interface and transport layer.[36,43–45] Here in the
present study, NiO is a wide bandgap (≈3.7 eV) p-type metal
oxide semiconductor. To decouple the contribution of perov-
skite/HEL interface defects from the bulk defects in the perov-
skite active layer, J-V measurements were done in the following
sequence. First, the devices were measured under indoor light-
ing conditions after storing in the dark, then the devices were
rapidly moved under sunlight illumination for a period of
5min. Finally, the devices were moved back to indoor light
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illumination and carried out the J-V measurement immediately.
In this way, we can get two indoor photovoltaic J-V curves: J-V
curves directly measured without any light soaking; and indoor
J-V curves after continuous illumination with sunlight. If the
photovoltaic parameters measured after sunlight illumination
are improved just like the case for solely indoor continuous illu-
mination, it demonstrates two things 1) that the low-intensity
indoor light sources can also alleviate light soaking effects;
and 2) the defects in the HEL layer can also have a contribution
in the light soaking effects. Figure 3e shows that the indoor PCE
improved from 11.58% and 13.52% to 28.54% and 28.61% for
NiO HEL devices after solely sunlight soaking. CuOx HEL

devices also show a significant improvement in indoor PCE from
4.20% and 7.68% to 17.85% and 20.04% as shown in Figure 3f.
This consistent behavior confirmed that indoor light also plays a
role in the light soaking effect to fill the bulk and interfacial traps.
The light soaking under 1 sun further improves the performance
of halide perovskite IPVs benefiting from the deep trap-filling
effect of UV light. Based on the previous studies, the bulk traps
are shallow and mostly related to the perovskite active layer
including at the buried interface, whereas the metal oxide
interfacial transport layer-related traps are deep.[36,38,39] The
observation of improved photovoltaic performance with light
soaking under indoor lighting as well as 1 sun suggests the

Figure 3. a) J-V characteristics under 1 Sun illumination for the devices using NiO and b) CuOx as HEL, respectively. c) J-V characteristics under indoor
illumination for the devices using NiO and d) CuOx as HEL, respectively. e) Indoor J-V characteristics after continuous sunlight illumination for the devices
using NiO and f ) CuOx as HEL, respectively.
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presence of both deep and shallow traps in the metal oxide
HEL-based photovoltaic devices.

To passivate these traps, an organic SAM approach was
applied. The interfacial passivation effect of 2PACz ([2-(9H-
carbazol-9-yl)ethyl]phosphonic acid) has been reported
previously[23,46–48] and hence used in this study as an interlayer
between metal oxide HEL and perovskite active layer. Figure 4a,b
shows that the average PCE for the NiO-based devices enhanced
after 2PACz modification. Typical J-V characteristics present an
improvement of PCE from 17.73% (forward) and 17.86%
(reverse) to 21.77% (forward) and 22.16% (reverse) after interface
modification. Figure S4, Supporting Information shows the dis-
tribution plots of photovoltaic performance parameters, revealing
a significant enhancement of VOC from 0.66 V for forward and
0.77 V for reverse scan to 0.86 for both scans after 2PACz mod-
ification. In addition, Figure S4b,e, Supporting Information indi-
cates a slight improvement of JSC and the uncompromised FF
after modification with 2PACz. The same behavior is observed
for the 2PACz-modified CuOx HEL-based devices. Most of the
low PCE (≈3%) devices for pristine CuOx-based HEL exhibited
enhanced PCE of above 10% after modification with 2PACz.
From the J-V curves shown in Figure 4d, it is obvious that
the VOC is the main photovoltaic performance parameter

improved for CuOx/2PACz devices. The VOC improved
drastically from 0.18 and 0.20 to 0.83 and 0.80 V. The statistical
distribution of photovoltaic performance of the corresponding
devices (NiO and CuOx HEL modified with 2PACz) under 1
sun illumination follows the same trend as under indoor illumi-
nation and this is shown in Figure S5, Supporting Information.

The photovoltaic devices with 2PACz as a stand-alone HEL
were also fabricated. Figure S6, Supporting Information shows
the distribution of photovoltaic performance of the correspond-
ing devices compared to that of poly-TPD/PFN HEL-based devi-
ces. The average PCE for 2PACz HEL obtained from Figure S6a,
Supporting Information is 20.4% and 19.8%, respectively. The
PCE for pristine 2PACz HEL is slightly lower compared to
Poly-TPD/PFN layer devices, and this might be due to the slightly
deeper HOMO level of 2PACz, as shown in the energy level
diagram in Figure 1c. It is important to note that the 2PACz pas-
sivated NiO devices show better performance (Figure 4a) com-
pared to single 2PACz as HEL, showing its effectiveness as an
interfacial modifier for the metal oxide transport layers. After
modifying the metal oxide HELs with the 2PACz, no light
soaking effects were observed for the corresponding photovoltaic
devices, implying 2PACz passivated the interfacial and bulk
defects.

Figure 4. a) The statistical distribution of PCE values of devices with NiO HEL and 2PACz passivation layer under indoor light illumination. b) J-V
characteristics under indoor light illumination for the devices with NiO HEL and 2PACz passivation layer. c) The statistical distribution of PCE values
of devices with CuOxHEL and 2PACz passivation layer under indoor light illumination. d) J-V characteristics under indoor light illumination for the devices
with CuOx HEL and 2PACz passivation layer.
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To probe and understand any difference in properties of
MAPbI3 grown on different HELs, detailed microstructural
and optoelectronic characterizations were conducted on partial
heterostructures and completed photovoltaic devices. Figure 5
shows the surface morphology of the MAPbI3 perovskite active
layer grown on different transport layers. The films show similar
grain-like morphology but the domain size variation for MAPbI3
can still be observed from the histogram plots, which summarize
the domain size for each case. This indicates that the perovskite
crystallization is similar on organic, metal oxide, and passivated
metal oxide layers, but the minor film morphology differences
still exist in domain sizes and are worth paying attention to.
Perovskite grains grown on organic transport layers exhibit
rather concentrated domain size between 40 and 120 nm, which
results in more uniform and dense films, while perovskite films
on NiO and CuOx layers exhibit scattered and inhomogeneous
grain sizes in the range of 40–160 and 40–240 nm, respectively,
as shown in the histograms from Figure 5a,b,d. After 2PACz

modification of metal oxide transport layers, domain sizes are
more consistent and homogeneous with a denser film morphol-
ogy for MAPbI3 (Figure 5c,e). Figure 5f shows the domain
size histogram of MAPbI3 perovskite grown on CuOx and
2PACz passivated CuOx, respectively, and shows that the domain
size for the latter is significantly more concentrated toward the
lower size and the distribution is less broadened. The nonuni-
form domain distribution results from inhomogeneous
nucleation and growth and can lead to the local crystal/grain mis-
orientation causing nonradiative recombination losses.[49,50] The
relatively higher surface energy values of metal oxide transport
layers can promote heterogeneous nucleation of MAPbI3 com-
pared to the low surface energy and smooth surfaced organic-
based HELs.[33,51]

To investigate the crystalline property of the MAPbI3 layer
grown on different HELs, X-ray diffraction (XRD) measure-
ments were carried out. As shown in Figure S7, Supporting
Information, perovskite films grown on the three transport layers

Figure 5. Scanning electron microscopy images of perovskite films on the top of a) organic transport layers, b) NiO, c) 2PACz passivated NiO, d) CuOx,
and e) 2PACz passivated CuOx. f ) Domain size histogram of CuOx and 2PACz modified CuOx. GIWAXS data from perovskite layer grown on g) Poly-TPD;
h) NiO; i) CuOx.
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with and without 2PACz exhibit the same characteristic peaks at
14.1°, 28.5°, and 30.9°, corresponding to the (110), (220), and
(222) planes of the tetragonal perovskite phase. This indicates
that the interlayer does not modify the perovskite crystalline
properties in general. In addition, 2-dimensional grazing
incidence wide-angle X-Ray scattering (GIWAXS), a critical
technique to understand the structure-property relationships,
is performed. Compared to conventional XRD characterization,
GIWAXS is more suitable for thin films as it can provide crys-
tallographic information from both out-of-plane and in-plane
directions.[52] The GIWAXS results for MAPbI3 perovskite thin
films grown on different transport layer materials are shown in
Figure 5g–i. Additional information from GIWAXS measure-
ments is a PbI2 peak observed from the CuOx sample, which
was not detected in the XRD measurements. This could be
due to the very weak PbI2 peak intensity, and hence lab-based
XRD technique may not be able to detect it. The excess PbI2
is usually located at grain boundaries and interfaces due to
stoichiometry imbalance or perovskite degradation and can con-
tribute to the poor performance of CuOx HEL-based devices as
defect sites and charge transfer barriers.[16,53]

To gain more insight into the charge carrier dynamics of the
photovoltaic devices fabricated using different HELs, recombina-
tion processes, trap density, charge carrier lifetime, and mobility
were investigated. Light intensity-dependent J-V characteristics
were performed to reveal the presence of nonradiative recombi-
nation losses. From Figure 6a, organic HEL devices show a
recombination factor α value of 1.013� 0.003, while for NiO
and CuOx devices, the recombination factors are 0.875� 0.010

and 0.633� 0.005, respectively. This result is consistent with
the low JSC value obtained from J-V characteristic for metal oxide
HEL devices as shown in Figure S2b,e, Supporting Information.
The low recombination factors for metal oxide HEL devices
suggest the existence of a charge extraction barrier at interfaces.
The presence of defects is further evaluated by the dependence of
VOC on light intensity from Figure 6b. Organic HEL devices
show an ideality factor (nid) of 1.50, whereas for NiO HEL devi-
ces, the nid value is 1.51, and CuOx HEL devices exhibit 3.49.
High ideality factor >2 has been previously reported and is
mainly attributed to the nonlinear shunt dominance, presence
of tail states, or due to nonuniform spatial distribution of
Shockley–Read–Hall recombination centers.[54–57] Thus the
study of Voc and Jsc dependence on light intensity results indi-
cate that PV devices with CuOx metal oxide HELs have higher
recombination losses. Figure 6c shows the light intensity
dependent measurements for VOC for NiO and CuOx after mod-
ification with 2PACz. It turns out that both ideality factors are
reduced after 2PACz passivation: 1.51 to 1.26 for NiO, and
3.49 to 1.73 for CuOx, which suggests that trap-assisted recom-
bination is significantly suppressed. This recombination reduc-
tion can have three origins: 1) the improved surface coverage of
the HELs, as the thickness of the NiO and CuOx is below ≈5 nm;
2) the defect passivation at the buried interface; and 3) interfacial
energetic modification. The passivation effect with 2PACz is
more significant for CuOx devices since the ideality factor is
reduced for a factor of 2, which is consistent with J-V character-
istics results showing that the low PCE around 2% is boosted to
12.5% after introducing the 2PACz interlayer.

Figure 6. a) JSC variation versus light intensity for organic transport layers, NiO, and CuOx devices. b) VOC variation versus light intensity for organic
transport layers, NiO, and CuOx photovoltaic devices. c) VOC variation versus light intensity for NiO, 2PACz passivated NiO, CuOx, and 2PACz passivated
CuOx photovoltaic devices. d) Dark current density-voltage curves for organic transport layers, NiO, and CuOx devices. e) Dark current density-voltage
curves for NiO, NiO devices after light soaking, and 2PACz passivated NiO devices. f ) Dark current density-voltage curves for CuOx, CuOx devices after
light soaking, and 2PACz passivated CuOx devices.
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To understand the leakage current properties, dark current
measurements and the comparison of the shunt resistance were
carried out for the photovoltaic devices comprising different
HELs. Figure 6d shows that the leakage current for PolyTPD/
PFN HEL devices is 2.02� 10�9 mA cm�2, which is the lowest
among the three and with the highest shunt resistance of
2.48� 108Ω cm�2. On the contrary, the high leakage current
of 9.30� 10�9 and 8.58� 10�9 mA cm�2, and low shunt resis-
tance of 1.66� 106 and 6.51� 105Ω cm�2 for NiO and CuOx,
respectively, were obtained for metal oxide HEL-based devices.
This is particularly detrimental for indoor photovoltaic applica-
tions since the shunt resistance effect dominates under dim light
conditions. Figure 6e shows the evolution of dark current for
pristine NiO HEL devices, NiO devices soaked under 1 sunlight,
and 2PACz passivated NiO HEL devices. It reveals that the leak-
age current is the highest for the pristine NiO HEL-based devices
and is reduced after light soaking (from 9.30� 10�9 to
7.20� 10�9 mA cm�2), which can be due to the photogenerated
charge carrier passivation of defects. After introducing 2PACz
interlayer, the lowest leakage current (2.98� 10�9 mA cm�2) is
obtained. This reduced leakage current can be a result of inter-
face defects passivation, improved built-in voltage, and morpho-
logical homogeneity.[58] The corresponding shunt resistance
enhanced from single NiO HEL (1.66� 106Ω cm�2) to light
soaked device (3.80� 107Ω cm�2), and finally to the 2PACz
interlayer passivated device (3.86� 107Ω cm�2). The same trend
is also observed for CuOx HEL devices as shown in Figure 6f.
The leakage currents are reduced from 8.58� 10�9 to
6.52� 10�9 mA cm�2 with light soaking, and are further reduced
to 3.53� 10�9 mA cm�2 by 2PACz interlayer modification. CuOx

HEL devices exhibit low shunt resistance of 6.19� 105Ω cm�2,
which is enhanced to 3.81� 107Ω cm�2 after 2PACz
passivation.

To investigate the photogenerated charge carrier dynamics,
transient photocurrent (TPC) and transient photovoltage (TPV)
measurements were carried out. Both TPC and TPV measure-
ments for NiO and CuOx HEL devices were performed following
the procedure of light soaking and interlayer modification. It is
noticed from Figure 7a that for NiO HEL-only device, the VOC is
limited to a low range of 0.14–0.37 V, which is consistent with the
initial VOC value obtained from J-V characteristics from
Figure 3a,b; the VOC value is increased to 0.7 V with higher
carrier lifetime after light soaking, and then improved to above
1 V after 2PACz passivation. The 2PACz-modified NiO HEL
devices achieved a charge carrier lifetime of 237 μs at the irradi-
ance level of 0.1 mW cm�2 (corresponding to the 0.7 V VOC as
shown in Figure 7a). This observation is well aligned with the
corresponding J-V characteristics consolidating the significance
and effectiveness of interlayer passivation. Figure 7b shows the
same behavior for CuOx HEL devices where the VOC is limited to
0.2 V for the pristine CuOx, with a lower charge carrier lifetime
compared to NiO HEL device. However, after light soaking, the
charge carrier lifetime is improved to 150 μs at maximumwith an
improved VOC of ≈0.35 V. The CuOx devices with 2PACz modi-
fication exhibit trap passivated VOC close to 1 V. Figure 7c,d
shows the TPC charge extraction results and we can observe that
for every certain extracted charge carrier density, the VOC from
pristine metal oxide HEL-based devices is the lowest, then
improved after light soaking, and finally achieved a superior

VOC with 2PACz passivation. This indicates that for the same
amount of photogenerated charge carriers, higher VOC can be
obtained by light soaking and with 2PACz interface modification.

To quantitively estimate the defect density in the perovskite
films with different charge transport layers, space-charge limited
current (SCLC) measurements were performed. The HELs
utilized are organic (Poly-TPD/PFN), metal oxides, and 2PACz
passivated metal oxides. A detailed description is given in the
Supporting Information. Figure 7e,f shows the J-V curves
obtained from hole-only devices of ITO/HEL/perovskite/
P3HT/Au. The J-V curve for pure 2PACz hole-only device is
shown in Figure S8, Supporting Information. The thickness
of the perovskite active layer is 350 nm. Figure 7e shows that
VTFL of organic HEL device is 0.776 V, which corresponds to a
calculated trap density of 1.79� 1016 cm�3. NiO HEL devices
exhibit a higher VTFL of 1.14 V, which corresponds to higher trap
density of 2.63� 1016 cm�3. After 2PACz passivation, the trap
density for NiO devices is reduced to 4.17� 1015 cm�3.
Similarly, Figure 7f shows that the trap density for CuOx devices
is reduced from 3.08� 1016 to 1.86� 1016 cm�3. The trap-filled
voltage (VTFL), the corresponding calculated trap density, and the
hole mobility for different hole-only devices are summarized in
Table 2.

MAPbI3 grown on organic transport layers has the highest
hole mobility, 1.39 cm2 V�1 s�1, whereas for the NiO
and CuOx HELs, these values are only 0.060 and
0.017 cm2 V�1 s�1, respectively. Noticeably, the MAPbI3 grown
on pristine 2PACz achieved very high hole mobility at
2.05 cm2 V�1 s�1, indicating the superior hole extraction prop-
erty. The derived hole mobility could align well with the previous
reports.[59] After 2PACz interlayer modification, the hole mobility
of MAPbI3 grown on NiO is improved from 0.060 to
0.24 cm2 V�1 s�1, whereas for CuOx-2PACz, the hole mobility
is improved from 0.017 to 0.62 cm2 V�1 s�1. The obtained result
of improved charge carrier mobility after the front HTL/
perovskite interface passivation agrees with the previous study
by Alosaimi et al where the authors observed an increase in
charge carrier transport properties after enhancing the quality
of the ETL/perovskite interface.[60]

The photoemission yield (APS) and work function (WF) meas-
urements of the metal oxide HELs after 2PACz modification
were carried out to understand the interface energetic alignment.
As shown in Figure S9, Supporting Information, the WF of both
metal oxides became more energetically favorable for hole trans-
fer from the MAPbI3. Also, the deeper ionization potential of the
2PACz along with its molecular dipole moment can cause local
p-doping at the HTL/perovskite interface and beneficial band
bending, which in turn can reduce the interface recombination
losses.[61] Overall, the 2PACz-passivated NiO has better energy
alignment compared to passivated CuOx devices. To shed further
insights on the bulk transport and interfacial resistance
properties, electrochemical impedance spectroscopy (EIS) was
performed on the fabricated PSCs based on different interlayers.
The detailed description is given in the Supporting Information.
The phase vs. frequency Bode plots of the p-i-n PSCs with
different HELs are shown in Figure 8a. In the case of devices
with organic-only HELs, such as in Poly-TPD/PFN and
2PACz, mainly one relaxation process in the high-frequency
range (104 Hz) is observed. Whereas in the case of devices with
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NiO or CuOx as charge transport layers, the two peaks are
evident: one at the high-frequency range of 104 Hz and the other
at a relatively lower frequency of ≈102 Hz, indicating the pres-
ence of two relaxation processes.[62–64] When these oxide layers
are covered with 2PACz transport layers, the two relaxation pro-
cesses still exist, and their frequency range is also very similar to
that of NiO/CuOx HEL-only devices. For the EIS carried out
under dark conditions, the high-frequency processes are related

to the bulk transport of the perovskite film, and the low-
frequency processes are related to the perovskite/interface con-
tacts (such as traps, ion migration, and accumulation).[64] Table 3
lists the parameters obtained from EIS measurements.

The corresponding real impedance of the devices as a function
of frequency is given in Figure 8b. As seen in Figure 8b, the pho-
tovoltaic devices with only organic HELs such as Poly-TPD and
2PACz show much lower impedance compared to devices with

Figure 7. a) TPV characterization of NiO HEL devices, NiO devices after light soaking, and 2PACz passivated NiO devices. b) TPV characterization of
CuOx HEL devices, CuOx devices after light soaking, and 2PACz passivated CuOx devices. c) TPC characterization of NiO HEL devices, NiO devices after
light soaking, and 2PACz passivated NiO devices. d) TPC characterization of CuOx HEL devices, CuOx devices after light soaking, and 2PACz passivated
CuOx devices. e) Space-charge limit current model from organic, NiO, and 2PACz passivated NiO devices. f ) Space-charge limit current model from CuOx

and 2PACz passivated CuOx devices.

www.advancedsciencenews.com www.small-science-journal.com

Small Sci. 2024, 2400292 2400292 (10 of 13) © 2024 The Author(s). Small Science published by Wiley-VCH GmbH

 26884046, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

sc.202400292 by U
niversity O

f St A
ndrew

s U
niversity, W

iley O
nline L

ibrary on [19/09/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.small-science-journal.com


oxide only and metal oxideþ 2PACz as HELs. Since in all
these devices the EEL/perovskite interface is the same
(MAPbI3/PC60BM/Ag), the differences in real Z with frequency
(Figure 8b) are attributed to HEL/perovskite interface. To extract
further information on the characteristic resistance and associ-
ated capacitance, the equivalent circuit modeling is applied to
the Nyquist plots of the corresponding devices as shown in
Figure 8c,d, respectively. For the devices with organic HELs,
the interface resistances were negligible as in agreement
with Figure 8a (only high-frequency process), and hence for
these devices, only one semicircle fitting is applied to the

corresponding Nyquist plots. Table 3 summarizes the parame-
ters obtained from EIS.

The transport resistance (R2) of the bulk perovskite is found to
be the lowest for the devices with organic transport layers (11.4
and 7.8 k Ohm) and the highest for the oxide HEL-based devices
(23.4 and 22.8 k Ohm). This is in agreement with the SCLC
measurements discussed above, which showed lower mobility
for the MAPbI3 grown on metal oxide HELs, and the surface
morphology characterization in Figure 5, which showed inhomo-
geneous domain distribution for the perovskite grown on oxide

Table 2. Trap-Filled voltage and calculated trap density obtained from
SCLC model.

VTFL [V] Trap density [cm�3] Hole mobility [cm2 V�1 S�1]

Organic 0.776 1.79� 1016 1.39

NiO 1.141 2.63� 1016 0.060

NiO-2PACz 0.181 4.17� 1015 0.24

CuOx 1.34 3.08� 1016 0.017

CuOx-2PACz 0.81 1.86� 1016 0.62

Pure 2PACz 1.121 2.58� 1016 2.05

Figure 8. a) Phase vs. frequency Bode plots of the p-i-n PSCs with different front interfacial layers from EIS. b) Real impedance of the devices as a function
of frequency from EIS. c) EIS equivalent circuit modeling. d) Nyquist plots of the p-i-n PSCs with different front interfacial layers from EIS.

Table 3. Parameters from electrochemical impedance spectroscopy
measurements.

Sample Rs
[Ohm]

R2
[k Ohm]

C2
[nF]

R1
[Ohm]

C1
[nF]

T (from phase plot)
(HF/LF)

Poly-TPD/PFN 18.1 11.4 4.29 – – 1.98 μs

2PACz 29.6 7.8 5.8 – – 2.75 μs

NiO 7.8 23.4 9 293 k 11.2 4.45 μs/1.3 ms

CuOx 42.8 22.8 11.1 122 k 8.72 8.60 μs/0.89 ms

NiO-2PACz 33.8 14.3 8.85 594 k 12.6 7.0 μs/0.76 ms

CuOx-2PACz 20.6 10.2 8.28 1.18 13.3 4.68 μs/0.76 ms
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layers. This high bulk transport resistance can also account
for the lower photovoltaic performance of the corresponding
devices. However, when the metal oxide transport layers are pas-
sivated with the 2PACz layer, the bulk resistance decreases com-
pared to that of the pristine oxide HEL alone (14.3 and 10.2 k
respectively), in agreement with the higher mobility values as
shown in Table 2.

3. Conclusion

Our study revealed the detrimental effect of metal oxide HELs in
halide perovskite IPVs and the superior hole extraction property
of the organic semiconductor-based HELs. The devices with
metal oxide HELs suffered lower PCE, higher J-V hysteresis,
and severe light soaking effects. The devices with organic semi-
conductor-based hole transport layers demonstrated superior
light-harvesting properties under both indoor illumination and
1 sun. Detailed microstructural and optoelectronic characteriza-
tion revealed that MAPbI3 grown on the metal oxide HELs has a
higher density of traps, higher leakage current, lower mobility,
and nonuniform distribution of domains. However, the interface
engineering using the 2PACz SAM eliminated the detrimental
light soaking effect and dramatically enhanced indoor light har-
vesting by suppressing the leakage current and passivating the
defects. Our study demonstrated a promising route to employ
the stable metal oxide charge transport layers in halide perovskite
IPVs by interface engineering and provides important device
design strategies for the selection of appropriate charge extrac-
tion layers to maximize the indoor light harvesting.
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the author.
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