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solar cells
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ABSTRACT Organic solar cells (OSCs) continuously attract
much attention due to their potentials as the low-cost and
lightweight sources of renewable energy, and the power
conversion efficiency (PCE) of the state-of-the-art OSCs has
reached over 10.0%. Especially, there has been an unex-
pected breakthrough and rapid evolution of highly efficient
organic-inorganic hybrid perovskite solar cells (PSCs), and
the PCE has been improved to over 20%. The interface plays
a very important role on the performance of both OSCs and
PSCs, as well as their stability. It is imperative to control
the interface properties and understand the mechanisms for
obtaining highly efficient OSCs and PSCs. In this review, we
will summarize our research progress on the interface modi-
fication of OSCs and PSCs using the electron transport layer
and hole transport layer, as well as the molecular template
layer.

Keywords: organic solar cells, perovskite solar cells, interface,
bulk heterojunction, planar heterojunction.

INTRODUCTION

Solar cells acting as one of the most promising renewable
energy candidates will meet the growing requirements for
the energy sources, which is facing the dwindling of fos-
sil energy and the aggravation of environmental pollution
[1-3]. It is very important to improve the power conver-
sion efficiency (PCE) and reduce the cost for greatly accel-
erating the commercialization of solar cells. Organic solar
cells (OSCs) and organic-inorganic hybrid perovskite solar
cells (PSCs), as the third-generation solar cells, are attract-
ing much attention due to their potentials as the low-cost,
flexible and lightweight sources of renewable energy, as well
as matching with high-output, large-scale roll-to-roll (R2R)
printing techniques [4-8]. The PCEs of the state-of-the-art
OSCs has reached over 10.0%, resulting from the progress

in new materials, device engineering, device physics, etc.
[9-11]. Especially, there has been an unexpected break-
through and rapid evolution of highly efficient PSCs, and
the PCE has been improved to over 20% [12-14].

However, there are still many issues that restrict the com-
mercialization of OSCs and PSCs from lab-scale to large-
area fabrication. The interface is of great importance to
the PCEs and stability of both OSCs and PSCs, and there
are lots of studies focused on the interface materials as well
as their influence on the performance [15-21]. The active
layer in OSCs would be oxidized and the degradation of de-
vices would be accelerated as exposed to ambient environ-
ment, which could be attributed to the interfaces between
the active layer and the electrodes [15,16]. While in PSCs,
the interface decay can easily occur even when the devices
are exposed in air for a short time since the perovskite ma-
terials are sensitive to moisture [17,22-24]. As the interface
materials inserted into solar cell devices, the degradation
rate could be greatly decreased.

We have done a lot of work on the growth of ordered
organic semiconductor thin film and the control of inter-
face morphology, as well as their applications in organic
optoelectronic devices, which are summarized in the re-
views [25-27]. Focusing on the interface issues of OSCs
and PSCs, our group has been carrying out the research,
and some interesting results have been obtained [28-43].
We are hopeful to achieve two aims through the interface
study. One is that the stable OSCs and PSCs with high PCEs
can be fabricated by interface engineering. The other is that
the thickness-independent interface layer can be processed
by large-scale printing techniques for large-area, highly ef-
ficient OSCs and PSCs. Herein, this review will summarize
recent research progress on OSCs and PSCs using interface
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modification in our group, which would hopefully accel-
erate the development of OSCs and PSCs, as well as their
commercialization.

INTERFACE MODIFICATION FOR OSCs

Structure of 0SCs

The OSCs can be divided into small molecular solar cells
and polymer solar cells. The former is normally fabricated
by vacuum deposition, while the latter is normally fabri-
cated by solution process which can match with large-scale
R2R printing techniques [5,6,44,45]. The typical structures
of OSCs are shown in Fig. 1, which includes conventional
forward structure and inverted structure. They are com-
posed of anode, hole transport layer (HTL), active layer,
electron transport layer (ETL) and cathode. The active
layer has two parts-electron donor and electron acceptor,
which form the planar heterojunction or bulk heterojunc-
tion. In OSCs, the heterojunction active layer first absorbs
photons and generates tightly bound electron-hole pairs
(excitons) in both donor and acceptor parts, then the exci-
tons diffuse to the donor-acceptor interface and dissociate
into electrons and holes, finally the charges transport and
are collected at the anode (holes) and cathode (electrons)
[26]. The HTL and ETL, as the interface layers, can im-
prove the interface electronic structure and interface con-
tact between the active layer and electrodes, which dramat-
ically enhance the charge extraction and transport. Thus it
would result in great improvement in device performance
parameters, including open-circuit voltage (Vs.), short-cir-
cuit current (Ji.), fill factor (FF) and PCE, as well as the sta-
bility [46-48].

Interface modification for small molecular solar cells using
molecular template layer

Thin film morphology and molecular orientation are very
important to the charge transport and device performance,
and molecular template growth has been developed to
fabricate high-quality organic semiconductor thin film
with controllable morphology and molecular orientation
[25,27,28,34]. In order to form ordered bulk heterojunc-
tion instead of planar heterojunction, the combination of
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Figure 1 Schematic of (a) conventional forward and (b) inverted struc-
tural organic solar cells.

744

molecular template growth and glancing angle deposition
technique was used to fabricate ordered nanocolumn-ar-
ray phthalocynine organic semiconductor thin film with
controllable molecular orientation, in which a controllable
lying-down molecular orientation was obtained in the
models of planar molecule copper phthalocynine (CuPc)
and non-planar molecule chloroaluminum phthalocyanine
(AICIPc) [28], as shown in Fig. 2. The planar perylene-3,
4, 9, 10-tetracarboxylic-3, 4, 9, 10-dianhydride (PTCDA)
molecular template layer induces phthalocynine molecules
arrange with a lying-down molecular orientation, in which
the m-m stacking is vertical to the substrate, improving
the charge transport along the vertical direction; While
the GLAD technique supports the formation of nanocol-
umn-array thin films, supplying a much larger exposed
surface area than the conventional compact thin films.

Because of the mismatch of energy levels between the
template layer PTCDA, the electrode and the active layer,
the Vi normally decreases obviously although the Ji. in-
creases for PTCDA-templated small molecular solar cells
[49]. Thus molybdenum oxide (MoO) can be inserted to
tune the energy levels between the electrode and the ac-
tive layer. The combination of MoO, and molecular tem-
plate layer PTCDA as the interface modification layers in
small molecular solar cells results in the obvious improve-
ment for both Vi, and J, as well as the great enhancement
in PCEs [34,49], as summarized in Table 1. The insertion
of a MoO; layer as the HTL can lead to the improvement
of the V. due to the large difference in work function be-
tween the MoO, and the active layer materials, which would
cause significant band-bending and enhance the built-in
field. Meanwhile, the MoOy layer can also pin the highest
occupied molecular orbital (HOMO) levels of the adjacent
organic layer materials to defect states (oxygen vacancies)
in the near Fermi level of the n-type MoOx interlayer, which
is helpful to improve the hole extraction [49].

Interface modification for polymer OSCs employing TiO,
nanoparticles (NPs) and graphene oxide (GO)

Conventional forward structural polymer OSCs by
employing TiO, NPs

Titanium oxide (TiO,) has been used in polymer solar cells
which can act as optical spacer, ETL or hole blocking layer
(HBL), as well as shielding and scavenging layer [50-53]. It
obviously enhances the performance of polymer solar cells
and prevents the permeation of moisture and oxygen into
the active layer. However, TiO; is thermally unstable in
post-annealing processes at the temperature over 80°C
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Figure 2 Schematics of CuPc and AICIPc molecular arrangement in nanocolumn-array thin films fabricated by combining PTCDA template growth
and GLAD techniques. Reprinted with permission from [28], Copyright 2013, Elsevier.

Table 1 Performance parameters of OSCs with and without interface layer modification

OSCs structure Voo (V) Jsc (mA cm™2) FF (%) PCE (%) Ref.
ITO/ClAIPc/Ce/BCP/Al 0.59 5.33 58 1.80 [49]
ITO/PTCDA/CIAIPc/Cg/BCP/Al 0.46 6.13 50 1.40
ITO/MoO,/Cg/BCP/Al 0.81 5.30 58 2.60
ITO/MoO,/PTCDA/CIAIPc/Cg/BCP/Al 0.79 6.53 58 3.00
ITO/CuPc/Ce/ Algs/Al 0.39 3.54 55.1 0.76 [34]
ITO/MoO,/CuPc/Ceo/ Algs/ Al 0.56 3.76 50.0 1.05
ITO/MoO,/PTCDA/CuPc/Cg/Algs/Al 0.53 5.13 54.2 1.48
ITO/CuPc/PCBM/Alqs/Al 0.44 3.16 52.5 0.73
ITO/MoO,/CuPc/PCBM/Alqs/Al 0.61 3.15 54.7 1.05
ITO/MoO,/PTCDA/CuPc/PCBM/Alqs/Al 0.60 4.29 55.6 1.44
ITO/PEDOT:PSS/P3HT:PCBM/Al 0.59 9.79 53 3.09 [29]
ITO/PEDOT:PSS/P3HT:PCBM/O3-TiO,/Al 0.52 9.58 60 3.04
ITO/PEDOT:PSS/P3HT:PCBM/O7-TiO,/Al 0.58 12.69 58 424
ITO/PEDOT:PSS/P3HT:PCBM/H7-TiO,/Al 0.57 12.83 56 4.12
ITO/H7-TiO,/P3HT:PCBM/PEDOT:PSS/Al 0.60 11.84 63 4.42 [30]
ITO/PEDOT:PSS/PBDTPO-DTBO:PC;BM/Al 0.82 10.92 48 4.39
ITO/PEDOT:PSS/PBDTPO-DTBO:PC;BM/H7-TiO,/Al 0.79 12.23 51 5.03 3]
ITO/PEDOT:PSS/TIBT:PCBM/Al 0.89 5.76 55 2.82 [33]
ITO/PEDOT:PSS/TIBDT:PCBM/ H7-Ti0,/Al 0.91 7.96 50 3.58
ITO/GO (0.1 mg mL™)/P3HT:PCBM/Al 0.23 7.20 29.8 0.50 [32]
ITO/GO (0.3 mg mL™)/P3HT:PCBM/Al 0.42 7.47 34.1 1.08
ITO/GO (0.5 mg mL™)/P3HT:PCBM/Al 0.51 8.14 43.2 1.82
ITO/GO (1.0 mg mL™")/P3HT:PCBM/Al 0.55 10.19 54.8 3.09
ITO/GO (2.0 mg mL™")/P3HT:PCBM/Al 0.52 10.48 53.8 291
ITO/GO (1.0 mg mL™")/P3HT:PCBM/TiO,/Al 0.57 10.41 54.9 3.32
September 2016 | Vol.59 No.9 745
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[18]. Furthermore, it involves a sol-gel synthesis and sub-
sequently a hydrolysis in air after the deposition, risking
the degradation of polymer solar cells with a conventional
forward structure. Thus, TiO, nanoparticles (NPs) was de-
veloped to be a proper candidate to replace TiO, because of
its thermally stability and the role as efficient ETL or HBL
[54,55].

In order to overcome conventional complex proce-
dures and the drawbacks of a high-temperature hydrolytic
process and universal low carrier mobility, we developed
newly solution-based method to synthesize high-quality
TiO, NPs [29]. Based on the solvent types, three kinds
of TiO, NPs, i.e., O3-TiO,, O7-TiO, and H7-TiO,, can
be synthesized, respectively (Fig. 3). The transmission
electron microscopy (TEM) images, selected area electron
diffraction (SAED) and X-ray diffraction (XRD) results
suggested that O3-TiO, NPs were amorphous and com-
posed of sphere-like morphology with the size of about
2.5 nm. The O7-TiO, NPs were weakly crystallized and
oval-like morphology with the size of about 3.6 nm. While
the H7-TiO, NPs were highly crystallized with the en-
larged size to about 5.5 nm. The results suggested that the
appropriate excessive H,O for the process of peptization
was beneficial to improve the growth and crystallinity. The
TiO, NPs referred below is H7-TiO, NPs if without special
illustration.

These three kinds of TiO, NPs were used to fabricate
polymer solar cells based on the bulk heterojunction
of P3HT:PCBM with a structure of ITO/PEDOT:PSS/
P3HT:PCBM/TiO,/Al, and the performance parameters
are summarized in Table 1 [29]. As compared with the
reference device without TiO, NPs layer, polymer solar

Nitric acid, acetic acid, TTBT
n-butanol
(Tetrabutyltitanate)
3mLH,0 7mLH,0

Figure 3 Schematic of synthesis routs for three types of TiO, NPs. Mod-
ified from [29], Copyright 2014, Elsevier.
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cells with O3-TiO; NPs showed the similar performance
parameters, while the performance parameters of O7-TiO,
and H7-TiO, NPs-based polymer solar cells showed great
improvement. The PCEs were improved from about
3.09% (reference device) to 4.24% and 4.12%, respectively,
resulting from the large improvement in the J. which
was enhanced from 9.79 (reference device) to 12.69 and
12.83 mA cm?, respectively. The ultraviolet photoelectron
spectrometer (UPS) measurement suggested that the work
function of O3-TiO, NPs, O7-TiO, NPs and H7-TiO, NPs
were 3.9, 4.4 and 4.5 eV, respectively. The positions of work
function of the O7-TiO, NPs and H7-TiO, NPs are helpful
to the transfer of the electrons from the PCBM to the cath-
ode (Al). Furthermore, the carrier mobility of crystallized
TiO, NPs would be much better than that of amorphous
TiO; NPs. Meanwhile, the absorption of polymer OSCs
in reflection geometry could be enhanced with TiO, NPs
layer because it worked as the optical spacer in polymer
OSCs devices. These reasons are all advantageous to the
improvement of .

Furthermore, these TiO, NPs sols are very stable and can
be stored stably at least one year in atmospheric environ-
ment without any precipitation. The P3HT:PCBM solar
cells with H7-TiO, NPs layer prepared from initial TiO,
NPs sol and the TiO, NPs sol stored in air for 1 year ex-
hibited the similar performance parameters [33]. More in-
terestingly, these TiO, NPs layer does not require thermal
annealing and showed the similar properties to that treated
with thermal annealing. For example, XRD results showed
in Fig. 4 suggested that the TiO, NPs layers without ther-
mal annealing and with thermal annealing at 150°C had the
comparable diffraction peaks, implying that the TiO, NPs
were already crystallized in sols. These solution-processed,
annealing-free TiO, NPs were used as ETL in P3HT:PCBM
solar cells and showed improved performance parameters
[33]. Meanwhile, it can also be used as ETL in low band gap
alkoxylphenyl substituted [1,2-b:4,5-b’] dithiophene (PB-
DTPO-DTBO) polymer solar cells and soluble small mole-
cule benzodithiophene derivative (TIBDT) solar cells with
improved performance, as shown in Table 1. These solu-
tion-processed, annealing-free TiO, NPs can match with
printed techniques and show great potential application in
printed solar cells and other optoelectronic devices.

In addition, TiO, NPs can improve the air-stability of
polymer OSCs. As shown in Fig. 5a, the normalized PCEs
for polymer OSCs with and without TiO, NPs exposed in
the air for 200 h were tested. Polymer OSCs with TiO, NPs
layer showed much better air-stability than that without
TiO, NPs layer. After 200 h, the PCEs of reference OSCs
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Figure 4 XRD patterns of TiO, NPs with thermal annealing at 150°C
(curve a) and without thermal annealing (curve b). Inset is the photo of
TiO, NPs sols initially synthesized and stored for 1 year in air, respectively.
Reprinted with permission from [33], Copyright 2015, Elsevier.
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Figure 5 (a) The degradation of normalized PCEs for OSCs with and
without TiO, NPs. Reprinted with permission from [29], Copyright 2014,
Elsevier. (b) The degradation of normalized PCEs for conventional for-
ward OSCs without TiO, NPs, conventional forward OSCs with TiO, NPs,
and inverted OSCs with TiO, NPs, respectively. Reprinted with permis-
sion from [30], Copyright 2014, Elsevier.
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dropped to about 29% of initial value, while the PCEs of the
OSCs with 03-TiO,, O7-TiO,and H7-TiO, TiO, NPs layer
dropped to about 80%, 64% and 75% of their initial values,
respectively. The main reason of degradation came from
the decline of the Ji.. Normally the typical decay curve in-
cludes two stages, i.e., the initial decay resulting from inter-
facial degradation and the longer time scale decay resulting
from the intrinsic or oxidation driven degradation of the
bulk active layers. At the first 3 h exposed in air, the refer-
ence device showed linearly drops to about 60% of the ini-
tial value. However, the degradation phenomenon was dis-
tinctly eliminated in OSCs with TiO, NPs layer. The results
indicated that TiO, NPs layer played an important role to
improve organic/electrode interface and prevent the inter-
facial degradation efficiently. At a longer term, the degra-
dation rate was slowed down as well for OSCs with TiO,
NPs, suggesting that TiO, NPs layer could act as a shielding
and scavenging layer for preventing the intrusion of oxygen
and humidity into the electronically active polymers.

Inverted structural polymer OSCs by employing TiO; NPs
As compared with conventional forward structural OSCs,
inverted structural OSCs have also attracted much atten-
tion due to the higher PCEs and better stability [56,57].
The TiO, NPs synthesized by the above low-temperature,
solution-processed method can also be used as the ETL in
inverted OSCs NPs. The performance parameters of the
inverted OSCs based on P3HT:PCBM bulk heterojunction
with a structure of ITO/TiO, NPs/ P3HT:PCBM/PE-
DOT:PSS/Ag were dramatically improved and the average
PCE of 4.42% was achieved, which is better than that
of conventional forward structural OSCs (Table 1) [30].
Mott-Schottky capacitance analysis proved that the in-
verted OSCs had a higher built-in potential and a less
depletion width as compared with conventional structural
OSCs, which supported the improvement of performance
parameters.

Moreover, the inverted structural OSCs with TiO, NPs
layer showed much better stability in air without encapsu-
lation than conventional forward structural OSCs with or
without TiO, NPs (Fig. 5b). Especially, the performance
parameters of the inverted OSCs could be obviously im-
proved due to the oxidization of Ag electrode [58]. Stored
in ambient condition without encapsulation, the oxidized
Ag electrode can form a layer of silver oxide. Accordingly,
the work function of the Ag increases from 4.3 to 5.0 eV, re-
sulting in an enhanced built-in potential and an improved
Vo.. Meanwhile, the Ag with a higher work function is ad-
vantageous to the formation of an Ohmic contact between
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the PEDOT:PSS layer and the electrode, which would in-
duce the pinning of the energy level of the electrode to-
wards the lowest unoccupied molecular orbital (LUMO)
level of the donor, supporting the improvement in V,. and
FF. Thus, the PCEs showed an obvious increase at the first
24 h, and then the inverted OSCs degrade at a very slow
rate (Fig. 5b). The PCEs were about 87% of its original val-
ues even after 400 h exposure in air. While the PCEs of the
conventional forward OSCs with TiO, NPs were just about
60% of its original values after 400 h exposure in air, and
the PCEs of conventional forward OSCs without TiO, NPs
were just about 10% of its original values after only 100 h
exposure in air.

The results discussed above suggest that the synthesized
TiO, NPs by the low-temperature, solution-processed
method can be used as the ETL in both conventional
forward and inverted OSCs, of which the performance
parameters and stability can be dramatically improved.
Especially, these TiO, NPs layer can be deposited with an
annealing-free, solution process, which can match with
printing techniques, showing great potential applications
in printed large-area and flexible OCS, as well as in printed
electronics.

OSCs by employing GO layer

The conducting polymer PEDOT:PSS has been widely
used as an HTL for increasing the hole collection and
improving the anode contact in OSCs. However, the
PEDOT:PSS has the problems of hygroscopic properties,
high acidity and inhomogeneous electrical properties,
resulting in a poor long-term stability. Some inorganic
HTL materials were used to replace the PEDOT:PSS for
hopefully solving some of the problems, for example, V,Os,
MoO:s. Especially, many efforts are being made to develop
low-cost and solution-processable interfacial materials,
which are compatible to R2R printing process, for highly
efficient OSCs. The solution-processed GO is also an
possibly efficient HTL instead of the PEDOT:PSS in OSCs
[59,60].

The performance parameters of OSCs with GO as the
HTL are comparable to those using the PEDOT:PSS as the
HTL, and a PCE of 3.09% could be obtained (Table 1) [32].
However, the thickness of GO layer greatly influences the
PCEs, which is possible to be an obstacle for the deposition
using low-cost, large-scale printing process. The PCEs
could be further improved by using TiO, NPs layer as
the ETL and reached to 3.32%. The interface capacitance
analysis and electrochemical impedance measurement
confirmed that the GO as the HTL in PSCs had better
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interface properties than the PEDOT:PSS. Meanwhile, the
stability of OSCs with a GO layer was much better than
those with PEDOT:PSS layer. The PCEs of OSCs with both
GO and TiO, NPs layers could retain 60% of its initial
value after 180 h exposure in high humidity atmospheric
environment (air humidity ~80%). The combination of
GO and TiO, NPs acted as the HTL and ETL, respectively,
has the potentials for preparing efficient and stable OSCs.

INTERFACE MODIFICATION FOR PSCs

Structure of PSCs

PSCs have attracted tremendous attention in solar cell field
due to their superior properties such as small bandgap,
long carrier diffusion length, high carrier mobility, and so
on. It showed a booming development during the past
years and the PCEs have been improved to be over 20%
[12-14]. There are normally two types of device archi-
tectures, mesoporous structure and planar heterojunction
(PHJ) structure. In mesoporous structural PSCs, a meso-
porous metal oxide scaffold, for example, TiO,, ALOs, is
deposited and treated with a high-temperature sintering
process (~450°C) [61-63], which is a possible obstacle for
fabricating PSCs on flexible substrate. Thus, the low-tem-
perature, solution-processed PH]J structure is a good choice
to fabricate large-area, flexible PSCs, which can be compat-
ible with low-cost, large-scale R2R techniques [6,7].

The structure of PHJ-PSCs is very similar to OSCs, and
it can also be divided into conventional forward structure
and inverted structure (Fig. 6). Because PSCs were devel-
oped from dye-sensitized solar cells (DSSCs) [61], the con-
ventional forward structure is defined as cathode/ETL/Per-
ovskite/HTL/anode (Fig. 6a), and the inverted structure is
accordingly defined as anode/HTL/Perovskite/HTL/cath-
ode (Fig. 6b). Herein, the discussion is just focused on
the inverted structural PSCs, which is a little similar to the
conventional structure in OSCs. The perovskite layer, as an
ambipolar transport layer, is the core part of the overall PSC
device. Under the illumination, the excitons (electron-hole
pairs) separate in the perovskite layer, and then the electron
and hole migrate to ETL and HTL, respectively. Eventually
they are collected by cathode and anode, respectively. The
perovskite layer itself plays an important role in determin-
ing the device performance. The HTL and ETL, as the in-
terface layers, have enormous effect on carrier extraction
and transport due to the effective carrier extraction and
separation occurring at the interfaces between perovskite
and them. Thus, the performance of PSCs is determined
by both perovskite film quality and their interfaces.
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Conventional forward structure

Inverted structure

Figure 6 The schematic of (a) conventional forward structure and (b) inverted structure of PSCs.

PHJ-PSCs with interface layers PEDOT:PSS and PCBM

The PEDOT:PSS and PCBM are typical HTL and elec-
tronacceptor in OSCs, respectively. Since their intro-
duction into PSCs [64,65], they have attracted great
attention due to their low-temperature, solution process
which matches with large-scale printing techniques. The
simple PHJ-PSCs are structured with ITO/PEDOT:PSS/
CH>NH;PbI;/PCBM/AL
fabrication parameters, high-quality CHsNH;Pbl; per-
ovskite thin film can be fabricated using solvent engi-
neering method with the optimized precursors Pbl, and
CH;NH;PbI; at a ratio of 1:1 [36]. The thickness of the PE-
DOT:PSS is about 40 nm which is similar to that in OSCs.
However, the thickness of the PCBM ETL layer obviously
influenced the performance parameters of PHJ-PSCs, and
the average PCEs could be improved from 6.15% to 9.26%
without optimizing the thickness of CH;NH;PbI; layer
(Table 2). The results suggested that a thick PCBM layer
would increase the series resistance of PHJ-PSCs because
of its low conductivity, while a very thin PCBM layer could
not fully cover the perovskite layer and the top electrode
would directly contact to perovskite layer. The thickness of

Based on the research on the

PCBM layer was optimized to be about 30 nm, and a rela-
tively high average PCE of 9.26% was achieved with a 210

nm perovskite layer. If reducing or increasing the thickness
of PCBM layer, both Vi and J. decreased, resulting in the
lower PCEs. Further optimizing the thickness of perovskite
layer, the average PCEs of 12.56% with a Jic of 19.99 mA
cm, Vo of 0.99 V and FF of 63% could be achieved, of
which the best PCE was up to 13.49%. More importantly,
the PHJ-PSCs with this simple structure hardly showed
any hysteresis regardless of different scanning directions
and speeds.

PHJ-PSCs modified with Au@SiO, NPs

In order to maximize the J,. and enhance the PCEs accord-
ingly, one of effective and simple strategies is to increase the
light absorption in the active layer at the optimized thick-
ness. Metal NPs have been successfully used to moderately
improve the performance of OSCs and DSSCs due to their
excited localized surface plasmon (SP) resonance [66,67].
The photovoltaic performance parameters would be greatly
influenced by the size, shape, component, and dielectric en-
vironment of the metal NPs. The solar cells with metal NPs
enwrapped by insulated dielectric layer would produce bet-
ter photovoltaic performance than that with bare metal NPs
because the insulator layer could avoid the direct contact
between metal NPs and the active layer which would

Table 2 Performance parameters of PHJ-PSCs with the interface layers at different thicknesses. The best PCEs are shown in brackets.

PHJ-PSCs structure Ve (V) Jic (MA cm™) FF (%) PCE (%) Ref
ITO/PEDOT:PSS/CH5sNH;PbI; (210 nm)/PCBM (10 nm)/Al 0.87 13.7 62 7.5(7.5) [36]
ITO/PEDOT:PSS/CHsNH;PbI; (210 nm)/PCBM (30 nm)/Al 0.99 14.2 66 9.3 (9.5)
ITO/PEDOT:PSS/CH;NH;PbI; (210 nm)/PCBM (50 nm)/Al 0.89 13.3 68 8.0 (8.6)
ITO/PEDOT:PSS/CH;NH;PbI; (210 nm)/PCBM (90 nm)/Al 0.91 10.5 64 6.2 (7.5)
ITO/PEDOT:PSS/CH3;NH;PbI; (290 nm)/PCBM (30 nm)/Al 0.99 20.0 63 12.6 (13.5)

PHJ-PSCs without Au@SiO, 0.99 18.3 60 10.9 (13.5) [42]
PHJ-PSCs with 0.032 pM Au@SiO, 0.95 18.9 61 11.2 (12.8)

PHJ-PSCs with 0.047 pM Au@SiO, 1.04 20.7 72 15.6 (17.6)

PHJ-PSCs with 0.095 pM Au@SiO, 1.01 20.3 70 14.5 (16.0)
ITO/CH3NH;PbI; (290 nm)/PCBM (30 nm)/Al 1.00 18.3 51 9.3 (11.3) [38]

a) The structure of PHJ-PSCs is ITO/PEDOT:PSS/CH;NH;PbI; (290 nm)/PCBM/Al, and Au@SiO, nanorods were inserted at the interface between

the PEDOT:PSS layer and CH;NH;PbI; layer.
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eliminate the charge recombination and exciton quench-
ing loss at the metal surface. Meanwhile, metal nanorods
are normally better than spherical-shaped metal NPs in en-
hancing local electromagnetic field and accordingly exhibit
superior photovoltaic performance [66].

Based on PHJ-PSCs with a simple structure of ITO/PE-
DOT:PSS/CH;NH;PbI;/PCBM/AL
(Au@Si0;) core-shell nanorods as the modification layer
was inserted at the interface between the HTL PEDOT:PSS
and the active layer CH;NH;PbI; via low temperature,
solution process for hopefully improving the photovoltaic
performance [42]. The Au nanorods were embedded in
dielectric matrix SiO, forming a core-shell structure. The

silica-coated  gold

average diameter and length of Au nanorod were about
16.8 nm and 34.7 nm, respectively, and the thickness
of SiO; shell was 9.5 nm. The absorption spectrum of
Au@SiO, nanorods indicated that Au@SiO, nanorods
exhibited a transverse localized SP resonance peak at about
522 nm and a longitudinal localized SP resonant peak
at about 700 nm. The morphology and XRD patterns
of CH3;NH;PbI; thin films on PEDOT:PSS layer with or
without Au@SiO, nanorods were very similar, suggesting
that both CH;NH;PbI; thin films were homogeneous and
well crystalline [42].

The performance parameters of PHJ-PSCs with
Au@SiO; nanorods were improved dramatically, and
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they were dependent on the concentration of Au@SiO»
nanorods (Table 2). Based on the optimized concentra-
tion at 0.047 pmol L', the average Vi, Ji, and FF were
improved from 0.99 V, 18.3 mA cm™ and 60% to 1.04
V, 20.7 mA cm™, and 72%, respectively, resulting in the
obvious improvement of average PCEs from 10.9% to
15.6% without obvious hysteresis under different scanning
directions and speeds. Especially, the PCEs of champion
PHJ-PSCs up to 17.6% could be achieved [42]. The similar
improvement trend was also reported by Snaith’s group
that incorporating spherical-shaped metal NPs into AL,Os
matrix leaded to the enhancement of average PCEs from
8.5% to 9.5% [68].

The incident photon to current conversion efficiency
(IPCE) spectra of PHJ-PSCs with Au@SiO, nanorods ob-
viously indicated that there was significant enhancement
(Fig. 7a). The absorption spectra of CH;NH;Pbl; thin
films with Au@SiO; nanorods exhibited higher absorption
over a broad wavelength range than that without Au@SiO,
nanorods (Fig. 7b). The calculated wavelength-dependent
enhancement factors, i.e., IPCE (AIPCE) and absorption
(AAbs), were roughly similar to each other in shape with
the intensities over the whole wavelength range (Fig. 7c¢).
The increase in Ji, on the one hand, came from the im-
provement of absorption with Au@SiO, nanorods. The
simulation of electric field distribution clearly suggested

b 5
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Figure 7 (a, b) IPCE spectra of PHJ-PSCs and absorption spectra of CH;NH;PbI; thin films with and without Au@SiO; nanorods, respectively. (c) Cal-
culated wavelength-dependent enhancement factors of the IPCE (AIPCE) and absorption (AAbs). (d) Calculated electric field distributions for Au@SiO,
nanorods (single or pair) at the denoted wavelengths and polarization. Reprinted with permission from [42], Copyright 2016, American Chemical So-

ciety.
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that the electric field around Au@SiO, nanorods could be
indeed significantly enhanced by the excitation of SP res-
onance (Fig. 7d), which coupled light into the perovskite
thin film and improved the absorption, resulting in the im-
provement in J,cand PCEs. On the other hand, the insertion
of Au@SiO; nanorods could improve the electrical proper-
ties in PHJ-PSCs, resulting in the improvement in IPCE as
well. The excitation of the localized SP resonance would
benefit the dissociation and restrain the recombination of
charge carriers, which contributes to the enhancement in
FF and J., resulting in the improved PCEs.

HTL-free planar heterojunction PSCs
Although the structure of PHJ-PSCs is very simple (Fig.
6), researchers are still looking for more simple structure
to fabricate efficient PHJ-PSCs, for example, HTL-free
PHJ-PSCs or ETL-free PHJ-PSCs [38,69], which can
further simplify the fabrication of large-area PSCs with
large-scale printing techniques.

As discussed above, the PEDOT:PSS acting as the HTL
was widely employed in low-temperature, solution-pro-
cessed PHJ-PSCs, but the PEDOT:PSS showed obvious
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drawbacks with strong acidity and intrinsic hygroscopic
property which definitely influenced the performance of
PHJ-PSCs. The ITO electrode would be eroded as well
resulted from extreme acidity characteristic, and the wa-
ter-absorbing would contribute to the rapidly degradation
of active layer leading to the quickly damping for overall
PSC devices. Thus, the HTL-free PHJ-PSCs with a struc-
ture of ITO/CH;NH;PbI;/PCBM/Al were explored [38].
The CH;NH;PbI; thin films deposited on the ITO and
ITO/PEDOT:PSS substrates showed the similar properties
(Fig. 8), e.g., crystallization, absorption, and morphol-
ogy. The results suggested that smooth, continuous and
uniform CH;NH;PbI; thin films with high crystallinity
could be obtained on the ITO substrate directly for fabri-
cating PHJ-PSCs devices. The performance parameters of
HTL-free PHJ-PSC devices indicated that the average V.
and PCE could reach to 1.0 V and 9.3%, respectively (the
best PCE was up to 11.3%), which showed a significant
enhancement as compared with the first work reported by
Etgar et al. [70] that HTL-free PHJ-PSCs with a structure
of CHsNH;PbIs/TiO; yielded a PCE of 5.5%. These perfor-
mance parameters were comparable to that of PHJ-PSCs

51 nm

0nm

Figure 8 (a) XRD and (b) absorbance patterns of CH;NH;Pbl; thin films deposited on the ITO and PEDOT:PSS coated ITO substrates, respectively.
(¢, d) Morphology of CHsNH;PbI; thin films deposited on the ITO and PEDOT:PSS coated ITO substrates, respectively. Reprinted with permission

from [38], Copyright 2015, Elsevier.
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with a PEDOT:PSS layer (Table 2). Especially, the J-V
curves of HTL-free PHJ-PSCs are very similar under
different scanning speeds and directions, suggesting that
almost no hysteresis was observed in HTL-free PHJ-PSCs.
It resulted from the low trap states of HTL-free PHJ-PSCs
and they could be gradually filled by the charge carriers
under different scanning speeds and directions.

In addition, the HTL-free PHJ-PSCs showed a much bet-
ter stability than the PHJ-PSCs with a PEDOT:PSS layer
stored in a nitrogen-filled glove box or in ambient air (hu-
midity ~50%) without any encapsulation at room temper-
ature. The performance degradation of PHJ-PSC devices
could probably be attributed to the decomposition of per-
ovskite materials or interface degradation induced by the
moisture. The hydrophilic PEDOT:PSS layer would accel-
erate the degradation of PHJ-PSCs. Meanwhile, the strong
acidity of the PEDOT:PSS would corrode the electrode ITO
as well, resulting in the performance degradation. Thus it
is a promising alternative to fabricate HTL-free PHJ-PSCs
for considering the encouraging PCEs and stability, as well
as the simpler structure and manufacture process.

Planar heterojunction PSCs with interface layer TiO, NPs
The PHJ-PSCs with a structure of ITO/PEDOT:PSS/

CH:NH;PbI;/PCBM/AL is not very stable in air, and the
PCEs showed an obvious degradation (Fig. 9a). The results
showed that the deviation of PCEs was much larger at the
exposure time from 10 to 30 min than that of the original
performance deviation. More obviously, the average PCEs
dramatically degraded from about 11.4% to 0.5% after only
1 h exposure in air, suggesting that PHJ-PSCs almost did
not work any more.

Normally perovskite materials are sensitive to the mois-
ture and would degrade in air. It is very meaningful to
check how CH;NH;PbI; thin film itself influences the per-
formance of PHJ-PSCs as they are exposed to air (relative
humidity, RH ~45%). Thus the CH;NH;PbI; thin films on
ITO/PEDOT:PSS substrates were prepared and exposed
to air for a specified time. The XRD results proved that
some degradation happened as the CH;NH;PbI; thin films
exposed to air (RH ~45%) for 200 h due to the emergence
of the diffraction peak coming from Pbl, crystals [41].
These CH;NH;PbI; thin films exposed to air for a specified
time were used to fabricate PHJ-PSCs with a structure of
ITO/PEDOT:PSS/CHsNH;PbI;/PCBM/AL It was very in-
teresting that all the PHJ-PSC devices worked well, and the
PCEs were over 10% (Fig. 9b). Even for the CH;NH;PbI;
thin film exposed to air for 200 h, the PCE still could reach
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Figure 9 (a) The average degradation behavior of PHJ-PSCs with a structure of ITO/PEDOT:PSS/CHsNH;PbI;/PCBM/ALI as the exposure time in air
(RH ~45%). (b) The average degradation performance of PHJ-PSCs with ITO/PEDOT:PSS/CH;NH;PbI; thin films exposed to air during 200 h. (c)
The degradation trend of PCEs for PHJ-PSCs with and without TiO, NPs interface layer between the PCBM layer and the electrode Al. Reprinted with
permission from [30], Copyright 2016, Elsevier.
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to 11.3% with Ji of 18.2 mA cm™, V. of 0.97 V and FF of
64%. The results suggested that the performance degrada-
tion of PHJ-PSCs based on the CH;NH;PbI; thin films ex-
posed to air was not obvious (Fig. 9b), which was totally
different to the quick degradation of PHJ-PSC devices ex-
posed to air (Fig. 9a). It is probable that the perovskite
thin films with a little excess Pbl; as the active layer did not
obviously influence the performance of PHJ-PSCs and the
PCE:s could still be over 10%. The experiment results indi-
cated that the degradation of CH;NH;PbI; thin film itself
was not the main reason contributing to the performance
degradation of PHJ-PSC devices.

Generally speaking, the degradation of PHJ-OSCs and
PHJ-PSCs can be classified into interface degradation and
intrinsic function-layer (active layer, HTL, ETL) degrada-
tion. The interface degradation normally leads to a quick
process at the initial stage. The in-situ experiments ob-
served with an optical microscope could follow the degra-
dation process of PHJ-PSCs exposed to air at the initial
stage (Fig. 10 and the video in Ref [41]). The morphology
indicated that there were lots of bubbles formed quickly,
as indicated by the red arrows, and the bubble size be-
came larger and larger with the exposure time extension.
Meanwhile, more and more bubbles formed as well (Fig.
10b). The cross-sectional SEM image confirmed the for-
mation of the Al electrode bubbles which were hollows (Fig.
10c). The formation of Al bubbles should be closely related
to the CH;NH;PbI; material and its exposure to air. The
CH;NH;Pbl; material exposed to air would react with the
water and result in the production of gas [23,40], which ac-
celerated the formation of Al bubbles. No bubbles could be
observed if without depositing the Al electrode. The results
obviously suggested that the interface issue between the

Initial

Figure 10 The evolution of Al electrode bubbles formed on the surface
of perovskite layer at the initial stage (a) and after 1 h exposure to air
(b). (c) Cross-section SEM morphology image of the Al electrode bub-
bles. Reprinted with permission from [30], Copyright 2014, Elsevier.

September 2016 | Vol.59 No.9

CH;NH;PbI;/PCBM (or CH;NH;PbI;) and the Al cathode
was the main reason resulting in the performance degrada-
tion of PHJ-PSCs.

As discussed in previous section, TiO, NPs as the inter-
face modification layer can dramatically improve the sta-
bility of OSCs [29,30]. Thus, the TiO, NPs were also intro-
duced into the interface between the PCBM layer and the
Al electrode for hopefully enhancing the stability of PHJ-
PSCs. The oxygen deficiencies-rich TiO, NPs could prevent
the penetration of oxygen and humidity into the electron-
ically active layer and would lead to the enhancement of
stability of PHJ-PSCs. The results in Fig. 9c indicated that
the stability of PHJ-PSCs with a TiO, NPs layer inserted
between the PCBM layer and the Al electrode was dramati-
cally improved as compared with PHJ-PSCs without a TiO,
NPs layer. Even exposure in air for 200 h, the PCEs still re-
mained over 75% of its original value, of which the PCEs
just degraded from about 11% to about 9%. While the
PHJ-PSCs without a TiO, NPs layer degraded very quickly
and almost died completely as exposure to air in 1 h. The
insertion of TiO, NPs as the interface modification layer
greatly improved the stability of PHJ-PSCs.

CONCLUSIONS

The research progress on the interface modification of
OSCs and PSCs in our group was summarized. (1)
Combining molecular template growth and glancing
angle deposition technique, high-quality organic semi-
conductor thin films with controllable morphology and
molecular orientation were fabricated, which were helpful
to produce highly efficient small molecular OSCs. (2)
The TiO, NPs synthesized by newly developed low-tem-
perature, solution-processed method were used as the
ETL to fabricate efficient and stable polymer OSCs with
conventional forward structure and inverted structure.
(3) The GO was used to replace the PEDOT:PSS as the
HTL for obtaining efficient and stable polymer OSCs,
but the performance was strongly dependent on the
thickness of GO. (4) Based on a simple structure of
ITO/PEDOT:PSS/CH3NH;PbI;/PCBM/Al,  highly effi-
cient PHJ-PSCs were fabricated. The PCE up to 17.6%
was obtained for the HTL PEDOT:PSS modified using
Au@SiO; nanorods,. Furthermore, a more simple and
stable HTL-free PHJ-PSCs could be fabricated with an
average PCE of 9.3%. In addition, the insertion of TiO;
NPs as the interface modification layer between the PCBM
layer and the Al electrode could prevent the formation of
Al bubbles and greatly improved the stability of PHJ-PSCs.
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It is well recognized that the interface plays a very im-
portant role in determining the photovoltaic performance
and stability for both OSCs and PSCs. For a good interface
material, on one hand, it should have appropriate energy
levels, which should match with the energy levels of adja-
cent layers. Thus it is advantageous for the extraction of
electrons or holes from the active layer, as well as the im-
provement of the V.. On the other hand, the interface layer
should be helpful to the formation of high-quality active
layer, for example, molecular template layer, which would
improve the separation of excitons and transport of carri-
ers, resulting in the enhancement of photovoltaic parame-
ters. In addition, some special interface layers can improve
the stability of OSCs or PSCs because they play as the block-
ing layer for water or oxygen penetration which would sta-
bilize the device performance. Hence, the interface layer
should at least play as one of functions discussed above, and
multifunctional interface layer is preferable to be chosen.

In order to fabricate large-area, efficient and stable OSCs
and PSCs with low cost and high output, the interface
materials with suitable energy level and good stability
should be developed. Meanwhile, the solution processable
interface materials with good thin-film formation property
and thickness-independence are eager to be developed for
matching with large-scale, low cost, high-output printing
techniques, especially matching with R2R printing tech-
niques. Thus, these interface materials would accelerate
the development of OSCs and PSCs, as well as their poten-
tial commercialization.
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