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Organic polymer solar cells (OSCs) and organic-inorganic hybrid perovskite solar cells (PSCs) have achieved notable progress
over the past several years. A central topic in these fields is exploring electronically efficient, stable and effective hole-transporting
layer (HTL) materials. The goal is to enhance hole-collection ability, reduce charge recombination, increase built-in voltage, and
hence improve the performance as well as the device stability. Transition metal oxides (TMOs) semiconductors such as NiOx,
CuOx, CrOx, MoOx, WO3, and V2O5, have been widely used as HTLs in OSCs. These TMOs are naturally adopted into PSC
as HTLs and shows their importance. There are similarities, and also differences in applying TMOs in these two types of main
solution processed solar cells. This concise review is on the recent developments of transition metal oxide HTL in OSCs and PSCs.
The paper starts from the discussion of the cation valence and electronic structure of the transition metal oxide materials, followed
by analyzing the structure-property relationships of these HTLs, which we attempt to give a systematic introduction about the
influences of their cation valence, electronic structure, work function and film property on device performance.

hole-transporting layer, transition metal oxide, perovskite solar cell, organic solar cell

Citation: Qin P, He Q, Ouyang D, Fang G, ChoyWCH, Li G. Transition metal oxides as hole-transporting materials in organic semiconductor and hybrid perovskite
based solar cells. Sci China Chem, 2017, 60: 472–489, doi: 10.1007/s11426-016-9023-5

1    Introduction

Solar energy is the most promising clean, renewable, abun-
dant and sustainable source of energy that is expected to
make considerable contributions to solving the global re-
newable-energy challenge. Solution processed organic solar
cells (OSCs) based on polymers and small molecules, have
attracted much attention in the past two decades due to their
potential as low-cost, light weight, and large-area flexible
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photovoltaic devices [1–5]. The power conversion efficien-
cies (PCEs) of the state-of-the-art OSCs has reached certified
11.7% [6], resulting from the progress in new materials, de-
vice engineering, device physics, etc. [7–10]. More recently,
solar cells based on organic-inorganic hybrid perovskites,
such as methyl ammonium lead iodide (CH3NH3PbI3), have
achieved an unexpected breakthrough and rapid evolution
with PCEs exceeding 22% after an impressive short research
and development time [11–17]. However, there are still
many issues that restrict the commercialization of OSCs and
PSCs from lab-scale to large area fabrication, including high
throughput, low cost, easy fabrication, scalability, and low
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temperature processing technology, low toxicity and long
term stability. Previous reports and reviews mainly concen-
trated on the design of device structures, development and
controlling the morphology of each function layer materials,
modification of different interfaces, and degradation mech-
anism of devices [13,18–26]. In this review, we will focus
the recent progress on one key component in the organic
and organic-inorganic hybrid perovskite solar cells—hole
transporting layer (HTL).
The pristine photoactive layer (PAL) in organic-inorganic

hybrid perovskite solar cells is very delicate—the degradation
of devices would be accelerated as exposed to ambient envi-
ronment [27–30]. It is known that the perovskite materials are
extremely sensitive to moisture [31], and can easily degrade
to form the intermediate hydrated phases and iodine/iodide
with ambient air exposure [32–37]. Proper interfacial layers
have been shown to significantly (not ultimately) slow down
the degradation process.
By function, HTLmaterials extract photo-generated carrier

(hole) from PAL to anode. Hole-mobility is typically lower
than that of electron in OSCs and PSCs [38–40]. It is thus
very important to have efficient hole transport in HTL and
eliminate energy barriers at PAL/HTL & HTL/Anode inter-
faces, in ordert to achieve high device efficiency. In princi-
ple, an ideal HTL for highly efficient OSCs and PSCs needs
to meet the following requirements: (1) wide band gap; (2)
proper energy level matched with that of PAL; (3) high mo-
bility; (4) low-temperature solution processability; (5) suit-
able surface energy for photo-active layer crystal growth; (6)
effective suppression of diffusion between the electrode ma-
terial and PAL; (7) withstand organic solvent; (8) chemically
inert—not react with adjacent materials [41].
To date, there are many studies focused on HTL ma-

terials on solution processed polymer and perovskite
solar cells, as well as their influence on the solar cell
performance [13,15,25,26,30,42]. In the two types of so-
lution processed solar cells, polymer or small molecule
HTLs have often been used, such as poly(3,4-ethylene
dioxythiophene):poly(4-styrenesulfonate) (PEDOT:PSS),
poly [bis (4-phenyl) (2,4,6-trimethylphenyl)-amine]
(PTAA), and 2,2′,7,7′-tetrakis (N,N′-di-p-methoxypheny-
lamine)-9,9′-spirobifluorene (spiro-OMeTAD) as HTLs
[43–47]. However, the onerous synthesis, water absorbing
property, and the low charge-carrier mobility of organics sig-
nificantly hamper their applications [26,48–50]. Specially,
Li+ doping in spiro-OMeTAD can result in the poor stability
of PSCs. Transition metal oxide (TMO) HTL materials,
including NiO, CuOx, CrOx, MoO3, V2O5, and WO3 [51–57],
have been utilized as HTLs in OSCs owing to their wide
band-gap, good chemical (or thermal) stability, high work
function, and good hole-transport properties. Numerous
studies on corresponding OSC devices with TMO showed
comparable/better PCE and much better stability than the

devices with organic HTL. The TMO HTL materials also at-
tracts great attention in PSC, and we will review the progress
in this article as well.

2    TMO HTL materials—cation valence and
electronic structure

Transition metals are elements with partially filled d orbitals,
with one to nine electrons in the outer shell. In a solid, these
d orbitals form relatively narrow d bands. For example, in
the case of vanadium, the next higher 4s band is substan-
tially broader and overlaps with the entire d band, resulting
in an occupied 4s band and metallic conductivity of the tran-
sition metal. In TMOs, the 2p orbitals, which originate from
the oxygen anion, are completely filled and form the valence
band of the material. In the case of V2O5 the metallic cations
form the 3d band, which is partially filled. Because of the
bonding/anti-bonding splitting between the 2p and 4s bands,
the cationic 4s band is several eVs above the 3d band and
therefore completely empty at zero temperature. The cation
3d band (conduction bands) is therefore responsible for the
electronic properties of the material [58]. The applications
of TMOs to OSC and PSC’s HTLs arise from those semicon-
ducting properties.

2.1    p-Type transition metal oxides as HTL materials

2.1.1  Nickel oxide
Nickel oxide is a wide band-gap (direct band-gap, Eg ~3.7
eV), transparent p-type semiconductor with weak absorption
bands due to d-d transitions of 3d8 electron configuration in
the visible region [59–63]. X-ray photoelectron spectroscopy
(XPS) of the solution-derived NiOx films shows the XPS
spectrum for the Ni 2P3/2 state, which can be separated into
three peaks. The peak centered at a binding energy of 853.7
eV corresponds to Ni2+ in the standard Ni–O octahedral
bonding configuration, the broad peak centered at 860.8 eV
has been ascribed to a shakeup process in the NiOx structure,
and the peak centered at 855.5 eV has been ascribed to the
Ni2+ vacancy-induced Ni3+ ion [64–66] or nickel hydroxides
and oxyhydroxides (Figure 1(a)) [59,64,65]. It has been
reported that there was a tinny different peak for Ni3+ state
in the XPS spectrum. The peak of Ni3+ stated in NiOOH is
located at 856.3 eV, while the peak of Ni3+ state in Ni2O3
appears at 855.0 eV [67]. Moreover, the XPS spectrum for
the O 1s state can be separated into two distinct peaks. The
peak centered at 529.2 eV confirms the Ni–O octahedral
bonding in NiO, and the peak at 531.0 eV is the indication
of nickel hydroxides and oxyhydroxides, including defective
nickel oxide with hydroxyl groups adsorbed on the surface
(Figure 1(b)) [68,69]. XPS spectra showing different peaks
for the O 1s in NiOOH (at 531.1 eV) and Ni2O3 (at 530.8
eV) have been reported [67]. It was also concluded that the
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annealing temperature could affect the composition of NiOx

film according to the change of the dominant peak in XPS
spectrum.
The ultraviolet and inverse photoemission spectroscopies

(UPS, IPES) of the density of states near the valence and con-
duction band edges of NiOx are shown in Figure 2(a, b), and
the summary of the UPS and IPES results in the form of en-
ergy level positions is given in Figure 2(c). The photoemis-
sion cutoff given in Figure 1(a) indicates NiOx has a 4.8 eV
work function (WF) and 5.2 eV valence band ionization en-
ergy (IE). Another type of post-treatment-free NiOx gives the
Fermi level (EF) of 5.25 eV with a conduction band (CB) of
1.85 eV and a valence band (VB) of 5.01 eV. It is also illus-
trated that the EF of the film shifted to 5.13 eV, accompanied
with CB of 1.76 eV and VB of 5.40 eV after 150 °C anneal-
ing treatment [67]. With O2-plasma treatment, the WF and
IE change to 5.3 and 5.7 eV respectively. This indicates that
there are 0.5 eV downward shifts for WF and IE with respect

to the vacuum level of NiOx film. In contrast, the O2-plasma
treatment does not affect the electron affinity (EA), which re-
mains constant at 2.1 eV. The valence band edge is ca. 0.4
eV below the Fermi level (shown in Figure 1(b)), indicat-
ing that NiOx is a p-type material which is likely doped upon
O2-plasma treatment. From the energy diagram (Figure 2(c)),
we can infer that NiOx result in a high performance HTL due
to better contact between a high WF O2-plasma treated NiOx

and a high IE donor materials, better electron blocking ability
of 2.1 eV conduction band edge, and wider band gap (3.6 eV
when O2-plasma treated) [70].

2.1.2  Copper oxide

Copper oxide is another p-type TMO material. CuO has
a high concentration of Cu vacancies and stable defects
under O-rich conditions [71], and Cu2O has over 100
cm2/(V s) hole-mobility, and high stability within certain
temperature and oxygen pressure range [72,73]. The Cu 2p3/2

Figure 1         (a) High resolution Ni 2P3/2 XPS acquisition for NiO. The spectrum shows three contributions: one from Ni2+ in the octahedral NiO configuration at
low binding energy, one from hydroxylated or defective NiO at an intermediate binding energy, and one from a shake-up process in the NiO lattice at the highest
binding energy. (b) High resolution O 1s XPS acquisition for NiO. The spectrum shows two contributions: one from O2− in the octahedral NiO configuration
at low binding energy and one from hydroxylated or defective NiO at a higher binding energy [59].

Figure 2         UPS and IPES measurements of the density of states near the valence band edge and conduction band and resulting band energies. (a) UPS spectra
(He I) of the photoemission cut-off showing an increase in WF after O2-plasma treatment of the NiOx; (b) combined UPS and IPES spectra of the NiOx near the
valence and conduction band edge; (c) energy level diagrams of NiOx before and after O2-plasma treatment [70].
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Figure 3         The Cu 2P3/2 core level peaks of (a) the as-deposited and (b) UVO-treated CuOx films (color online).

peak for the CuOx thin film with is centered at a binding en-
ergy of ~932.5 eV, and the 19.8 eV splitting feature between
the Cu 2p1/2 and 2p3/2 is the same as that of Cu2O [74]. Two
smaller peaks near 943 and 946 eV are shown in Figure 3(a),
which indicate that CuO phase is formed in the sample. On
the base of asymmetric peak Cu 2p3/2with fitted Gaussian-
Lorentzian curves, it is found that ~97.2% Cu2O (932.5 eV)
and ~2.8% CuO (934.4 eV) exist in CuOx thin film. With
UV-ozone treatment, the intensity ratio of Cu2+/Cu1+ in the
ultraviolet ozone (UVO)-treated CuOx film increases appar-
ently (Figure 3(b)). Broad satellite peaks near 940–943 eV
originate from the CuO phase, which is a characteristic of ma-
terials having a d9 configuration in the ground state [75]. This
is shown that the as-deposited CuOx film is further oxidized.
For the p-type metal oxide semiconductors, a considerable
concentration of the free holes exist in the valence band. The
concentration of the free holes is mainly determined by the
metal deficit or excess oxygen concentration within the crys-
tallite sites of the materials, which is attributed to the devia-
tion from the stoichiometric composition of the components
[71]. Herein, the UV-ozone treatment increases oxygen con-
centration and the content of Cu2+ ions in the CuO film, thus
tunes its WF from 4.96 eV to 5.30 eV (Figure 4). The cor-
responding valence band maximums (VBM) associated with
IE of the as-deposited and UVO-treated CuOx films appear at
0.90 and 0.61 eV, respectively, with respect to the Fermi level.
Thus, the valence band maximums of the as-deposited and
UVO-treated CuOx films are estimated to be 5.86 and 5.91 eV,
respectively. Compared to that of the as-deposited CuO film,
the Fermi level of UVO treated CuO film shifts to the valence
band, indicating an enhanced p-type semiconductor charac-
teristic of the CuOx film after UV-ozone treatment. However,
it is not the optimal HTLs for inverted-PSCs because of the
narrow band gaps of CuO (1.3–2.0 eV) and Cu2O (2.1–2.3
eV) [71–73,76,77].

2.2    n-Type TMO—chromium oxide, molybdenum ox-
ide, tungsten oxide and vanadium oxide

Since molybdenum (Mo), tungsten (W) and chromium (Cr)

Figure 4         UPS spectra of the as-deposited and UVO-treated CuOx films.
The full UPS spectra using He I radiation (a), and the valence-band region
(b) are included (color online).

belong to the same group transition-metals, the correspond-
ing TMOs have a similar nature. CrOx film is composed of
Cr3+, Cr4+ and Cr6+ oxidation states fabricated by radio fre-
quency sputtering method (Figure 5(a)). MoO3 and WO3
films formed with the multivalent cations [78,79] are shown
in Figure 5(b, c). Similarly, V5+ and V4+ oxidation states are
formed in V2O5 film (shown in Figure 5(d)) [80–82].
Early reports presented TMOs such as Cr2O3, MoO3, WO3,

and V2O5 as conducting p-type materials [53,54,83,84] be-
cause the point defects of excess oxygen ions and metal va-
cancies are the predominating defects [37,53,80–82,85–88].
For instance, the WF, EA and IE of MoO3 often are quoted
in literature to be on the order of 5.2, 2.3, and 5.3–5.4 eV,
respectively [89–95]. However, it was recently demonstrated
with direct and inverse photoemission spectroscopymeasure-
ments that Cr2O3, MoO3, WO3, and V2O5 are n-type mate-
rials exhibiting very deep lying electronic states (Figure 6)
[37,58,91,93,95]. Ultrahigh vacuum (UHV) MoO3 prepared
by evaporation possesses a 6.86 eV Fermi level, a 6.70 eV EA
and 9.68 eV IE. Evaporated transition metal oxides—WO3
and V2O5 with even higher WFs of ca. 6.7 and 7.0 eV, re-
spectively (Figure 6(b)) [80]. These show that they are n-type
materials [79]. The fact that they function as HTL may be
associated with the multivalence state of metal cation. Nev-
ertheless, the existence of multivalence states leads to defects



476 Qin et al.   Sci China Chem   April (2017)  Vol.60  No.4

Figure 5         XPS spectra of (a) Cr 2p, (b) Mo 3d, (c) V 2p, and (d) W 4f
core level peaks observed formolybdenum oxide thin films [37,80–82] (color
online).

in these metal oxide films (Figure 7), especially on the surface
[78,79,96]. These defects could have very strong adsorption
properties of water and oxygen, which are not beneficial to
the stability of OSCs and PSCs. Therefore, many research
groups have tried to improve the hole-mobility and stability
of inorganic oxide HTL from every aspect, and various fabri-
cation methods and engineering have been employed to pre-
pare the HTL [97–110]. It is worth mentioning that the very
different workfunction from UHV and normal high vacuum
evaporation is due to the existence of oxygen in the evapora-
tion case.

3    TMO as HTL in OSCs and inverted planar
PSCs

The basic polymer OSC has a sandwiched structure with a
bulk heterojunction (BHJ) blend of an electron-donating con-
jugated polymer and an electron-accepting fullerene or non-
fullerene acceptor as a PAL between two electrodes, one or
both are transparent (Figure 8(a)). In such a device the ab-
sorption of a photon in the PAL excites an electron from the
highest occupiedmolecular orbital (HOMO) to the lowest un-
occupied molecular orbital (LUMO) in molecules which cre-
ate exciton. The exciton dissociation at donor/acceptor inter-
face, driven by the energy level difference between  the  two

Figure 6         (a) UPS spectra of CrOx and Cu:CrOx films with UVO treatment.
The full UPS spectra using He I radiation (left) and the valence-band region
(right) are included. (b) UPS and IPES spectra of vacuum grownMoO3, V2O5
and WO3. The left panel shows the photoemission onset, the middle panel
shows the density of filled states near the valence band (VB) edge, and the
right panel shows the density of empty states near the conduction band (CB)
edge. The reference is the Fermi level, measured separately on a metallic
electrode. The tick marks denote the onset position, the top of the VB, and
the bottom of the conduction band [37,58,91,93,110] (color online).

Figure 7         CBminimum and VBmaximum with respect to the vacuum level
(EVL) for MoO3, V2O5 and WO3, deduced from the UPS and IPES measure-
ments depicted in Figure 6. The ionization energy, work function and elec-
tron affinity are indicated in each case (color online).
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Figure 8         Schematic illustration of energy levels of each layer and charge transfer in (a) OSC and (b) inverted planar PSC (color online).

materials is a result of ultrafast electron transfer from the
donor to the acceptor molecules. The separated free carriers
are then (ideally) transported to their respective electrodes
under the influence of the internal electric field to generate
the photo-voltage and photocurrent [111]. For inverted
planar PSCs, perovskite photoactive materials are ambipolar
charge-conductors, therefore, free negative and positive
charge carriers generated are transported through the per-
ovskite to the interface between itself and HTL, or electron
transfer layer. Under matched energy levels of each layer of
the device (Figure 8(b)), the HOMO of HTL is slightly higher
than that of perovskite, and the holes at the interface between
HTL and perovskite can be extracted into HTL and then fast
transferred to anode [112]. Generally, HTL in conventional
OSC and inverted PSC is naturally exhibited to transport
holes and block electrons. The large gap between the LUMO
of HTL and that of PAL can effectively block the electron
transferring to anode. The matched energy level avoids the
depletion of holes within the PAL and the accumulation of
holes at interface, reducing charge recombination possibility,
and ultimately helping high PCE.
Semiconducting TMOs, such as NiOx, CuOx, CrOx, MoO3,

V2O5, and WO3 [51–56], have high chemical (or thermal)
stability, wide band-gap, deep valence band position (or gap
states, Figure 7), and low conduction band edges (or poten-
tial barrier) to effectively block electron transferring to anode,
high hole-transport property. These make them promising
candidates for PV applications, since the early work of using
thermal evaporated MoO3, V2O5 film as HTL by Shrotriya et
al. [56] a decade ago. Table 1 is a summary of polymer OSCs
using TMO as HTLs.

3.1    Nickel oxide HTL

Among the transition metal semiconductor HTLs, NiOx is
widely studied at present. NiO is a cubic wide band gap
p-type semiconductor and usually hybrid with Ni3+, which is
also presented as NiOx [62]. The p-type conductivity of NiOx

originates from two positively charged holes which accom-
pany each Ni2+ vacancy in the lattice for charge neutrality.

These holes are quasi-localized on Ni2+ ions near the vacancy
in the lattice, generating two Ni3+ ions for each Ni2+vacancy.
It has high transmittance with a wide band-gap of ca. 3.7
eV and high work function of ca. 5.2 eV. The valence band
edge of NiOx is well-aligned to the HOMO levels of many
p-type conjugated polymers for photovoltaics [59]. The elec-
tronic structure of NiOx offers attractive hole-transporting and
electron-blocking properties, makingNiOx thin films good for
HTL applications.
Irwin et al. [51] demonstrated an enhancement in OSC per-

formance with a NiO HTL deposited via pulsed laser depo-
sition (PLD). An open-circuit voltage (Voc) of 0.638 V, a fill
factor (FF) of 0.693, a short-circuit current density (Jsc) of
11.3 mA/cm2, and a corresponding PCE of 5.16% are ob-
tained (Table 1) in P3HT:PCBM solar cell—a record that
time. Magnetron sputtering then became a commonlymethod
for preparing NiOx film [62,118–120]. It is found that the
NiOx film deposited at room temperature can possess the low-
est electrical resistivity [62], which is beneficial to improve
the hole transport and collection [119]. The low-tempera-
ture sputtering process showed good compatibility in flexible
devices. However, both PLD and sputtering need the vac-
uum environment, and increase the cost of OSC, which is not
benefit for the commercialization of OSCs and PSCs from
lab-scale to large area fabrication.
In order to reduce the cost of TMO HTL, solution-pro-

cessed NiOx was also reported for OSC, resulting in a re-
markable PCE of 7.8% [59]. However, the high annealing
temperature (≥250 °C) [118] required to convert the nickel
precursors into the NiOx thin films, brings in new challenge,
as it is not compatible with flexible substrates. Gao’s group
[113] exploited a low temperature approach (chemistry com-
bustion method) to fabricate high quality NiOx HTLs with
the processing temperature as low as 175 °C, and the solu-
tion-processed OSC devices showed a high PCE of 6.42%.
Through the research on NiO film by PLD and solution de-

position, it was found that nickel hydroxides and oxyhydrox-
ides, including defective nickel oxide with hydroxyl groups
adsorbed on the surface, affect the surface properties of NiOx.
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Table 1     Performance parameters of OSCs with TMO films as interface layers

Structure of device a) HTL prepared method and
annealing temperature Voc (V) Jsc (mA/cm2) FF (%) PCE (%) Ref.

ITO/NiO (10 nm)/
P3HT:PC61BM/Ca/Al

Pulsed-laser deposition 0.638 11.3 69.3 5.16 [51]

ITO/NiOx/PCDTBT:PC70BM/Ca/Al Solution deposition, 300 °C 0.879 11.5 65.0 6.7 [70]

ITO/NiO(5 nm)/pDTG-
TPD:PC71BM/LiF/Al

Sol-gel deposition, 275 °C 0.82 13.9 68.4 7.8 [59]

ITO/NiO/TQ1:PC71BM/Ca/Al Chemistry combustion, 175 °C 0.87 10.50 70.0 6.42 [113]

ITO/CuOx/PCDTBT:PC71BM/Ca/Al Sol-gel deposition, 60 °C 0.89 10.58 68.4 6.44 [71]

ITO/CuOx/PBDTTT-
C:PC61BM/Ca/Al

Solution deposition, 80 °C 0.71 16.86 59.7 7.14 [52]

ITO/CuOx/P3HT:ICBA/Ca/Al Solution deposition, 80 °C 0.86 10.27 71.3 6.29 [52]

ITO/CuOx/P3HT:PC61BM/Ca/Al Solution deposition, 80 °C 0.59 9.11 68.9 3.70 [52]

FTO/CrOx (10 nm)/P3HT:PC60BM/Al reactive sputtering, 200 °C 0.54 10.97 55.6 3.28 [53]

ITO/CrOx/P3HT:ICBA/Ca/Al UVO treat in situ, room temperature 0.87 10.74 70.3 6.55 [114]

ITO/MoOx/P3HT: PC61BM/Al Solution deposition, 70 °C 0.59 9.5 68 3.8 [81]

ITO/MoOx/PCDTBT:PC70BM/
TiOx/Al

Thermal evaporation 0.89 10.88 67.2 6.50 [115]

ITO/S-MoOx/P3HT:PC61BM/Al Sputtering method, 150 °C 0.630 10.05 58.3 3.69 [54]

ITO/MoO3/MoS2/P3HT:PC61BM/Al UVO treat in situ, room temperature 0.627 9.90 67.1 4.15 [55]

ITO/WO3/Si-PCPDTBT:PC70BM/
Ca/Ag Solution deposition, 80 °C 0.616 12.8 60.4 4.8 [116]

ITO/ZnO/α-PTPTBT:PC61BM/
VOx/Ag

Solution deposition, room
temperature 0.82 11.6 0.53 5.0 [117]

a) P3HT: poly(3-hexylthiophene); PC71/70/61BM: [6,6]-phenyl C71/70/61/-butyric acid methyl ester; PCDTBT:poly(N-9'-heptadecanyl-2,7-carbazole-alt-5,5-
(4′,7′-di-2-thienyl-2′,1′,3′-benzothidiazole); pDTG-TPD: poly-dithienogermole-thienopyrrolodione; TQ1: poly[2,3-bis-(3-octyloxyphenyl)quinoxa-
line-5,8-diyl-alt-thiophene-2,5-diyl]; PBDTTT-C:poly(4,8-bis-alkyloxybenzo (1,2-b:4,5-b′)dithiophene-2,6-diyl-alt-(alkyl thieno(3,4-b)thiophene-2-car-
boxylate)-2,6-diyl); ICBA: indene-C60-bisadduct; Si-PCPDTBT: poly[(4,4′-bis(2-ethylhexyl) dithieno[3,2-b:2′,3′-d]silole)-2,6-diyl-alt-(4,7-bis(2-thienyl)-
2,1,3-benzothiadiazole)-5,50-diyl]; α-PTPTBT: poly(thiophene-phenylene-thiophene)-(2,1,3-benzothiadiazole).

Widjonarko’s group [121] reported that the presence of
NiOOH adsorbate on NiO film tends to increase after O2
plasma treatment, and the polar nature of NiOOH presumably
increases the surface dipole. Moreover, they noted a peak
associated to stoichiometric NiO shifts to slightly lower bind-
ing energy upon oxygen plasma cleaning, which suggests
the formation of unstable non-stoichiometric surface species.
Although they found no correlation between this observation
and the surface energy data, it is consistent with the observa-
tion that the advantageous properties induced by the plasma
treatment (improved wetting, increased work-function, etc.)
are temporary. Chen et al. [122] have treated ultrathin metal
Ni films by in-situ O2 plasma to obtain NiOx HTL on the
substrate of aluminum-doped zinc oxide (AZO), and form
the NiOx/Ni/AZO electrode structure, which increases the
stability of the underlying AZO and raises the work function
to favor injection and collection of charges. This also acts as
a protective layer for the underlying AZO.
The research achievement of NiO in OSC stimulate many

activities in new field. In 2013, Snaith et al. [123] reported
that NiOx was prepared by calcining precursor film of nickel
acetate tetrahydrate and monoethanolamine for the HTL of
PSCs, but rather poor PCE (<0.1%) was obtained. Subse-

quently, Chen et al. [63] reported an enhancement in PSC
performance with a NiO HTL deposited via solution deposi-
tion, and obtained a remarkable PCE of 7.8%. Specially, they
inserted a layer of mesoscopic NiOx nanocrystal (NiOnc) be-
tween NiOx and perovskite layer, which acted as a scaffold for
sufficient loading of perovskite material to bring a better mor-
phological formation of perovskite atop it. They claim this
helps hole-transfer at the NiOnc/perovskite interface, which
result in an improved PCE of 9.51% (Figure 9) [124,125].
Many groups were attracted to prepare NiOx film as the HTL
of PSCs [63,125–128]. Bian’s group [126] used a solution
method to prepare NiOx film on ITO substrate as the HTL of
PSC, and the corresponding PCE achieved is 13.6% in de-
vice with structure of ITO/NiOx/CH3NH3PbI3/C60/BCP/Ag.
Guo’s group [125] reported that the low-temperature sput-
tered NiOx nano-HTL to substitute that prepared via solu-
tionmethod resulted in remarkably high photocurrent and im-
proved PCE to 11.6% (Figure 9). The sputtered NiOx film is
hard to get better PCE in conventional structure PSCs with
polymers or small molecules HTLs [127], most likely due
to the harm of sputtering ion on the PAL. However, solution
processed NiOx was shown not necessarily of poor quality.
Yang’s group [129] reported a PSCs based on all-metal-ox-
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ide charge transport layers (that has p-type NiOx and n-type
ZnO nanoparticles as hole and electron transport layers, re-
spectively) that show 16.1% efficiency and significantly im-

proved stability comparedwith cells madewith organic layers
(Figure 10). The result is very encouraging as it shows both
processing advantage  and  lifetime  enhancement—two  key

Figure 9         Scanning electron microscope (SEM) images of (a) NiOx thin film and (b) NiO nanocrystal, (c) schematic and (d) the energy-level diagram of the
device [124,125] (color online).

Figure 10         (a) Photoluminescence and (b) TRPL data of CH3NH3PbI3 contacted with different interfaces; (c) overall device structure, consisting of glass; (d)
energy band alignment of the metal-oxide-based perovskite solar cell [129] (color online).
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issues in perovskite solar cell technology. Table 2 summa-
rized the application of various TMOs as HTL in PSC, in-
cluding NiOx HTL.
Seok’s group [130] used the PLD method to obtain a

well-ordered nanostructured NiOx film with high optical
transparency. Based on this nanostructure, the corresponding
PSC obtained a huge improved PCE of 17.3%. Likewise,
Han’s group [137] prepared ultrathin compact NiOx film
by a facile spray pyrolysis method. Between NiO film and
CH3NH3PbI3 layer, an added inert mesoporous Al2O3 scaffold
was found useful to fill pinholes of the ultrathin NiOx layer
(Figure 11), and form an effective blocking roles of the
hybrid interfacial layer, which leads to a high PCE exceeding
13%. However, the hole-transport paths could be constrained
to the perovskite channels since the hole-injection from
CH3NH3PbI3 to Al2O3 is energetically forbidden.
With all the progress on NiOx prepared from different meth-

ods, nickel oxide has the low hole-mobility and the defective

adsorbate, including hydroxyl groups and oxyhydroxides, on
its surface [68,69]. Therefore, the effective strategies, such
as doping NiOx with high conductive metal ions which gen-
erally possess unique electronic and structural effects as well
as easy solution-processable way to be incorporated in, were
explored [131,132].
Jen et al. [131] used copper as dopant to make the elec-

trical conductivity of NiOx film two orders magnitude higher
compared to the non-dopedNiOx, which can improve the abil-
ity of hole-extracting from the perovskite PAL, and decrease
the series resistance of the device. Consequently, the PSCs
based on Cu doped NiOx (Cu:NiOx) HTL obtained an impres-
sive PCE up to 15.4% comparing to that based on non-doped
NiOxHTL. Subsequently, they further explored the properties
of Cu:NiOx, and found that Cu:NiOx film can obtain both ho-
mogeneous morphology and high crystallinity by a low tem-
perature (~150 °C), solution processable method via combus-
tion [132]. It is worth noting that this Cu:NiOx film exhibited

Table 2     Performance parameters of PSCs with TMO films as interface layers

Structure of device a) HTL prepared method and
annealing temperature

The active or mask
area of the device Voc (V)

Jsc
(mA/cm2) FF (%) PCE (%) Ref.

ITO/NiOx/MAPbI3/PCBM/
BCP/Al Solution deposition, 300 °C 0.06 cm2 0.92 12.43 68 7.8 [63]

ITO/NiOx/MAPbI3/PCBM/
BCP/Ag Solution deposition 0.10 cm2 0.994 20.4 66.8 13.6 [126]

ITO/NiOx/NiOnc/MAPbI3/
PCBM/BCP/Al sputtering deposition, 150 °C 0.96 19.8 61.0 11.6 [125]

ITO/NiOx/CH3NH3PbI3/ZnO/Al Solution deposition, 300 °C 0.10 cm2 1.01 21.0 76.0 16.1 [129]

ITO/NiOx/CH3NH3PbI3/
PCBM/LiF/Al Pulsed laser, 200 °C 0.09 cm2 1.06 20.2 81.3 17.3 [130]

ITO/Cu:NiOx/MAPbI3/
PCBM/C60/Ag Sol-gel deposition, 275 °C 0.0314 cm2 1.11 19.17 72.0 15.40 [131]

ITO/ NiOx/MAPbI3/PCBM/
C60/Ag Sol-gel deposition, 275 °C 0.0314 cm2 1.08 14.42 58.0 8.94 [131]

ITO/Cu:NiOx/MAPbI3/C60/
Bis-C60/Ag Combustion method, 150 °C 0.0314 cm2 1.05 22.23 76.0 17.74 [132]

ITO/Cu:NiOx/MAPbI3/C60/
Bis-C60/Ag Conventional sol-gel, 500 °C 0.0314 cm2 1.05 20.53 72.0 15.52 [132]

ITO/UVO-
Cu:Ni(ac)/MAPbI3/PCBM/Al

Solution deposition, 245 °C 1.00 16.1 67.0 12.2 [133]

FTO/NiOx(Li:Mg)/MAPbI3/
PCBM/Ti(Nb)Ox/Ag

Spray pyrolysis, 500 °C >1 cm2 1.09 20.4 83.0 18.4 [134]

ITO/Cu2Ox/MAPbI3/
PCBM/Ca/A1

Chemical reaction method
in situ, 100 °C 0.04 cm2 1.07 16.52 75.51 13.35 [76]

ITO/CuO/MAPbI3/PCBM//Ca/A1 Annealing, 250 °C 0.04 cm2 1.06 15.82 72.54 12.16 [76]

ITO/CuOx/MAPbI3/
PCBM/C60/BCP/Ag Solution deposition, 80 °C 0.10 cm2 1.01 20.1 70.6 14.4 [135]

ITO/CuOx/MAPbI3−xClx/
PCBM/C60/BCP/Ag Solution deposition, 80 °C 0.10 cm2 1.11 22.5 75.8 19.0 [135]

FTO/Cu:CrOx/MAPbI3/PCBM/Al Sputtering deposition, 200 °C 0.09 cm2 0.99 16.33 70.0 11.48 [37]

ITO/WO3/MAPbI3/PCBM/Al
Solvo-thermal method,

200 °C 0.04 cm2 0.92 18.10 64.0 7.68 [136]

a) BCP: bathocuproine.
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Figure 11         (a) Cell configuration and (b) the cell energy level (versus vac-
uum) diagram of the inverted PSC with the structure of FTO/NiO/meso-
Al2O3/CH3NH3PbI3/PCBM/BCP/Ag [137] (color online).

a better photoluminescence (PL) quenching efficiency with
CH3NH3PbI3 than that prepared via conventional sol-gel
method, indicating more efficient hole-extraction/collection
capability. As a result, the corresponding PSCs has afforded
an impressive PCE of 17.8% from its original value of
15.52% [132]. The Cu:NiOx-based solar cell shows markedly
improved air stability as compared to the PEDOT:PSS-based
device. The PCE of the Cu:NiOx-based device remains
above 90% of the initial value even after 240 h of storage in
air. In contrast, the PEDOT:PSS-based device degraded to
<50% of its initial PCE within 144 h of storage in air. As
aforementioned, this lower stability might originate from the
acidic and hygroscopic characteristics of PEDOT:PSS [131].
In 2015, Han et al. [134] reported dual p-doping Mg2+ and

Li+for NiOx (Figure 12). Substitutional doping by Li+ is to in-
crease the p-conductivity of NiOx, while Mg2+was alloyed in
the Li+-doped nickel oxide film to compensate for the undesir-
able positive valence band energy shift caused by the incorpo-
ration of Li+ into the lattice. Combined with n+-doping TiOx

to extract selectively photo-generated charge carriers in an in-
verted planar MAPbI3-PCBM film architecture, this leads to
dramatic increase of the electrical  conductivity in  10–20 nm

Figure 12         Structure and band alignments of the PSC. (a) Diagram of the cell configuration highlighting the doped charge carrier extraction layers. The right
panels show the composition of Ti(Nb)Ox and the crystal structure of Li+-doped NixMg1−xO, denoted as NiMg(Li)O. (b) A high-resolution crosssectional SEM
image of a complete solar cell. (c) Band alignments of the solar cell [134] (color online).
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thick oxide layer, reduces pinholes and local structural defects
over large areas (>1 cm2). Accordingly, the performance of
PSC was improved by increasing the values of FF and Voc to
0.827 and 1.083 V, respectively, leading to a PCE of 18.3%.
Large size (>1 cm2) PSCs with a PCE up to 16.2% was ob-
tained. And the PSCs were stable with >90% of the initial
PCE remaining after 1000 h of light soaking.
In addition, Jang’s group [133] used UV-ozone irradi-

ation to treat copper doped nickel acetate and increased
its electrical conductivity by two orders magnitude (from
4.28×10−4 S/cm to 5.66×10−2 S/cm) (Figure 13), possibly
due to a thin layer of Cu:NiOx formed between copper doped
nickel acetate and PAL. The charge extraction efficiency was
enhanced, leading to better compatibility with the hole-trans-
port layer and a 12.2% PCE. This unique low-temperature
process deserves further attention with its compatibility with
a variety of substrates and electrodes.

3.2    Copper oxides HTM

Copper oxides (CuOx) is not viewed as the optimal window
material because of the narrow band gaps of CuO (1.3–2.0
eV) and Cu2O (2.1–2.3 eV) [71–73,76,77]. Therefore, it is
not as much a focused HTL material for solar cell devices
as NiO. On the other hand, as the typical HTL is optically
thin—10–50 nm, the effect of HTL light absorption maybe
ignorable, if its hole transport property and energy level etc.
are superior.

Li’s group [52] adopted an in situ oxidization method to
oxidize copper acetylacetonate (Cu(acac)2) film to CuOxfilm,
and use it as HTL in OSCs. They achieved a PCE exceeds to
7% in the structure of ITO/CuOx/PBDTTT-C:PC70BM/Ca/Al
(Figure 14). The OSC with CuOx film as HTL by sol-gel
method shows a lower 5.90% PCEwith PBDTTT-C:PC70BM
as active layer [138]. Xie and co-workers [71] developed a ul-
trasonic irradiation-assisted chemical reaction method, which
is reacting CuCl2 solution with tetramethylammonium hy-
droxide to produce CuO nanoparticles for HTL. It was found
that ca. 8 nm nanocrystal of CuO can form a uniform surface
on substrate, which favors the formation of a high-quality in-
terface between CuO HTL and PAL. The OSC with a struc-
ture of ITO/CuOx/PCDTBT:PC71BM/Ca/Al reached a high
PCE of 6.44%.
In perovskite solar cell, Ding and co-workers [76] devel-

oped a novel and facile low-temperature chemical reaction
method, which is reacting CuI film with NaOH to produce
Cu2O film in situ, then CuO film was made by heating Cu2O
film in air (Figure 15). It was found that Cu2O and CuO
small size crystal favors the formation of a high-quality
CH3NH3PbI3 layer on top. Cu2O and CuO can effectively
quench the PL of CH3NH3PbI3, and the low-lying valence
bands of Cu2O and CuO match well with CH3NH3PbI3,
which minimize the energy loss when function as HTLs in
PSCs [76]. The corresponding PSCs reached a high PCE of
13.35% and 12.16%, respectively. Similarly, Wu et al. [139]

Figure 13         (a) Schematic device structure; (b) energy band diagram of the full solar device; (c) UPS spectra with the secondary-electron cutoff region and
zoom-in of the valence band edge of Cu:Ni(ac) and UVO-Cu:Ni(ac) on the ITO substrate; (d) energy level alignment for the ITO/HTL junction [133] (color
online).
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Figure 14         (a) Device structure of the polymer solar cells; (b) the HOMO
and LUMO energy levels of the materials involved in the OSCs [52] (color
online).

adopted a facile thermal oxidation method to preparing
Cu2O. Combining the merits of low cost, facile synthesis,
and high device performance, ultrathin Cu2O films fabri-
cated via thermal oxidation hold promise for facilitating
the developments of industrial-scale PSCs. Surprisingly, a
simple UV-ozone treatment can in situ oxidize Cu(acac)2
film into CuOx. PCE up to 19% was achieved in the structure
of ITO/CuOx/MAPbI3-xClx/PCBM/C60/BCP/Al by Bian et
al. [135], which introduced a novel Cl doping technique
to improve the perovskite film morphology. The increased
hole mobility, reduced intrinsic defects and charge carrier
recombination in the film are claimed to responsible to a
great enhancement of the device performance. Zhang et
al. [140] introduced CuGaO2 as a HTL for perovskite solar
cell, both high efficiency of 18.51% and longer stability are
achieved.

3.3    Chromium oxides HTL

Chromium oxides have various composition forms, such as
Cr2O, CrO, Cr3O4, Cr2O3, CrO2, Cr8O11, and CrO3. Among
them, Cr2O3 has an excellent stability to resists aggressive
oxidizing conditions, even aqua regia [32]. Amorphous and
polycrystalline Cr2O3 materials have ca. 3.7 eV band-gap
[141]. CrOx film is a complex with Cr3+, Cr4+ and Cr6+

oxidation states fabricated by radio frequency sputtering
method at 200 °C, and exhibits p-type semiconducting be-
havior because chromium vacancies are the predominating
defects [53,85–88]. When used as HTL of OSC, PCE up to
3.28% is achieved in the device structure of FTO/CrOx (10
nm)/P3HT:PC60BM/Al. CrN in amorphous CrOx film can
prevent water dissociation and hydroxylation at defect sites
on the CrOx film surface to enhance the stability of CrOx

film, and reduce the electrical resistivity of films to improve
the ability of collecting hole [88]. Li et al. [114] used
Cr(acac)3 film as the precursor, then treated it by UVO to
obtain CrOx film with Cr2O3, Cr(acac)3, CrO(OH)/Cr(OH)3
and CrO3. This leads to a PCE of 6.55% in OSC struc-
ture of ITO/CrOx/P3HT:ICBA/Ca/Al (Table 1). Although
functioned as HTL, it was recently unambiguously demon-
strated with direct and inverse photoemission spectroscopy
measurements that Chromium oxides are n-type materials
exhibiting very deep lying electronic states [37]. Thus, some
group also used Chromium oxides as electron transfer layer
[142,143].
However, the film with multivalence chromium cation may

be harmful to perovskite material. When CrOx was used as
HTL in PSC, it is found that Cr6+oxidation state would react
with the degradation product of CH3NH3PbI3 [32,37]. By Cu
doping, Cr6+ oxidation state can be suppressed, possibly due
to the formation of copper-chromium oxide in the Cu:CrOx

film. PCE up to 11.48% was achieved in the device structure
of FTO/Cu:CrOx/MAPbI3/PCBM/Al. This study not only
provides a novel HTL system for high performance and
decently stable optoelectronic devices, but  also  reveals  the

Figure 15         (a) Preparation process for Cu2O and CuO films; (b) device structure; (c) energy level diagram [76].
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importance of HTL doping for interface engineering.

3.4    Molybdenum oxide

Molybdenum oxide (MoOx) film is a multivalent complex
with Mo6+, Mo5+and Mo4+ oxidation states [78,79]. In 2006,
Yang’s group [56] firstly reported that transition metal ox-
ides, MoO3 and V2O5, can effectively substitute PEDOT:PSS
as HTL in the OSCs. TMOs such as MoOx soon gained
large interest due to their mechanical and electrical robust-
ness, low-cost, visible-light transparency, excellent environ-
mental stability, good charge-transport properties, and the
controllability of their film morphology on nano- to microm-
eter length scales. Among the metal oxides HTLs, MoO3 is
one of the most attractive TMOs owing to its relatively good
hole-mobility, environmental stability, and transparency as
HTL of OSC. Therefore, many research groups have tried
to improve the hole-mobility and stability of inorganic oxide
HTL. Various fabrication methods, such as thermal evapora-
tion [56,95], sol-gel method [2,78,81], sputtering deposition
[97], UV-ozone [98] and plasma [99] treatment have been
employed to prepare MoO3HTLs.
Low-temperature-annealed sol-gel-derived MoOx has

the valence band edge at 5.4 eV, the conduction band
edge at 2.3 eV [2], and a WF of 5.2 eV [83]. A PCE of
5.86% was observed from OSCs with a device structure of
ITO/MoOx/PBDTDTNT:PC71BM/Al.

Heeger and co-workers [81] adapted solution method to
prepare MoO3 film, but found the Fermi level is pinned at
5.0 eV, an EA of 4.9 eV, and IE of 8.2 eV, i.e., it is an n-type
material. This is further strengthened by the work of Lu and
co-workers [79]. The sub-gap state (at 5.5 eV, Figure 7) re-
sulted from Mo5+ species affected the device performance.
When the density of such states was minimized, OSCs with
performances comparable to PEDOT:PSS modified anodes
could be achieved, and was up to 3.8% PCE in the structure
of ITO/MoOx/P3HT:PC61BM/Al [81]. The OSCs with MoOx

as HTL can retain more than 75% of their initial short-cir-
cuit current density after 800 h. On the contrary, the refer-
ence device with the PEDOT:PSS layer exhibits fast degra-
dation of its operational characteristics, resulting in a nearly
zero current density after 120 h. MoOx films by thermal
evaporation were found to have WF at 5.4 eV. The films are
composed of mainly Mo6+ (the small signal from Mo5+ is
barely detectable), which implies that the chemical compo-
sition of the MoOx films is close to the stoichiometric MoO3
(Figure 16) [115]. Its energy level matches well with that of
donor material PCDTBT, and the 6.50% PCEwas obtained in
the structure of ITO/MoOx/PCDTBT:PC70BM/TiOx/Al. The
structure with dual metal oxide layers as the carrier transport
layers (HTL&ETL) provides protection of organic photoac-
tive layer, which helps device stability.
The high EA enables the HOMO of many organic semicon-

ductors to possess a sufficient density of states, which  over-

Figure 16         (a) Molecular structures of PCDTBT and PC70BM; (b) UPS spectra of ITO and MoOx films on ITO; (c) energy level diagram of the component
materials in PCDTBT:PC70BM solar cells fabricated with MoOx as HTL [115].
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laps with the empty MoO3 conduction band states to allow
the ground state hole of organic semiconductor transferring to
MoO3 [91,144]. Moreover, the local electron depletion of the
donor and acceptor at the interface would reduce back-con-
tact recombination of the electrons from acceptors, while im-
proving hole-collection from the donor materials at the inter-
face. Such a situation may explain why n-type MoO3 modi-
fied anodes have been so successfully used as a HTL in OSCs
[81,115]. Because of its significantly deeper valence band
edge, holes are transported to ITO through MoOx gap states,
not through the valence band of MoOx [78]. This hole-selec-
tive behavior can be explained by invoking band bending at
the MoOx/organic interface which could partially block elec-
trons [55]. Therefore, a p-type semiconductor is an essential
but not necessary requirement for HTLs.
Although n-type MoOx has been successfully used as HTL

of OSCs, the hole-recombination occurs inevitably in the
MoOx/organic interface due to smaller band bending potential
barrier at the interface. If p-type MoOx can be obtained, car-
rier recombination at the interface can be effectively blocked.
Fang’s group [54] reported a sulfur-doped molybdenum
oxide (S-MoO3) film by sputtering method, and found that
the partially occupied Mo 4d-bands of Mo5+ and Mo4+ states
can be modulated by sulfur doping, which influences the va-
lence electronic structure of S-MoO3. These orbitals overlap
interrelation push the valence band close to S-MoO3’s Fermi
level, thus make it into a p-type semiconductor (Figure 17(a,
b)). As a result, high efficiency approaching 3.7% based on
S-MoOx HTL has been achieved. Meanwhile, a double-layer
MoO3/MoS2 film from MoS2 by UVO in-situ growth was
used as HTL in order to solve the recombination problem that
occurs inevitably in the MoOx/organic interface. It is because
a smaller EA for MoS2 film not only block effectively the
electron from the exciton dissociation (Figure 17(c)), but
also improve the ability of hole-transferring [55]. OSCs
based on MoO3/MoS2 HTL showed an impressive PCE up to
4.15% (Figure 17) in P3HT:PCBM system.
Since MoOx possesses a good charge-transport property,

its ability of collecting-hole is far lower than the expecta-
tions. Some groups attempt to increase the electrical con-
ductivity of MoOx by inserting a thin metal, and make MoOx

HTL into sandwich structure without sacrificing their trans-
mittance [100–102]. For example, Shao et al. [107] used a
blend of MoO3 and PEDOT:PSS as HTL in OSC. PCE in-
creases from 5.5% to 6.4%, comparing to the reference pris-
tine PEDOT:PSS-based device. More importantly, the device
with MoO3-PEDOT:PSS HTL shows considerably improved
stability, with the PCE remaining at 80% of its original value
when stored in ambient air in the dark for 10 d.
MoO3 seem to be suitable for high stability HTL. However,

it is not physically tough enough to the acidity of CH3NH3I
with it as the HTL of inverted PSC, and can only be used on
top of perovskite layer [145].

3.5    Tungsten oxide HTL

Tungsten oxide WO3possesses a higher WF of ~6.65 eV pre-
pared by evaporation. Though contamination with ambient
atmosphere can reduce its WF (e.g. ~5.7 eV), it neverthe-
less enables good charge carrier injection. Consequently, they
have been used for hole-injection into wide band-gap emitters
in small molecule organic light emitting diodes that were fab-
ricated by thermal evaporation [80]. In 2009, Dong’s group
[146] explored the use of WO3 by thermal evaporation in in-
verted PSCs, and found that WO3 efficiently extracts holes
and suppresses electrons from the active layer due to the high
WF. Brabec and co-workers [116] demonstrated solution-pro-
cessed WO3 as HTL in OSCs with active layers comprising
either P3HT or Si-PCPDTBT mixed with a fullerene deriva-
tive. The low-temperature (80 °C) annealed and alcohol-
based WO3 nanoparticle dispersion fullfill all requirements
for the application on plastic substrates and on top of organic
active layers. OSCs based on the structure of ITO/WO3/Si-
PCPDTBT:PC70BM/Ca/Ag showed an impressive PCE up to
4.8%. Although WO3 is n-type semiconductor, W5+ in the
WO3 filmmaybe act as the gap state, and holes are transported

Figure 17         Schematic energy level diagrams of devices components referenced to the vacuum level. (a) S-MoO3; (b) MoO3; (c) MoO3/MoS2 [54,55] (color
online).
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to anode via gap-state, not the valence band of WO3. Re-
cently, plasma treated tungsten (VI) isopropoxide was used
to obtain WO3 HTL. The PCEs of the corresponding OSCs
based on P3HT:PC61BM (wide bandgap polymer) and PB-
DTTT-C:PC71BM (narrow bandgap polymer) were improved
by 24% (from 3.84% to 4.76%) and 27% (from 5.91% to
7.50%), respectively. The device for WO3HTL retains above
80% of its initial value after 500 h, which is more stability that
that for PEDOT:PSS-device [147].
In order to achieve a large reduction in the cost of the trans-

parent electrode, Hatton et al. [148] reported a combination
of ultra-thin bilayer of Cu and tungsten sub-oxide (WO3−x)
which derives its exceptional optical and electrical properties
from spontaneous solid-state diffusion of Cu into the adja-
cent WO3−x layer at room temperature. The un-patterned Cu
electrode can perform at least as well as ITO glass in ca. 6%
efficient inverted OSCs by trapping light in a resonant optical
cavity.
Li [136] reported a simple solvo-thermal method to fabri-

cate WO3 nanocrystals as the HTL in an inverted PSC. The
diffraction peaks of WO3 nanocrystals can be readily indexed
to the orthorhombic phase WO3, which could be an impor-
tant factor for a 7.68% PCE achievement with it as the HTL
of PSC.

3.6    Vanadium oxide HTL

V2O5 is also a goodHTL candidate in solar cells [56]. Chuang
et al. [117] showed V2O5 has a narrow band-gap of 2.42 eV, a
lowEA of 2.94 eV and deep IE about 5.36 eV, which indicates
that it can form an efficient hole collection junction with the
OSC [112]. However, Riedl et al. [82] determined V2O5 to
be highly n-type, in contrast to the assumed p-type behavior,
with a large WF and a very low lying valence band. The lay-
ers contain gap states due to oxygen deficiencies close to the
Fermi level of the material. To date, solution processed V2O5
HTLs have been synthesized by multistep techniques, for ex-
ample, spin-coating a suspension of V2O5 nano-particulates
obtained from the hydrolysis of vanadium (III) acetyl acetate
[149], or a suspension of V2O5 obtained after the reaction
between the metal powder and H2O2 [150]. The most wide-
spread fabrication method is the application of thermal evap-
oration, sol-gel make from vanadium (V) oxytriisopropoxide
[82,112]. As early as in 2006, Yang’s group [56,57] reported
that thermally evaporated V2O5 can effectively substitute PE-
DOT:PSS as HTL in the OSCs. Chuang et al. [117] adopted
VOx as HTL in ITO/ZnO/a-PTPTBT:PCBM/VOx/Ag struc-
ture. The constructed devices show enhanced performance
with the studied polymers through increasing the Jsc value
and the devices are highly durable, which shows the bene-
fit of vanadium oxides sol-gel technique for OSC long-term
stability.
In 2013, Snaith et al. [123] firstly attempted to adopted

V2O5 as HTL in FTO/V2O5/CH3NH3PbI3–xClx/PCBM/TiOx/
Al, but attained poor photovoltaic performance. Soon after,
Lu’s group [151] enhanced the PCE of the device ITO/V2O5/
CH3NH3PbI3–xClx/PCBM/Rhodamine/LiF/Ag up to 5.1%.
Furthermore, they developed firstly a method resembling
a cocoon-to silk fiber reeling process to fabricate layered
V2O5/PEDOT nano-belts consisting of V2O5 atomic bilayers
intercalated with PEDOT. With a 40 nm uniform and com-
pact V2O5/PEDOT nano-belts on ITO substrate as HTL, the
PSCs reached a PCE of 8.4%. Cell efficiency tests over 7 d
revealed that PSCs fabricated with V2O5/PEDOT nano-belts
as HTL retained the initial PCE, which is very encouraging.

4    Conclusions

In summary, as key components in organic polymer and per-
ovskite solar cells, HTL materials play an important role in
determining the performance of solar cells. Transition metal
oxide semiconductors, including NiO, MoO3, V2O5, WO3,
CuOx and CrOx, using as HTLs in OSC and PSCs are re-
viewed in the article.
These TMOs offer rich HTL alternatives in the exciting

field of OSCs and PSCs. Enormous research efforts to im-
prove the hole-mobility and stability of inorganic oxide HTL,
various fabrication method and device engineering have been
employed to achieve the desired optoelectronic properties,
tunable energy levels and WFs, improved interfacial compat-
ibility, good chemical/physical stability, etc.
Looking forward, besides dominate efforts on TMO along,

doping TMOs is a potentially significant direction to adjust
work function, achieve high carrier mobility, even transmit-
tance and stability. These unique merits can lead to high
performance OSCs and PSCs with extraordinary stability.
For example, cesium doping of TiO2 [152], MoOx and VOx

[153] were successfully conducted to modify ETL and HTL
in OSCs. These metal oxide semiconductors are complex
with the multivalence state of metal cation, which is linked
to defects in the TMOs. On the one side, the defects may:
(1) improve the interfacial contact between the anode and
photoactive layer; (2) intensify the ability of hole-collecting;
(3) adjust the energy levels with doping to better match
that of the anode (or photoactive). The other side is that
the adsorption effect of surface defects can delay carrier
migration, and results in additional recombination, which
affect the PCE and stability of the devices.
Further investigation of solution processable TMO HTL

is generally favorable. How to reduce the TMO conversion
temperature from solution state to facilitate high performance
flexible device is critically important for the future commer-
cialization of the technologies. Technically, how to effec-
tively adjust the valence states of metal cation in HTL film
under low-temperature is usually a huge challenge for im-
proving the PCE and stability of the devices.
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The TMOswill continuously to be an active research area in
OSC and PSC, due to their contribution in efficiency, stability
and even manufacturability.
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