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ZnO and TiO2 are two of the most commonly used n-type metal oxide semiconductors
in new generation solar cells due to their abundance, low-cost, and stability. ZnO and
TiO2 can be used as active layers, photoanodes, buffer layers, transparent conducting
oxides, hole-blocking layers, and intermediate layers. Doping is essential to tailor the
materials properties for each application. The dopants used and their impact in solar
cells are reviewed. In addition, the advantages, disadvantages, and commercial poten-
tial of the various fabrication methods of these oxides are presented. © 2013 Author(s).
All article content, except where otherwise noted, is licensed under a Creative
Commons Attribution 3.0 Unported License. [http://dx.doi.org/10.1063/1.4833475]

Photovoltaics hold great potential for addressing the world’s growing energy demand. The
Earth receives 120 000 TW of solar power, whereas the global energy consumption is only 15 TW.1

Yet photovoltaics contribute only 0.04% of the world’s energy production due to the high cost of
traditional silicon-based solar cells.2 To address this issue, it is essential to develop efficient solar
cells by using new Earth-abundant, non-toxic, and stable materials, and by implementing low-cost,
scalable fabrication methods.3

ZnO and TiO2 are widely used n-type semiconducting materials in new generation solar cells
because they are abundant, have high stability, are of simple composition, and therefore amenable
to low temperature, low cost, scalable processing methods. These materials tend to be used com-
plementarily in solar cells because they have similarly positioned conduction and valence bands
(approximately −3.6 to −4.4 eV below vacuum level for the conduction band and −7 to −7.5 eV
for the valence band),4 but they exhibit different properties that are advantageous for different appli-
cations. For example, ZnO tends to have a higher conductivity than TiO2, while TiO2 tends to have
a higher chemical stability.5, 6 ZnO can be easily nanostructured,7 whereas TiO2 has a much higher
dielectric constant and fewer defect states, which leads to less recombination.8, 9 The ability to tune
the properties of each oxide in a controlled manner in order to best suit the photovoltaic application
and hence maximize the performance of the device is an important challenge. Doping of ZnO and
TiO2 offers an opportunity to achieve this in a cost-effective manner. In this research update, we
focus on the recent developments on tuning the properties of these materials through doping and
we showcase the most promising methods for fabricating high performance doped materials in a
commercially viable way.

The devices covered in this research update are: inorganic solar cells, hybrid solar cells, bulk
heterojunction (BHJ) solar cells, dye-sensitized solar cells (DSSCs), and quantum dot solar cells.
The operating principles of these devices have been well-covered in the literature, such as Refs. 4
and 10–12.

Doping of ZnO or TiO2 can tune the built-in potential (VBI) and electron-driving force in
inorganic, hybrid, and dye-sensitized solar cells by adjusting the conduction band and Fermi level
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FIG. 1. Band diagrams showing how the tuning of the ZnO/TiO2 conduction band/Fermi level through doping can influence
the built-in potential (VBI) of inorganic (a) and (b), organic (c), and dye-sensitized (d) solar cells. The driving forces for
electron injection in hybrid and dye-sensitized solar cells are also indicated in (c) and (d), respectively.14–17

positions. One of the most common methods of tuning the ZnO conduction band is through Mg
doping. This occurs because the Mg 3s orbitals hybridize and raise the energy level of the Zn 4s
orbitals in the ZnO conduction band minimum, leading to an increased bandgap.13

Recently, Zn1−xMgxO has been employed to increase the efficiency (PCE) of ZnO–Cu2O solar
cells. As shown in Figs. 1(a) and 1(b) and Table I, when the Fermi level of the doped ZnO is
increased through a raised conduction band, the increased band bending leads to an increased VBI,
resulting in an increased open-circuit voltage (VOC).18 On the other hand, microstructure can be
compromised by doping. Duan et al. found that when the Mg content of the metal-organic chemical
vapor deposited (MOCVD) Zn1−xMgxO was above 10%, the MOCVD films were too rough for the
p-type Cu2O layer to be electrodeposited on top.18 Olson et al. found a similar film roughening when
depositing Zn1−xMgxO by sol-gel. But in their case, the increased roughness was fortuitous because
the spin-coated polymer absorber they used (poly(3-hexylthiophene-2,5-diyl) or P3HT) remained
adherent to the Zn1−xMgxO films and the increased roughness raised the current extracted for their
hybrid devices (Fig. 1(c)) by increasing the interfacial area.15 Doping can also be detrimental to
carrier mobility, and Mg-doping has been found to decrease the mobility of ZnO by increasing
the effective electron mass owing to the change in the band structure.19 This limits the amount of
Mg-doping for improving device performance.

Smoother Zn1−xMgxO films have been deposited for solar cells using atomic layer deposition
(ALD), where root-mean-square roughness values of a few nanometers were obtained.20 But unlike
sol-gel deposition, ALD (like MOCVD) is limited because of the need for vacuum-processing,
which restricts the size of the substrates, increases the total deposition time, and increases the
processing complexity and cost.18, 21, 22 Also, organometallic precursors, which are often expensive
and pyrophoric, are typically used in MOCVD or ALD.22 Sol-gel is advantageous over these
two techniques because it involves air-processing using non-pyrophoric precursors, in addition to
providing greater flexibility in producing films with new compositions due to the simplicity of the
process. As such, a wide variety of novel dopants have been introduced to ZnO or TiO2 using sol-gel
deposition. The disadvantage is that only one substrate can be processed at a time if spin-coating
is used for depositing the film from the sol, and the precursors and products often require ageing
at temperatures of up to 600 ◦C.22 ALD films are advantageous over sol-gel and MOCVD films
(which require ∼520 ◦C processing)18 because relatively low temperatures of only ∼120–150 ◦C are
required.23
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TABLE I. Comparison of the fabrication methods and performance parameters of the highest efficiency solar cells using
doped ZnO/TiO2 with the equivalent undoped ZnO/TiO2. N.B.: FTO is fluorine-doped tin oxide and ITO is indium-doped
tin oxide.

JSC VOC FF PCE
Dopant Fabrication Cell architecture (mA cm−2) (V) (%) (%) Ref.

ZnO
Mg MOCVD Glass/FTO/ Doped (x = 0.10) 3.00 0.575 42 0.71 18

Zn1−xMgxO/Cu2O/Ag Undoped 2.38 0.251 34 0.21

Mg Sol-gel Glass/ITO/Zn1−xMgxO/ Doped (x = 0.25) 0.33 0.83 42 0.12 15
P3HT/Ag Undoped 0.26 0.5 50 0.065

Mg Sol-gel Glass/FTO/ Zn1−xMgxO/ Doped (x = 0.05) 9.98 0.71 58 4.11 24, 27
N719/I−,I3

− /Pt/FTO/glassa Undoped 6.15 0.67 47 1.97

TiO2

Mg Solvothermal Glass/FTO/Ti1−xMgxO2/SFD- Doped (Br3
−,Br−) 1.80 1.21 55 1.2 16

5/electrolyte/Pt/FTO/glassb Doped (I3
−/I−) 2.17 0.67 51 0.74

Undoped (I3
−/I−) 2.73 0.55 48 0.72

Sb Sol-gel Glass/FTO/ Ti1−xSbxO Doped 17.2 0.52 54 4.74 26
/PbS/Au/Ag Undoped 11.3 0.56 59 3.66

Zr Sol-gel Glass/FTO/Ti1−xZrxO Doped 17.0 0.56 61 5.69 26
/PbS/Au/Ag Undoped 11.3 0.56 59 3.66

aN719 is cis–bis (isothiocyanato) bis(2,20-bipyridyl-4,40-discarboxylato)-ruthenium(II)-bis-tetrabutylammonium or
RuC58H86N8O8S2,27 which is reported to have an effective bandgap of 1.60 eV.28

bSFD-5 in Ref. 16 is a 2.66 eV bandgap triethyoxysilyl-coumarin dye.

DSSCs based on ZnO photoanodes have not been found to be as efficient as ones with TiO2,
partially due to recombination that arises as a result of the instability of ZnO in contact with
acidic dyes (e.g., the common N719 dye) and the formation of Zn2+-dye aggregates.24 Through the
substitutional replacement of Zn2+ with Mg2+ both of these factors were alleviated. Additionally,
raising the conduction band increased the VBI by increasing the conduction band–redox potential
offset, leading to an increased VOC. However, when the Mg content was too high, the Mg2+ occupying
interstitial sites was thought to create shallow acceptor levels above the Fermi level, leading to
increased recombination. Hence, doping led to improved stability, increased VOC and reduced charge
recombination at low doping levels, and high charge recombination at high doping levels. A Mg
content of 5 mol.% represents the best compromise between these factors (Table I).24

Doping TiO2 with Mg has also been found to raise the conduction band. This was attributed
to the formation of Mg-Ti mixed oxides, since MgTiO3 and MgTi2O5 have larger bandgaps than
undoped TiO2.16, 25 The raised conduction band resulted in an increased VBI and VOC for DSSCs
(Fig. 1(d)). These were further increased by changing the commonly used I3

−,I− redox couple with
Br3−,Br− which has a lower redox couple potential, along with surface treatment of the doped TiO2

electrodes using MgO and ethanoic acid to reduce back-electron transfer. As a result an extremely
high VOC of 1.2 V was obtained (Table I).16

Reducing the bandgap of TiO2 through doping has also been undertaken to improve the align-
ment of the TiO2 with the conduction band of infrared-absorbing PbS quantum dots (QDs). As
illustrated in Fig. 2, Liu et al. found that the conduction band of sol-gel deposited undoped TiO2

was slightly above that of the QDs (Fig. 2(a)) and limited electron injection. Doping the TiO2 with
Zr or Sb lowered the TiO2 conduction band (Figs. 2(b) and 2(c)). Having the QD conduction band
exactly aligned with the TiO2 conduction band (as in the case of the Zr:TiO2 in Fig. 2(b)) was found
to produce the most efficient devices because when the TiO2 conduction band was too low (as with
Sb:TiO2), the VOC was reduced by a lower quasi-Fermi level offset between the TiO2 and QDs (lower
VBI, see Figs. 1(a) and 1(b)), and possibly in addition to electron thermalization down the metal oxide
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FIG. 2. Band alignment of (a) undoped TiO2, (b) Zr-doped TiO2, and (c) Sb-doped TiO2 with 1.1 eV Eg PbS quantum dots.
Reproduced by permission from H. Liu, J. Tang, I. J. Kramer, R. Debnath, G. I. Koleilat, X. Wang, A. Fisher, R. Li, L.
Brzozowski, L. Levina, and E. H. Sargent, Adv. Mater. 23, 3832 (2011). Copyright 2011 Wiley-VCH.

TABLE II. Comparison of the effect of doping of TiO2 to improve visible light absorption on the performance of DSSCs.

JSC VOC FF PCE
Dopant Fabrication Cell architecture (mA cm−2) (V) (%) (%) Ref.

TiO2

N Thermal Glass/FTO/TiO2:N/ Doped 17.9 0.69 62 8 30
N719/I3

−,I−/Pt/FTO/glass Undoped 13.3 0.685 66 6

S Ball milling Glass/FTO/TiO2:S/ Doped 14.6 0.659 68.2 6.91 31
N719/I3

−,I−/Pt/FTO/glass Undoped 11.2 0.688 68.5 5.56

Cr Sol-gel FTO/TiO2/Cr:TiO2/ Doped (10 at%) 15.2 0.78 71 8.4 32
N719/I3

−,I− /Pt Undoped 13.0 0.79 69 7.1

conduction band tail.12, 26 Optimizing the band alignment (balancing VOC and short-circuit current
density, JSC) through conduction band tuning is therefore essential for maximizing efficiency.

Although using TiO2 photoanodes has produced the most efficient DSSCs,24 the TiO2 needs
to be sensitized with a dye because the TiO2 bandgap is too wide to absorb visible light.29 If
this bandgap could be reduced the photocurrent generated could be increased. N-doping of TiO2

improves visible light absorption of dye-sensitized TiO2 (Fig. 3(a)) by introducing new states close
to the valence band.30 As a result, additional photocurrent is generated in the devices, while the VOC

is not sacrificed, since the conduction band is not shifted (Table II).30 Ball-milling TiO2 with thiourea
is a low temperature method for S-doping TiO2, which also improves the visible light absorption
and therefore the JSC when used in DSSCs (Table II). However, XPS measurements showed that S6+

substitution of Ti4+ rather than S2− substitution of O2− occurred, meaning that the conduction band
was affected and the VOC was reduced with doping.31 Sol-gel Cr-doped TiO2 has also been found to
reduce the bandgap and enhance visible light absorption. More remarkably, incorporating 10 at.%
Cr also made the TiO2 p-type. By inserting this p-type layer between n-type undoped TiO2 and the
dye (Fig. 3(b)), back-recombination was reduced and fill factors (FFs) increased.32

Injected electrons can tunnel through the p-n junction of a solar cell via trap states at the
interface and recombine with a hole in the p-type material, as illustrated in Fig. 4(a). This lowers
the efficiency of solar cells by reducing the VOC and FF, and can be prevented by inserting a buffer
layer at the interface (Fig. 4(b)). Unlike TiO2, undoped ZnO tends to have too many defect states and
a carrier concentration that is too high to be a buffer layer. This can be controlled through doping.
Vacuum sputtered Mg-doped ZnO has been used in SnS solar cells and this increased the efficiency
from 0.29% to 1.10% (Table III) because the built-in potential at the interface increased with the
ZnO Fermi level, resulting in a stronger driving force to prevent recombination.33 More effective
ZnO buffer layers were produced by doping amorphous ZnO with tin (a-ZTO). This lowered the
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FIG. 3. (a) IPCE (incident photon-to-current efficiency) of DSSCs showing that N719 dye sensitized onto N-doped TiO2

had improved IPCE compared to undoped TiO2 (SL-D and P25). Reprinted with permission from T. Ma, M. Akiyama, E.
Abe, and I. Imai, Nano Lett. 5, 2543 (2005). Copyright 2005 American Chemical Society. (b) Schematic showing the cascade
of energy levels from the dye LUMO to the conduction bands of the Cr:TiO2 and undoped TiO2. Reproduced by permission
from C. Kim, K.-S. Kim, H. Y. Kim, and Y. S. Han, J. Mater. Chem. 18, 5809 (2008). Copyright 2008 from Royal Society of
Chemistry.

FIG. 4. Illustration of (a) back recombination via interfacial trap states without a buffer layer and (b) prevention of back
recombination by inserting a defect-free buffer layer.35

TABLE III. Comparison of doped ZnO used as buffer layers at the heterointerface to reduce recombination

JSC VOC FF PCE
Dopant Fabrication Cell architecture (mA cm−2) (V) (%) (%) Ref.

Mg Sputtering Glass/ITO/Zn1−xMgxO/ Doped (x = 0.18) 13.3 0.23 36 1.10 33
SnS/Cu Undoped 10.9 0.10 27 0.29

Sn ALD Fused silica/Ti/Au/Cu2O/ Doped (x = 0.21) 7.37 0.553 65 2.65 3
Zn1−xSnxO/AZO/Al Undoped 7.26 0.462 61.8 2.07

N AALD Glass/ITO/ZnO:N/ Doped 10.5 0.46 . . . 1.5 35
PbS/MoO3/Au Undoped 10.5 0.27 . . . 0.8

density of defect states, raised the ZnO Fermi level, and reduced the carrier concentration from 1.8
× 1019 cm−3 (undoped) down to below 3.5 × 1016 cm−3 (21 at.% Sn). All of these factors served
to reduce back-recombination in Cu2O–a-ZTO–Al:ZnO solar cells and increased the efficiency to a
record value of 2.65% (Table III). ALD was used to deposit the a-ZTO because a thin (5 nm) film
was needed to allow current to pass through the buffer layer.3 However, ALD is a vacuum-based
technique, and a more scalable alternative is atmospheric ALD (AALD).22, 34, 35 The key feature is
a gas manifold, in which the metal precursor and oxidant are spatially separated by inert nitrogen
gas channels, which allows the films to be deposited in open-atmosphere, at a rate of approximately
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FIG. 5. Illustration of how doping a semiconductor to increase its carrier concentration can make it degenerate and highly
conductive. EC is the conduction band minimum, EF the Fermi level, and EV the valence band maximum. Example doping
reactions that would increase the carrier concentration of ZnO or TiO2 are shown in Kröger Vink notation, where the body
denotes the species, subscript the lattice position (e.g., Zn = Zn lattice sites), and superscript the charge (X = no charge
overall in the lattice, dot = positive charge, comma = negative charge). In the example reactions, A and B are cations with
valencies of three and four, respectively. X is an anion with a valency of one. Since these ions have valencies one more
(cations) or less (anion) than the ion they are replacing, they have one extra positive charge compared with the host ions and
donate an extra electron to the lattice.36

one order of magnitude higher than conventional ALD.22, 34 AALD has been used to incorporate
0.22 at.% N into ZnO to reduce the ZnO carrier concentration and therefore to reduce interfacial
recombination in PbS colloidal quantum solar cells (CQDSCs).35

Doping ZnO or TiO2 to increase the carrier concentration can lead to transparent conducting
oxides (TCOs) based on ZnO and TiO2, or layers to improve current extraction from solar cells.
Typically, these dopants substitute lattice ions. Cationic substituents must have a higher valency
than the host cation, and anionic substituents must have a lower valency than the host anion in order
to introduce extra charge carriers. This is illustrated by the substituent doping reactions shown in
Fig. 5. Often, shallow donor states are created by the introduction of these dopants, which form
an impurity band. When the impurity band overlaps with the bottom of the conduction band and
the Fermi level rises to within the conduction band (due to the increased carrier concentration), the
semiconductor becomes degenerate and conducts like a metal, thus giving rise to TCOs.36

Transparent conducting oxides (TCOs) are essential for admitting light and collecting charge in
solar cells. But the common TCOs (fluorine-doped tin oxide or FTO, and indium-doped tin oxide or
ITO) are either limited in conductivity (FTO) or are expensive (ITO).36, 37 Al-doped ZnO (AZO) and
Ga-doped ZnO (GZO) are both are more abundant than In, less expensive and non-toxic, and more
conductive than FTO.36, 38 AZO has been deposited by vacuum-based methods, such as pulsed laser
deposition (PLD), sputtering, and ALD.39, 40 Low pressure chemical vapor deposition (LP-CVD)
has been used to deposit rougher AZO films, which scatters light to improve absorption in the solar
cells (i.e., the films have a higher haze factor), leading to higher JSCs in amorphous silicon solar cells
(Table IV).41 However, AZO has limited thermal stability and longevity due to the high reactivity
of Al.42 Ga-doped ZnO is more stable, conductive, and transparent than AZO.37 In P3HT:PCBM
([6,6]-phenyl-C61-butyric acid methyl ester) devices, the efficiencies of devices with GZO as the
TCO were comparable to using ITO (Table IV).37 GZO is also less resistive and more transparent
than FTO, but is susceptible to acid etching, which limits the use of GZO in DSSCs, where the dye
is acidic. This was overcome by protecting the GZO with a thin TiO2 layer (Table IV).43

Nb-doping is a common method of producing TCOs based on anatase TiO2. Both Nb and Ti are
more abundant than In.44 Resistivities as low as (2–3) × 10−4 � cm (with 6% Nb) and visible light
transmittance >97% have been obtained, but these results were achieved using high-temperature
processes, such as PLD and sputtering.44 Nb:TiO2 has been employed in lieu of pure TiO2 as a more
conductive protective layer for ZnO-based TCOs in DSSCs. As seen in Table IV, AZO coated with
PLD Nb:TiO2 improved the efficiency of DSSCs compared with using only AZO as the TCO.45
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TABLE IV. Comparison of the key properties of transparent conducting oxides (TCOs) made from doped ZnO or TiO2 and
the performance of the devices based on these TCOs. N.B.: In this table, all values in the resistivity column are resistivity
values, apart from where sheet resistance values are given. N.B.B.: The transmittance values reported pertain to the visible
light (400–800 nm) transmittance.

ρ × 10−3 Transmittance JSC PCE
Dopant Fabrication Cell architecture (� cm) (%) (mA cm−2) (%) Ref.

ZnO
Al LP-CVD Glass/Al:ZnO Al:ZnO . . . ∼83 16.04 7.77 41

or ZnO or FTO/ ZnO . . . ∼85 10.26 3.08
p-i-n a-Si:H/Al FTO . . . 14.35 7.61

Ga Ion-beam Glass/Ga:ZnO or ITO/ZnO/ Ga:ZnO/ZnO . . . ∼80 11.64 3.40 37
P3HT:PCBM/MoO3/Aua ITO/ZnO . . . ∼80 12.05 3.54

Ga PLD Glass/Ga:ZnO/TiO2/ Ga:ZnO 6.87 �/sq ∼85 9.01 3.96 43
N-719/I3

−,I−/Pt
TiO2

Al Sputtering Fused silica/Al: AZO/Nb:TiO2 0.38 ∼70 8.52 3.8 45
(ZnO) (AZO) ZnO/Nb:TiO2/TiO2

Nb PLD NP/N719/I3
−, AZO only 68 ∼80 4.66 1.9

(TiO2) (Nb:TiO2) I−/Pt/FTO/glass

aPCBM is [6,6]-phenyl-C61-butyric acid methyl ester, PEDOT:PSS is poly(3,4-ethylenedioxythiophene):
poly(styrenesulfonate).47

Attempts have been made to deposit Nb:TiO2 in low-temperature ambient conditions using sol-gel
deposition, but it was found that the films were not highly conductive unless they were annealed at
high temperatures.46 It is therefore challenging to produce Nb:TiO2 using an easily-scalable ambient
method.

Doping of ZnO or TiO2 to improve the conductivity can also be used to increase the pho-
tocurrent in solar cells by reducing the series resistance. One application is blocking layers in
bulk heterojunction solar cells (BHJs). BHJs are organic solar cells in which the electron-donating
and electron-accepting polymers are intimately mixed together to maximize the interfacial area for
charge separation.11, 22 Since both phases are in contact with each electrode, blocking layers are
needed to prevent recombination at the electrodes.22, 34 This is illustrated in Fig. 6. ZnO and TiO2

are common hole blocking layer (HBL) materials because they have high electron mobilities but
low hole mobilities and large ionization energies that inhibit hole transfer.22, 34 Sol-gel In-doping of
ZnO has been found to reduce the sheet resistance from 42.3 to 35 � cm and increased the trans-
parency to visible light, resulting in an increased device efficiency due to an increased photocurrent
(Table V).48 A similar result was obtained by LiF doping of ZnO. This is because Li occupies the
interstitial sites and dissociates to give Li+, and the F component occupies substitutional O2− sites
where it accepts one fewer electron than O2−, both of which lead to an increased carrier concentration
(Table V).49 LiF:ZnO has been shown to have a transmittance >95% for visible light,49 and is not
as rare or toxic as In, making LiF doping advantageous over In-doping.50

Nb:ZnO nanoparticles synthesized using flame-spray pyrolysis have also been used in a novel
way in BHJs: they were incorporated into the P3HT:PCBM blend to form an organic-inorganic
composite. Nb-doping reduced the sizes of the nanoparticles, which then scatter more light and
leads to an increased light absorption in the blend, thus maximizing the incident photon-to-current
efficiency (IPCE) and JSC. Furthermore, the P3HT (absorber), PCBM, and Nb:ZnO nanoparticles
present a cascade in upper energy levels (LUMO/conduction band), which aids electron transfer
from the P3HT to PCBM to the Nb:ZnO. Since the Nb:ZnO has its conduction band approximately
aligned with the Al top contact Fermi level, the cascading energy levels improve charge extraction
and increase the efficiency through an increased JSC (Table V).51

DSSCs with ZnO photoanodes can have improved efficiency through more conductive photoan-
odes (through F doping via chemical bath deposition).52 Doping TiO2 photoanodes with either F or
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FIG. 6. Illustration showing (a) BHJ without blocking layers, and (b) BHJ with blocking layers.

B can also improve the conductivity, leading to an increase in the efficiency through a JSC increase
(B dopants are reported to increase the carrier concentration of TiO2 by favoring the formation of
oxygen vacancies).6, 53 A similar effect was also observed through Zn-doping the TiO2, which is
thought to improve the electron transport properties, although the specific mechanisms involved in
carrier generation have not been thoroughly studied.54 Excessive doping, however, was found to
introduce surface oxygen vacancies, which acted as recombination centers.54 Ta5+ and Nb5+ have
also successfully increased the conductivity of TiO2 photoanodes in DSSCs. However, it was found
that the increase in carrier concentration led to an increase in the flat-band potential. This increases
the driving force for electron injection (contributing to the JSC increase), but decreases the offset
from the redox couple potential resulting in a decrease in the VOC.55, 56

The advantages of stability and conductivity offered by Nb:TiO2 have also been used to improve
the performance of hybrid solar cells with MEH-PPV as the absorbing p-type polymer. As can be
seen in Table V, the improved conductivity almost tripled the JSC, leading to the efficiency almost
doubling.57 The other doping methods to improve the conductivity of TiO2 or ZnO could also be
applied to obtain a similar improvement in performance of hybrid solar cells.

In summary, we have described how different dopants and the methods for including them in ZnO
and TiO2 have their advantages and disadvantages. To optimize solar cell performance, it is critical
to fine tune the conductivity to balance the increased photocurrent with increased recombination or
decreased VOC.

From this research update, it can be seen that for each case of ZnO and TiO2 used in solar cells,
there are a variety of dopants available to tailor the properties and optimize the device performance.
However, some dopants stand out as being more effective. In some applications, certain dopants have
been extremely widely used, even though some disadvantages associated with those dopants have
not yet been overcome. One such example is Mg-doping of ZnO. While it is possible to dope ZnO
with Mg over an extremely wide range for a variety of applications, doping reduces the mobilities.
Other dopants that increase the bandgap, while minimizing the reduction in mobility should be
explored.

Ga-doped ZnO should be studied in the future more than Al-doped ZnO, since GZO is more
conductive, transparent, and stable than AZO.36, 42, 62 Producing rougher TCOs to increase the haze
factor and light absorption should also be investigated. However, TCOs based on ZnO are not suitable
for DSSCs due to the acidic nature of the typical dyes used. This could be overcome by covering a
ZnO-based TCO with a thin protective Nb-doped TiO2 layer.45 The challenge would be to deposit a
sufficiently conductive Nb-doped TiO2 layer using scalable methods. Doping the TiO2 photoanodes
with N, S, or Cr should also be employed more to improve light absorption in DSSCs. Co-doping
to simultaneously improve the conductivity is also a possibility, although this would be limited by
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TABLE V. Comparison of the properties of doped ZnO and TiO2 used to improve charge extraction in solar cells and the
corresponding improvement in device performance.

JSC VOC FF PCE
Dopant Fabrication Cell architecture (mA cm−2) (V) (%) (%) Ref.

ZnO
In Sol-gel Glass/FTO/In:ZnO/ Doped (x = 0.01) 9.935 0.605 55 3.30 58

P3HT:PCBM/MoO3/Ag Undoped 8.392 0.613 57 2.94

In Microwave-assisted Glass/ITO/In:ZnO/P3HT: With In:ZnO 7.3 0.535 54 2.3 48
polyol PCBM/PEDOT:PSS/Al Without In:ZnO 5.4 0.310 24 0.4

LiF Solution Glass/ITO/LiF:ZnO/ Doped 10.55 0.56 56 3.31 49
processing P3HT:PCBM/MoO3/Ag Undoped 9.70 0.54 56 2.94

Nba Flame spray Glass/ITO/PEDOT:PSS/P3HT: Doped (x = 0.03) 13.9 0.67 . . . 3.62 51
pyrolysis PCBM:Zn1−xNbxO/LiF/Al Undoped 11.5 0.65 . . . 2.85

F Chemical bath Glass/FTO/ZnO/ZnO:F or ZnO:F 10.75 0.53 54 3.43 52
deposition ZnO NR/N719/I3

−,I−/Pt ZnO NR 3.66 0.52 48 1.04
TiO2

F Sol-gel Glass/FTO/TiO2 or TiO2: Doped 19.39 0.657 64 8.07 53
F/N3/I3

−,I− /Pt/FTO/glassb Undoped 16.86 0.657 65 7.25

B Sol-gel Glass/FTO/TiO2 or Doped (TiO2: 14.1 0.691 62.3 6.1 6
TiO2:B/N719/I3

−,I−/Pt boric acid = 4:1)
Undoped 13.0 0.696 62.1 5.6

Zn Sol-gel Glass/FTO/Ti1−xZnxO2/ Doped (x = 0.005) 14.57 0.744 70 7.6 54
(template-assisted) N-719/I3

−,I−/Pt Undoped 13.01 0.748 69 6.7

Ta Hydrothermal Glass/FTO/TiO2/Ta: Ta:TiO2 19.1 0.665 65 8.18 59
TiO2/N3/I3

−,I−/Pt TiO2 only 16.4 0.715 63 7.40

Nb Solvothermal Glass/FTO/Ti1−xNbxO2/ Doped (x = 0.05) 17.67 0.70 63 7.8 56
N719/I3

−,I−/Pt Undoped 11.87 0.79 70 6.6

Nb Hydrothermal Glass/FTO/Ti1−xNbxO2/ Doped (x = 0.017) 14.7 0.74 72 7.9 55
N719/I3

−,I− /Pt/FTO/glass Undoped 14.1 0.73 70 7.1

Nb Sol-gel Glass/FTO/Ti1−xNbxO2/ Doped (20 wt.% Nb) 0.34 0.60 36 0.074 57
MEH-PPV/Agc Undoped 0.12 0.78 42 0.042

aSolar simulations were performed at a light intensity of 120 mW cm−2, rather than the standard 100 mW cm−2.
bN3 is cis-bis(isothiocyanato)bis(2,2′-bipyridyl-4,4′-dicarboxylato)-ruthenium(II).60

cMEH-PPV is poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene].61

the complexity of the deposition method and the possibility of unintended interactions between the
co-dopants, which could, for example, lead to the formation of a second phase.

Throughout this research update, we have highlighted new methods employed to dope ZnO and
TiO2 via scalable techniques, as opposed to the traditional vacuum-based methods (PLD, sputtering,
CVD, ALD). This is important since the fundamental driving force for new generation solar cell
research is the production of photovoltaics that cost less than conventional silicon-based solar cells.10

Using scalable, low-cost, facile techniques is an essential component of this. Sol-gel is one of the
most commonly used open-atmosphere techniques on the laboratory-scale to synthesize a variety
of new doped metal oxides due to the versatile nature of this process.22, 26 But sol-gel is limited
for large-scale production because it is a batch process with limited throughput, the precursor
and product often require ageing and annealing, and the films can be porous.22 Solvothermal,
hydrothermal, electrodeposition, and chemical bath deposition have similar limitations, but have
higher commercial potential.52, 63 Films can be deposited by micro-plasma oxidation over large-
areas at low cost, but are limited by the high voltage (245 V) required.64 Spray-pyrolysis can



060701-10 Hoye, Musselman, and MacManus-Driscoll APL Mater. 1, 060701 (2013)

also be used in a continuous process, although the precursors need to be heated to relatively high
temperatures.65 AALD (or spatial ALD) can be upscaled to a continuous roll-to-roll process, and
has the distinct advantage of producing uniform, conformal thin films over large areas in open-
atmosphere at relatively low temperatures of 120–150 ◦C.21, 22, 35 However, AALD is limited by the
need to have highly reactive liquid precursors for the metal oxides. These are typically expensive,
pyrophoric organometallic precursors. Nonetheless, many of these precursors are the same as for
conventional ALD or CVD and can be obtained commercially. Finding ways to deposit doped ZnO
or TiO2 using AALD, spray pyrolysis, or other solution-based processes is very worthwhile for the
ultimate goal of commercialization.

ZnO and TiO2 are abundant, stable materials that can be synthesized using a variety of different
techniques. In new generation solar cells, they have a wide variety of applications. But each appli-
cation requires different properties and doping is a cost-effective way of tailoring the properties to
optimize the device performance. This includes conduction band alignment optimization, increasing
the visible light absorption for DSSC photoanodes, reducing interfacial recombination when used
as buffer layers, increasing conductivity and visible light transmittance when used as a TCO or to
improve charge extraction from the absorber. Doping methods range from vacuum-based to open-
air processing; batch processing to continuous processing. New dopants tend to be explored using
vacuum-based processing and/or batch-processing techniques, such as PLD, sputtering, and sol-gel.
However, even though doping is sometimes challenging using scalable techniques, it is essential to
replicate these doped ZnO/TiO2 materials using such approaches in order to fulfill the ultimate aim
of commercializing new generation solar cells. Finally, as has been evident in this Research Update,
there are often multiple dopants that can achieve the same property enhancements. If one doping
system is difficult to produce using a scalable technique, it is likely that another doping system could
be successfully explored instead.
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