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Abstract

As an abundant and non-toxic wide band gap semiconductor with a high electron mobility, ZnO in the form of
nanowires has emerged as an important electron transporting material in a vast number of nanostructured solar
cells. ZnO nanowires are grown by low-cost chemical deposition techniques and their integration into solar cells
presents, in principle, significant advantages including efficient optical absorption through light trapping
phenomena and enhanced charge carrier separation and collection. However, they also raise some significant issues
related to the control of the interface properties and to the technological integration. The present review is intended
to report a detailed analysis of the state-of-the-art of all types of nanostructured solar cells integrating ZnO
nanowires, including extremely thin absorber solar cells, quantum dot solar cells, dye-sensitized solar cells, organic
and hybrid solar cells, as well as halide perovskite-based solar cells.
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1. Introduction

Zinc oxide (ZnO) has attracted much attention over the last two decades owing to its abundance, biocompatibility,
and relative ease to grow it as nanostructures by a wide variety of deposition techniques [1] [2]. Owing to its highly
anisotropic wurtzite structure, vertically aligned ZnO nanowires (NWs) can be formed within the self-induced and
selective area growth approaches and act as building blocks in a wide variety of applications [3] [4]. As an n-type
compound semiconductor with a wide band gap energy of 3.37 eV at room temperature and a high electron mobility,
the integration of ZnO NWs as an electron transporting material (ETM) into a large number of photovoltaic (PV)
cells is highly relevant [5] [6]. In all of these PV cells, a light absorber layer in the visible part of the electromagnetic
spectrum is sandwiched between an ETM and a hole transporting material (HTM), which are in contact with a
transparent electrode and a metallic electrode, respectively. The principle of this type of PV cells is the following:
the visible photons, crossing the ETM / transparent electrode / glass substrate, are absorbed by the light absorber
layer, in which electron-hole pairs are photo-generated. These charge carriers are subsequently separated as a result
of type II band alignments on both ends, between the ETM and light absorber layer as well as the light absorber
layer and HTM. Electrons propagate through the ETM and are collected by the front transparent electrode while
holes propagate through the HTM and are collected by the back metallic electrode.

Basically, the ETM needs to be able to admit the electrons before Shockley-Read-Hall or interfacial
recombination and trapping occur in the light absorber layer. Its introduction in the PV cell should not compromise
the optimal electric continuity either. It also needs to be relatively transparent to allow the visible photons going
through to the light absorber layer, capable of forming type II heterojunctions (i.e. of ensuring charge collection),
capable of charge transport, and preferably low cost. The n-type ETM used during early stage research on these PV
cells was mainly focused on anatase-TiO, owing to its non-toxicity, high stability, inexpensive manufacture, and
wide band gap energy (i.e. 3.0-3.2 ¢V) [7]. Later, ZnO was brought into attention as an alternative for TiO,. The
main motivations behind this substitution were related to i) its ease to grow it as nanostructures with different
shapes and sizes using low-temperature chemical synthesis [8] [4], ii) the related simpler, low-cost and low energy
input manufacturing process, iii) the superior charge collection properties resulting from the oriented one-
dimensional nanostructures such as vertically aligned NWs, iv) its higher electron mobility than TiO, (i.e. 200
cm?/Vs for bulk ZnO and 1000 cm?/Vs for single NW [1] as compared to 10 cm?/Vs for TiO; [9]), v) its ease of

coating the light absorber layer within the structure, as the precursor for the absorber layer can readily reach the



entire surface, which opens up innovative design of potential structures, and vi) the ability to tune the optical
scattering regimes based on the ZnO NW size and aspect ratio (as compared to TiO,). Many investigations have
thus been reported concerning the use of ZnO NWs as the ETM, which plays an important role in extremely thin
absorber solar cells (ETASCs) [10], quantum dot solar cells (QDSCs) [11], organic solar cells (OSCs) and hybrid
solar cells (HSCs) [12], dye-sensitized solar cells (DSSCs) [13], and halide perovskite-based solar cells (HPSCs)
in achieving high-efficiency photovoltaic (PV) cells. However, there is still limited data of the exact comparison of
ZnO or TiO; as ETM on the performances of similar material systems.

In all of these PV cells, the architecture involving ZnO NW heterostructures is of radial type and involves either
the core-shell or fully-impregnated configurations. In the core-shell configuration as presented in figure 1(a), the
ZnO NW heterostructures consist of n-type ZnO NWs as a core, which are coated by a thin optical absorber shell
in the visible part of the electromagnetic spectrum. The present core-shell NW heterostructures benefit from several
valuable assets, such as efficient light trapping phenomena and charge carrier management. The light absorption is
governed by specific optical modes while the separation of the charge carriers occurs over the short radial distance.
The present core-shell configuration is involved in the so-called ETASCs (i.e. the absorber is an inorganic
semiconductor) [14], quantum dot-sensitized solar cells (QDSSCs) (i.€. the absorber is a semiconducting quantum
dot) [15], and DSSCs (i.e. the absorber is a chemical dye) [16] [17]. In contrast, in the fully-impregnated
configuration as presented in figure 1(b), the ZnO N'W heterostructures consist of n-type ZnO NWs, which are fully
impregnated with a relatively thick optical absorber layer that also plays very often the role of the HTM. The present
fully-impregnated configuration is involved in the so-called bulk heterojunction quantum dot solar cells
(BHQDSC ) (i.e. the absorber is a quantum dot) [18] [19], inverted OSCs (iOSCs) (i.e. the absorber is a blend of
organic semiconductors) [20], HSCs (i.e. the absorber is a single organic semiconductor) [20], and HPSCs (i.e. the
absorber is a halide perovskite) [21]. In many optimized PV cells using both configurations, it should be noted that
additional layers are introduced to enhance the properties at the different interfaces. Furthermore, depending on the
number of light absorber materials in the stack, the active interfaces for charge carrier separation involve the ZnO
NWs or not. Eventually, the performances of the solar cells integrating ZnO NWs are, to some extent, affected by
the nature and density of intrinsic and extrinsic defects in their center and on their surfaces, such as oxygen and

zinc vacancies, zinc interstitials or hydrogen related defects to name a few. The vast issue of the defects in ZnO



and its NW counterpart is beyond the scope of the present review article and one should refer to the following
articles in Refs. [22] [23] [24] [25].
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Figure 1. Schematic of the two typical configurations used for integrating ZnO NWs into solar cells. (a) Core-shell
configuration as used in ETASCs, QDSSCs, and DSSCs. (b) Fully-impregnated configuration as used in BHQDSCs, iOSCs,

HSCs, and HPSCs.

2. Extremely thin absorber solar cells

Background of extremely thin absorber solar cells

A patent released in 1978 entitled “solar cell comprising semiconductive whiskers” describes a solar cell design
and its benefits which are achieved through using long vertical single crystal semiconductor arrays [26], resembling
the ETASC design and rationale. In an ETASC, which is principally an all-solid-state sensitized solar cell, the
optimum light absorber shell thickness may be around 10-200 nm, depending on the available gap size in the ZnO
NW array and the quality of the absorber itself [27] [28] [29] [30] [31]. A thicker light absorber shell is preferred
for added photon absorption; however, the performance is restrained on the thicker side by limited charge carrier
transport properties in the absorber. The thickness of the whole ETASC is determined by the optimized length of
Zn0O NWs, which, in turn, is mostly a function of the capacity of the deposition techniques to allow the infiltration
of the absorber and HTM into the dense forest of slim NWs. As a rule of thumb, an increase by a factor of x in the
specific surface area of the substrate should allow the use of a thinner absorber by a factor of x, or more, while
preserving the crucial volume for a complete light absorption [32]. In other words, as one sophisticated form of
light trapping, the introduction of ZnO N'Ws leads to the increase in the internal reflections that, in turn, leads to an
increase in the optical path length of the incident photons, and by that, to a rise of the probability of photon

absorption in the absorber shell. However, this results in the likely sacrifice related to losses that may come along



owing to a larger interface area and a higher dark current. Remedies for suppressing surface recombination on the
ZnO NW surfaces, but also for eliminating short circuits due to exposed electrode underneath the ETM, have been
discussed through means such as compact oxide layers for surface passivation, insulating blocking layers, or sulfidic
buffer layers [27] [32] [33]. There is still much debate along this line. Among other considerations, any chemical
incompatibility for sequential deposition schemes may demand for an intermediate chemical blocking layer.

A thinner light absorber shell would allow to shorten the charge carrier transport length and by that to reduce
the timescale before the charger carriers reach their respective electrodes. Theoretically, the ZnO NWs should be
long enough to introduce a zero optical transmittance when coated with a light absorber shell. Notably, in the early
patent from 1978, the single crystalline semiconductive whiskers are proposed to be up to several hundred
micrometers long [26]. Uniform in thickness, it is also must for the light absorber shell to have continuous coverage
on the ZnO NWs on the one hand, and, in turn, a continuous coverage by a HTM, on the other hand. In case the
ZnO NWs are too narrowly spaced, the light absorber shell, if not the HTM as well, may have difficulties in
penetrating the pores of the ZnO NWs. A number of suitable methods for infiltration of nanostructures have been
identified including sol-gel, chemical spray pyrolysis (CSP), chemical bath deposition (CBD), ion-layer gas
reaction (ILGAR), successive ionic layer adsorption and reaction (SILAR), solution casting, electrodeposition, and
atomic layer deposition (ALD) [32]. Cost does matter as the criteria for qualification, as the ETASC rationale
largely stems from the fact that lower quality semiconductors by inexpensive methods could be utilized [27] [10].
The use of longer ZnO NWs is especially useful to support absorption of photons, for which a lower absorption
coefficient occurs in the particular absorber shell, and thus longer-wavelengths are targeted to be enhanced
primarily as reported in a study with 0.5, 1.0, and 1.7 pm long ZnO NWs with a 100 nm diameter used, with some
losses in the open-circuit voltage (Voc) attributed to surface recombination [34]. However, as a key finding, by
increasing the diameter of ZnO NWs from 105 to 330 nm while keeping their length similar as 1.5 pm, the short-
circuit current density (Jsc), Voc, and the resulting photo-conversion efficiency (PCE) are all increased [34]. For
20-110 nm-thick light absorber shells used, the thicknesses over 30 nm led to the deterioration of the Jsc primarily,
with some accompanied losses in the Voc, thus indicating the range of the diffusion lengths of the photo-generated
carriers produced for the particular absorber used (i.e. CdSe) [34]. Absorber shell thicknesses lower than 30 nm, as

an average estimate, resulted in a loss of Voc attributed to tunneling recombination [34].



The earliest work in 2004 on modelling inorganic ETASCs based on p-i-n junction roughly predicted a PCE up
to 15% for CdTe and CulnS, absorbers, without focusing on a special morphology in their calculations but rather
on the nominal minority carrier diffusion length as shown in figure 2(a) [35]. Specifically for a ZnO NW based-
ETASC, modelling and measurements via cell impedance has been explored by Bisquert et al. [36]. More recently,
the effect of the geometrical dimensions on the light trapping phenomena in the ZnO NWs has been investigated,
and the optimum diameter, length, NW to NW distance (i.€. period) and shell thicknesses, have been calculated by
J. Michallon et al. following numerical simulations by rigorous coupled wave analysis of an ETASC with the focus
on a CdTe shell, as seen in figure 2(b) [37] [38]. It was shown that optically radiated and guided modes are
responsible for the large part of the absorption of the ETASC (see figure 2(c)), while Fabry-Perot resonances
contribute to a negligible part [37]. The properties of the optically radiated modes are mostly dependent upon the
NW to NW distance (i.e. period), while that of the optically guided modes depend on the NW diameter [38]. It is
not trivial to precisely predict the highest PCE that limits any ETASCs due to the complexity and variance of the
materials and morphologies involved. The effect of the limits that are set by Shockley-Read-Hall recombination
and interfacial recombination, and the effect of the reduced electric field magnitude as a function of the length scale
of the nanostructured p-n junction has been published [39]. A wider view on the ultimate limits of nanostructured
solar cells has been explored, considering the presumption that nanostructures may carry unique properties that
may reduce the entropy losses which are considered irredeemable for planar cells, and may ultimately allow to

surpass the Shockley-Queisser limit which sets the highest PCE for single-bandgap planar solar cells [40].
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Figure 2. (a) Theoretical efficiency limit 1 for the ZnO NW/CdTe ETASC as a function of the nominal minority carrier
diffusion length (Lo). The solid lines correspond to the case of an ideal light-trapping and no surface recombination, the dashed
lines correspond to a surface recombination velocity of 107 cm/s. Reprinted with permission from [35]. Copyright 2004 Wiley
& Sons. (b) Simulated ideal Jsc map for a ZnO NW/CdTe ETASC as a function of the ZnO NW period (P) and diameter over
period ratio (D/P). (c¢) Corresponding maps of the modulus of the electric field (Ey) for the key optically guided modes
corresponding to the geometrical dimensions with D = 480 nm and P = 600 nm, and represented for various wavelengths.

Reprinted with permission from [37]. Copyright 2014 Optical Society of America.
In 2006, some of the main challenges with the ETASCs were articulated as follows [32]: interfacial recombinations,
poor infiltration of the HTM and thus the lack of the intimate contact with the light absorber shell, low charge
carrier mobility in the HTM, and tunneling-enhanced recombination at extremely low light absorber shell
thicknesses. The efficiency of charge carrier separation seems to be the overarching point of concern for ETASCs.
The magnitude of electron mobility in the ZnO NWs is less of a concern than hole mobility in the HTM [41].
Finally, one should keep in mind that, with the breath of investigations, scope of materials and a range of
morphologies, the classification and labelling of the cells may vary slightly. A detailed chronological review
describes the earliest of ETA solar cells attempts [10]. A selection of light absorber shells used to cover ZnO NWs
is indicated in Table 1. The method for the absorber shell growth is indicated in Table 1, as both its excellent
penetration and uniform coverage in the pores of the ZnO NWs is highly desired. The exact numbers in Table 1 are
not normalized, per se, since record cells reported at the standard AM1.5 illumination conditions may still vary by

area, but also, results are expected to be reported at various stages of cell development. The general trend is that



higher PCEs can be obtained from smaller areas, though linear correlation should not be assumed by default.
Moreover, as the technology and thus the length/diameter/spacing/quality of the ZnO NWs vary, it may be difficult,
if not impossible, to compare the results of PV studies based on criteria other than “feasibility and practicality” of
the techniques used. The intrinsic stoichiometry of the ZnO NWs, and the resulting charge carrier concentration
may vary as the deposition is made by a broad range of techniques under different conditions, including CBD [42]
[43] [44] [45], electrodeposition [14] [46] [47], and CSP [48]. Thus, Table 1 mostly serves to inform about the
scope of absorbing materials utilized on a ZnO NW core-shell heterostructure. An intrinsic parameter such as Voc
may mostly be assumed scale-invariant. The choice of the HTM have been CuSCN [36] [31] [14] [46], Cu.O [49],
among inorganic materials, and P3HT [50], spiro-MeOTAD [51], among organic ones, to bring a few examples for
ZnO NW-based ETASCs. There are a number of studies that report successful deposition of light absorber shells
on a ZnO NW array without demonstrating the performance of a completed ETASC. For the sake of brevity, these
studies have been omitted, and generally also those that have reported solar cell performance at lower illuminations
than that set with the standard of solar cell testing at AM1.5 illumination conditions. The discussion of studies with
ZnO NWs used as the antireflective coating, on top of the absorber, or, buried into the absorber, have not been
included [52] [53] [54]. A cell where the light absorber also acts as the HTM (see Figure 1b regarding the fully-
impregnated configuration) could be referred to as a 3D cell [10] [32], or, as a two-component ETASC, though
classification schemes may vary [32].

CulnS,, CdTe, and CdSe extremely thin absorber solar cells

The first strong candidates among pioneering works of ETASCs were CulnS; [31] and CdTe [55] [56], based on a
TiO; core, as proposed by Kaiser et al. and Ernst et al. in 2001 and 2003, where the porous TiO; film was found to
outperform the planar film (see figure 3(a)) [56]. In 2005-2006, the use of a ZnO N'W core was explored for the
first time by Lévy-Clement et al. for its combination with the CdSe shell and CuSCN HTM, exhibiting a 2.3% PCE
[14] [46]. Reports in 2008-2009 followed with the In,S3 shell and CuSCN HTM on top, whereas an intermixed
layer formed at the interface of those shells was thought to be responsible for the absorption characteristics,
presumably through Cu-diffusion related process during post-deposition annealing [43]. At that time, the NW
length of 1.5 um gave way to a PCE up to 2.8-3.4% by Beladi et al. and Dittrich et al. [43] [57] [58]. An optimal

In,S; shell thickness around 25 nm was further determined, as shown in figure 3(b) [57]. In 2013, Lévy-Clement et



al. reported a 3.2% ETASC with the ZnO / CdSe / CuSCN architecture through a systematic optimization

procedure, as shown in figures 3(c) and 3(d) [34].
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Figure 3. (a2) Quantum efficiency versus photon energy for a planar TiO,/CdTe solar cell and a highly porous-TiO,/CdTe
ETASC. Reprinted with permission from [56]. Copyright 2003 Institute Of Physics Publishing. (b) Cross-sectional SEM image
of ZnO NWs, and J-V curves under illumination (AM 1.5G) of ZnO NW/In,S; ETASCs with various local In,S; absorber
thickness. Reprinted with permission from [57]. Copyright 2008 Wiley & Sons. (¢, d) J-V curves under illumination (500
W/m?) of ZnO NW/CdTe/CuSCN ETASCs with various ZnO NW length and diameter, respectively. Reprinted with
permission from [34]. Copyright 2013 Wiley & Sons.

For an ETASC integrating the CulnS; shell, the optimized absorber thickness was experimentally determined
to be about 100 nm, as grown onto an In,S; buffer layer deposited on ZnO NWs with a 600 nm height [48].
However, the folded curvature, i.e. the junction area of the absorber, is hardly what one would expect from an
idealized ETASC depicted with an ultra-thin layer of absorber snaking in between the slim ETA and HTM that
creates the junction. According to the ETASC, eight-times increase in the surface area of the absorber is needed for
CdTe, while four-times increase might be sufficient for CulnS; due to a higher absorption coefficient when
compared to that of CdTe, to reach a PCE of 15% as calculated for absorber thicknesses as low as 15-20 nm [35].

The optimized CulnS; based cell with 600 nm-long ZnO nanorods (Table 1) bears resemblance to a cell driven by



the ETA concept [48], but is still a far throw from the realization of the classically depicted ETASC sketch. A cell
based on longer NWs up to 1000 nm, despite having excellent coverage by CSP, showed inferior performance with
exact reasons that remained to be clarified [48].

The advancement on ZnO NW-based ETASC that use the CdTe absorber has not been too impressive despite a
number of reports. In 2002, the first demonstration of achieving a conformal 40 nm-thick CdTe shell by the use of
vapor phase epitaxy (VPE) on a ZnO NW core was reported by Lévy-Clement et al. [47]. In 2005, MOCVD was
used to deposit a uniform CdTe shell onto ZnO NWs with height of 150 nm with short comments on the poor shape
of the current-voltage measurements [59]. The same year, a report can be found to cover ZnO NWs by CdTe
controllably by a cyclic manner though a negligible photocurrent and voltage was harvested from the respective
solar cell. Close-spaced-sublimation has been used to deposit CdTe uniformly with slightly varying thickness onto
long ZnO NW with 1 pm in length [60]; after thermal annealing of the shell, and light-soaking of the respective
ETASC, up to 0.01% PCE was reported [61].

Only recently, in 2018, a 3.4% ETASC based on a CdTe shell and a 5.6% ETASC integrating a CdSe / CdTe
shell were reported [62]. The benefit of the 10-15 nm thick intermediate CdSe buffer layer was attributed to the
effect of surface passivation, while the duty of photon absorption - solely to the CdTe shell [62]. Nevertheless, the
buffer layer can be expected to be photoactive and contribute to the photocurrent, as shown from the 10 nm thick
CdS buffer layer used [63]. The CdTe shell seemed to be preferably agglomerated mostly on top of the densely
packed ZnO NWs, as deposited by radio-frequency magnetron sputtering. The 10-15 nm-thick CdSe absorber shell
on 9 um-long ZnO NWs [44] when compared to the 10 nm-thick CdSe as the use of a buffer layer for CdTe layer
of particles as the absorber shell on 4 um-long ZnO NWs [62] show remarkably higher Voc (580 vs 650 mV), a
close-to comparable short-circuit current (twice longer rods used, at a slightly lower absorption edge), a
considerably lower fill factor (FF) (40 vs 64%) and a somewhat lagging PCE (4.7 vs 5.6%). The longer NWs of 9
um versus 4 um seem to effectively assist the recovery from the disadvantage of having a higher absorption edge
in CdSe when compared to the CdTe. However, the use of shorter ZnO NWs lessens the demands for the deposition
methods, in particular to meet the strict requirement of full uniform coverage of the sidewalls of the ZnO NWs.
ETASCs with up to a 3.2% PCE were reported in 2011 by using a CdSe shell with some tens of nanometers in
thickness on 3um-long ZnO NWs while using Cu,O as the HTM (Table 1) [49]. Yet, as all layers were deposited

by physical methods, the approach is somewhat less attractive when driven by the ETASC concept.
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In an ETASC integrating a CdTe shell, the use of a 10 nm-thick CdS buffer layer showed much lower results
(i.e. PCE of 1%) [63] when compared to the use of a 10 nm-thick CdSe buffer layer (i.e. PCE of 5.6%) [62]. In
these studies, and in most cases not discussed, the ZnO / CdTe junction based cells [63] [62] are underperforming
when compared to cells with an alternative absorber or an intermediate sulfidic layer, such as the ZnO / CdS [63],
ZnO / CdS / CdTe [63], and ZnO / CdSe based ETASC [44]. A large lattice mismatch between ZnO and CdTe is
likely to be one cause of such a discrepancy [64], even in the presence of a diffusion layer [65]. An alternative
explanation may involve energy barriers at the ZnO NW / CdTe shell interface, which would be detrimental for
charge carrier separation. Ultra-thin TiO; layer for surface passivation have been explored to mitigate the
recombination losses at the ZnO NW / CdTe shell interface [66], although somewhat against the odds owing to a
band mismatch at TiO, / CdTe interface itself [67]. Despite observed enhancement, the ETASC with the optimized
TiO; layer thickness still exhibited a fairly low PCE of 1.4% [66]. For the purposes of comparison, in a QDSC as
commented in Section 3, the use of a ZnO NW / CdS / CdSe QD configuration significantly outperformed when
compared to the use of single CdSe, or CdS QDs alone, on top of the ZnO NWs [68]. A question arises as to whether
aZnO NW / CdS / CdSe / CdTe structure would show even higher performance, as results on the suitability of the
closest partners therein seem to be encouraging.

CdS itself is a widely used buffer layer in thin film solar cells, and thus favorably combined with ZnO, although
with an off-optimum bandgap energy for light absorption. The performance of ETASCs, using CdS as the light
absorber shell on a ZnO NW core, have been reported. The cascade for band alignment and interface engineering
were stressed as favorable in the study, in which the ETASC integrating the CdS shell, used as a reference structure,
resulted in a 0.28% PCE [63], and, in a study, where an intermediate ZnS layer was used to increase the performance
of the ZnO NW / CdS shell-based ETASC with a PCE increasing from 0.05% up to 0.37% in the case of the ZnO
NW / ZnS / CdS shell-based ETASC [33]. The ZnS layer was speculated to lead to a homogeneous nucleation of
the CdS shell on top of the ZnO NWs [33]. In 2009, a fairly high PCE of 3.5% was reported when using a CdSe
shell (excluded from Table 1, for consistency, as liquid electrolyte was used in place of the HTM) with the success
attributed to the steps taken to achieve a uniform 5 nm-thick CdS shell by SILAR onto ZnO NWs that were of 10
pum in length and of 100 nm in diameter [69].

Lastly, one of the highest PCE of a true ETASC (i.e. with the core-shell configuration) has been obtained by

using the CdSe shell as grown onto ZnO NWs with a 9 pm length [44]. The 10 nm-thick CdSe shell showed the
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highest performance in the explored ZnxCd;xSe system grown by ion-exchange [44]. Herein also, the crucial
necessity for a continuous and uniform shell was once again reported [44]. The capacity of producing a Jsc of 18
mA/cm? by using a 10 nm-thick CdSe shell as the absorber is impressive [44] when compared to the 150 nm-thick
CulnS; absorber exhibiting a Jsc of 16 mA/cm? (Table 1) [48]. With a factor of 15 increase in the NW length (9 um
vs 600 nm) and a factor of 15 decrease in the absorber thickness (Table 1), the effects due to the significantly
increased interface have not deteriorated the cell as judged from the comparable Jsc (16 vs 18 mA/cm?), even
without considering the higher bandgap energy, and thus a lower absorption edge, at 1.6 eV for CdSe [44] when
compared to 1.3 eV for CulnS; [70]. One cannot leave aside the crucial aspect of favorable band alignment of CdSe
with respect to ZnO, thus promoting an efficient electron transfer to ZnO NWs [32]. Also, the fair PCEs obtained
throughout the study give hope for a rise in further interest and active development of the somewhat underexplored
ETASC concept based on ZnO NWs and more extensive use of chemical methods [42].

TiO,/Sb,S; and SnS extremely thin absorber solar cells

A “hybrid” ETASC based on ZnO NWs covered with a CdSe shell and a polymeric HTM (i.e. P3HT) was reported
in 2008 with a PCE of 0.9% [71]. However, back in 2011, ETASCs with reasonable PCEs featured cells based
mostly on the TiO; / Sb,S; system as the window / absorber combination with the highest PCE of 5.1% when using
P3HT as the HTM [27] [50]. In the same year, a comprehensive review of ETASCs underlined the obstacles and
the need for fundamental research in the field of nanostructured inorganic solar cells [30]. From 2012 to 2015, the
porous TiO> and CBD grown Sb,S; system, by advancements through modified HTMs, and post-deposition
treatments, showed PCEs up to 7.5% [72] [73] [74]. A nanocomposite cell that was based on very short (100 nm)
ZnO NWs, subsequently gap-filled by Sb»S; via a vacuum-based method, was reported in 2012 with a PCE 0f2.9%
[75]. In 2014, an ETASC integrating ZnO NWs covered with the ZnS / Sb,S; shells by chemical methods
demonstrated an enhancement of the PCE from 1.0 to 1.3%, when compared to the same ETASC based on the ZnO
NWs covered with a single Sb,S; shell, as a result of the introduction of the ZnS intermediate layer by ionic
exchange [76]. An excellent ZnO NW core coverage by the ZnS and Sb,S; shells was reported by using a chemical
conversion process that uses ZnO and ZnS as the reactive templates, respectively. In 2017, another report on a core-
shell heterostructure grown by chemical deposition techniques alone was based on the conformal coating of ZnO
NW by the TiO; and Sb,S3 shells resulting in a 2.3% PCE of the respective ETASC, as shown in figure 4(d) [42].

In addition to a successful transfer of the TiO, / Sb,S; based ETA photoactive structure onto a substrate of ZnO
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NWs (also in Table 1), the deposition of the Sb,S; shell by ultrasonic-CSP had thus shown good coverage on the
CBD-grown ZnO NWs and excellent penetration into the gaps between the ZnO NWs (as seen in figures 4(a-c)) as
required in an ETASC design [42]. Also, scaling up of the cell area does not seem to be an obstacle when CSP
method is put to use, a cell area of 1 cm? in a planar configuration has been reported in the first study using ultrasonic
spray pyrolysis for the growth of Sb,S; for solar cell application in a TiO»/Sb,S; system [77]. For an ETASC, as
well as for any nanostructured solar cells in general, excellent penetration of the HTM is a vital requirement for a

successful charge carrier transport, and should be demonstrated whenever possible.

{ ===-Zn0 NWsITiO,/P3HT under darkness

ZnQ NWs/TIQ /PIHT under illumination

4 ===-Zn0 NWs/TiO,/Sb S /P3HT under darkness
Zn0 NWs/TIO,/Sb.S /P3HT under illumination

Figure 4. (a, b) Top-view and cross-sectional FESEM images, respectively, of ZnO/Ti0,/Sb,S; core-shell NW heterostructures
annealed at 300°C under N,. (¢) EDS-STEM elemental mapping superimposing the zinc, titanium, and antimony element
signals of the ZnO/TiO,/Sb,S; core-shell NW heterostructures annealed at 300°C under N,. (d) J-V curves of ZnO
NW/TiO,/P3HT and ZnO NW/TiO,/Sb,S3/P3HT ETASCs in darkness and under illumination (AM 1.5G). Reprinted with
permission from [42]. Copyright 2017 American Chemical Society.

As seen from Table 1, the 5-10 nm-thick Sb,Ss shell on 900 nm-long NWs compared to a 10 nm-thick shell of
CdSe on 9 um-long NWs (a factor of 10 higher) shows only two and a half times lower Jsc (7.5 vs 18 mA/cm?) and

twice lower performance in terms of the PCE (2.3 vs 4.7%) [42] [44]. Admittedly, face-to-face comparison is
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unwarranted unless more parameters are alike. However, the lower amount of the absorber used (in thickness and
in longitude), as well as the higher bandgap energy of 1.8 eV in Sb,S3 [42] when compared to 1.6 eV in CdSe [44],
are the primary suspects for the differences, since the Vocs are rather similar (650 vs 656 mV). However, the route
towards higher currents by simply opting extremely long NWs seems to be limited. Lastly, all advances in the field
of Sb,Ss solar cells, including semiconductor-sensitized nanostructured solar cells, have recently been reviewed
[78].

A SnS shell based ETASC report that focused on investigating the effect of the magnitude of the piezoelectric
effect originating from ZnO NWs on the performances of the respective solar cells, via the application of a moderate
pressure resulted in a 37% improvement of the PCE from 1.2% up to 1.65% (Table 1 presents the former, for
consistency) [79]. This demonstrated the yet untapped potential of the piezoelectric effect in the ZnO NW based
PV devices via the so-called piezophototronics effects [79]. The somewhat low PCE may, for one, be due to a non-
uniform SnS shell thickness that ranged from 0 to 500 nm, while the thicker part of the SnS shell was found on the
top of the ZnO NWs [79].

Cu;0 extremely thin absorber solar cells

The PV absorber materials are not limited to the group of chalcogenides. All-oxide solar cells have more recently
appeared as an attractive pursuit. In 2014, the immersion and full impregnation of the Cu,O absorber by
electrodeposition into the gaps, and on top, of the of 1.1um-long ZnO N'Ws has opened the way to the fabrication
of solar cells with a PCE up to 1.26%, whereas the necessity for a highly resistive layer on top of the ZnO NWs
prior to the CuO absorber deposition, to avoid short-circuiting through gaps in between ZnO NWs, was once again
corroborated [80]. Herein, the ZnO NWs were fully impregnated by the Cu,O absorber layer, which does not fit
the ETASC description based on the core-shell configuration [80]. A similar, fully impregnated geometry was
reported along with simulations on the propagation of light in the ZnO NWs in 2015 for an array of highly ordered
ZnO NW covered by 1-2 um thick Cu,O using electrodeposition, with a resulting PCE of 1.52% [81]. When
compared to the performances of the PV devices that achieve a 1.3-5.6% PCE while based on a ETASC integrating
a binary sulfide shell of 5-15 nm in thickness (Table 1), the Cu,O approach has yet to make steps to prove its
capability. In 2016, mostly a topping of Cu,O only, with little to no material on the sidewalls of ZnO NW, was

reported [82]. In the future, it will be interesting to learn of the success in achieving a conformal absorber shell
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coatings on top of ZnO NWs. Apart from the use as a light absorber layer, Cu,O has also been utilized as the HTM,
e.g. in a CdS-absorber based ZnO NW solar cells [49].
ZnSe, ZnS, and ZnTe extremely thin absorber solar cells
In the conventional ETASCs described before, the light absorption in the core-shell ZnO NW heterostructures is
mostly achieved in the absorber shell, which exhibits a smaller bandgap energy that is relevant for absorption in
the range of the solar spectrum. One decade ago, an alternative concept was developed by Zhang et al., showing
that the combination of two wide bandgap semiconductors (e.g. GaN and GaP) can create a new bandgap that is
much smaller than any of the constituents [83]. This has led to the further development of the so-called ETASCs
based on the type II interfacial transition, in which ZnO NWs are covered by an absorber shell with a wide bandgap
energy (that is thus not supposed to absorb the light in the range of the solar spectrum when used alone). In this
novel system, the conduction band minimum is located in the ZnO NW core while the valence band maximum is
in the wide bandgap absorber shell. Basically, the light absorption is made through the type II transition at the
interface between the ZnO NW core and the wide bandgap absorber shell: the photo-generated electrons and holes
relax in the respective band edges and are thus spatially separated in the ZnO NW core and wide bandgap absorber
shell, respectively. Interestingly, both photo-generated electrons and holes have a small probability to recombine
through either a radiative or non-radiative process owing to the spatial separation of the wave functions, leading to
typical long charge carrier lifetime (several tens of ns vs several hundreds of ps in the case of defects in the bulk).
A critical issue is related to the magnitude of the light absorption through the type II interfacial transition, which
may be somewhat weak.

This novel approach of the ETASCs based on the type II interfacial transition has been explored on a number
of wide bandgap absorber shells combined with ZnO NWs, including ZnSe and ZnTe. The properties of the type II
interfacial transition has been determined by theoretical computations in different cases [83] [84]. The unambiguous
identification of the type Il interfacial transition has been considered here as the key point to establish the present
ETASCs as a promising approach. However, this identification is not straightforward and often questionable,
requiring the use of a large number of characterization techniques including continuous and time-resolved
photoluminescence as well as absorption and photocurrent measurements. Wang et al. showed in 2008 the
formation of ZnO/ZnSe core-shell NW heterostructures by combining CVD and PLD techniques [85]. The 5-8nm

thick epitaxial ZnSe shell was found to be crystallized according to the zinc blend structure to reduce the lattice
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mismatch with ZnO NWs [85]. Later on, Wu et al. reported the formation of the same ZnO/ZnSe core-shell NW
heterostructures by using a two-step CVD technique, but with the presence of a wurtzite transitional ZnSe layer
[86]. More interestingly, the continuous photoluminescence and absorption measurements exhibited a strong line
around 1.9 eV, as shown in figure 5(a), that could be attributed to the presence of the type II interfacial transition,
while a significant photocurrent was shown in the same range by external quantum efficiency (EQE) measurements,
as presented in figure 5(b) [86]. More importantly, time-resolved photoluminescence measurements as presented
in figure 5(c,d) were reported one year later on the same heterostructure, showing that the 1.9 eV line has a slow
decay time around 64 ns, which is an important additional finding to state that the type II interfacial transition has
been shown [87]. A Voc around 700 mV was further revealed at low power illumination conditions [87]. Additional
reports investigating the ZnO/ZnSe core-shell NW heterostructures by other deposition techniques claimed that the
type II interfacial transition has been demonstrated, but only by focusing on absorption measurements [88] [89].
More recently, Luo et al. also claimed the observation of the type II interfacial transition in ZnO/ZnTe core-shell
NW heterostructures to account for the relatively high performances of the resulting ETASCs [90]. The ZnO/ZnS
core-shell NW heterostructures have also been investigated quite intensively [91], but much more for the field of

UV photodetectors [92].
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Figure 5. (a) Normalized photoluminescence spectra for ZnO NWs and ZnO/ZnSe core-shell NW heterostructures. (b) EQE
of a ZnO NW/ZnSe ETASC. Reprinted with permission from [86]. Copyright 2011 Royal Society of Chemistry. (c, d) Time-
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resolved photoluminescence of ZnO/ZnSe core-shell NW heterostructures measured at low temperature. (c) Time averaged
spectrum and (d) decay curves monitored at different emission energies. Reprinted with permission from [87]. Copyright 2012

Elsevier.

ZnO nanowire core for amorphous silicon shells as an alternative ‘extremely thin absorber solar cell’

Shells of amorphous silicon (a-Si) uniformly mounted on ZnO NWs, without reports on devices, were explored by
Konenkamp et al. in 2000 [93]. Aluminum-doped ZnO NWs by hydrothermal growth, as the substrate for n-i-p
shells of amorphous silicon was proposed in 2011 [94]. A conformal coating was achieved by plasma-enhanced
chemical vapor deposition (PECVD). An increase in the absorber shell thickness from 25 nm up to 150 nm resulted
in only a slight increase in the PCE from 3.92 to 4.27%, and the use of 2 um instead of 1 um long NWs resulted in
a relatively insubstantial increase in the PCE from 4.27 up to 4.73% [94]. Another study in 2011 reported a PCE of
3.6% by using a 25 nm thick a-Si shell on 400 nm-long ZnO NWs [95]. When compared to the PCE of 3.92%
obtained on the 1 pm-long ZnO NW [94], and a shell with similar thickness of 25 nm, one cannot help to notice
that fairly large differences in NW height would be needed to further produce a substantial increase in the
efficiencies based on a-Si absorber shells. In 2013, following an optimization routine by using 75 to 250 nm
absorber shell thicknesses and NW lengths in the range of 600 to 1800 nm, the highest PCE of 6.07% was reported
for 600 nm-long ZnO NWs with a 200 nm-thick absorber shell [45]. Thus, in terms of efficiency, a thick a-Si shell
on short ZnO NWs provided the best results, despite longer NWs yielding more current. Although an ETA solar
cell by nature asks for an absorber with strong absorption characteristics, interestingly, the cells based on
chalcopyrite absorbers mostly fall behind in terms of the efficiency when compared to a-Si cell (Table 1), even at
AM1.5 where the chalcopyrites ought to excel contrary to a-Si that has superior performance on low illumination
intensities [96]. Then again, an ETA rationale is much about the cost-effectiveness. Thus, such a milestone on the

use of a-Si brought to us by PECVD, although a good reference point, is somewhat out of scope of the ETASC.

Photoanode Absorber shell HTM ETASCs Ref.
Diameter ~ Height Thickness . Voc Jsc PCE
Type Technique Type FF
(nm) (um) (nm) mV ~ mA/cm? %
100-150 1-2 CdSe 30-40 Electrodeposition CuSCN 500 4 - 2.3 [14]
100-330 0.5-3.7 CdSe 20-65 Electrodeposition CuSCN 580 5.18 0.53 32 [34]
50-150 9 CdSe 10-15 Ion-exchange CuzS 650 18 0.40 4.7 [44]
400 3.6 CdSe 20-35 RF MS Cu,0 670 11 0.45 32 [49]
CdSe/CdTe 10/n.a. RF MS ) 580 21 0.64 5.6
70 4 - (Ni/Au) [62]
CdTe n.a. RF MS 560 13 0.45 34
200-300 0.6 CulnS, 100 CSpP CuSCN 441 16 0.60 4.2 [48]
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or graphite

100 L5 In,S;:Cu* (25)* ILGAR CuSCN 570 11 056 34  [57]
120%* 1.4 ZnS/Sb,S; 15 Ion-exchange P3HT 440 5.6 054 13 [76]
80 0.9 TiO,/SbyS; 5-10 ALD / CSP P3HT 656 75 047 23  [42]
300 3 SnS 0-500 RF MS -(Ag) 520 4.6 043 12 [79]
50-90 0.6 a-Si 200 PECVD - (ITO) 840 11 063 61  [45]

* Absorption characteristic attributed to an interfacial layer in between the In,S; and CuSCN, its formation being driven by Cu-
diffusion [57] [58]

**Nanotubes.

Table 1. PV performances of the ETASCs integrating ZnO NWs. In some cases, numbers have been rounded owing to the
sufficiently large contrast of the results, for the sake of comparability, and overview.

3. Quantum dot solar cells

Background of quantum dot solar cells

Semiconducting QDs have received increasing interest in the last two decades for their integration into next-
generation solar cells owing to their strong assets and remarkable properties related to quantum confinement [97]
[98] [99] [11]. First, by changing the size of QDs over a nanometer scale, the electronic energy levels are tunable.
The variation of the band gap energy of QDs is achieved to maximize the absorption over the solar spectrum, while
the shift of the electronic energy levels improves charge carrier transfer across the interfaces. The combination of
QDs with different sizes over a broad range is of high potential for multi-junction solar cells. Second, QDs are
known to generate multiple correlated electron hole pairs per absorbed photon through the so-called multiple
exciton generation (MEG) process [100]. In bulk semiconductors, impact ionization predominates when the
excitation energy equals a multitude of the band gap energy, such that its efficiency is very low over the solar
spectrum [101]. In contrast, the inverse Auger process is greatly favored in QDs and approaches twice the threshold
energy for absorption [102]. The MEG process can exist in QDs because its time scale is much shorter than the
time scale required for hot exciton cooling produced by electron-phonon interactions [103]. The MEG process is
thus expected to result in higher photocurrent, exceeding the standard Shockley-Queisser limit around 30% [102].
The direct extraction of hot electrons is also expected to generate a higher photo-voltage [104] [105]. Furthermore,
QDs are integrated into QDSCs using low-cost and low-temperature chemical methods as well as relatively
inexpensive solar cell manufacturing. Basically, there exists two different chemical routes for covering TiO, or
ZnO materials acting as ETM with QDs, either by a direct attachment of QDs or by an attachment of molecules
that are linked to QDs. In the former case, QDs are typically grown by the low-cost and low-temperature CBD and

SILAR technique. This facilitates fast electron transfer at the QD / ZnO NW interface, depending on the density of
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charge carrier trap and recombination centers, but detrimentally reduces the precise control over QD size. It should
be noted here that the distinction between QDSCs and ETASCs is relatively tight and often based on the size of
nanoparticles as well as on the continuity of the deposit. In the more widely used QDSCs, colloidal nanoparticles
are pre-synthesized and dispersed in solution with surface passivating agents like oleic acid ligands using wet
chemical methods. A key point consists in using the most appropriate bifunctional linker molecule binding the TiO;
or ZnO materials (e.g. with a carboxylic group) on one side and QDs (e.g. with a thiol group) on the other side. A
ligand exchange on the QD surface from the long organic oleic acid to a shorter organic ligand or to an inorganic
molecule is typically achieved [106], which can additionally alter the electronic energy levels of QDs [107] and
improve the stability of the related QDSCs [108]. The spacing between adjacent QDs is small enough to induce an
efficient charge carrier transfer from QD to QD by hopping or tunneling processes, increasing in turn charge carrier
mobility and diffusion length. Eventually, colloidal QDs are deposited by spin or dip coating, drop casting, simple
immersion, or electrophoretic deposition.

The field of QDSCs integrating TiO, or ZnO materials is broad and involve many different architectures, mainly
including QD-sensitized solar cells (QDSSCs) and bulk heterojunction QD solar cells (BHQDSCs).
Semiconducting QDs belonging to the widely used chalcogenides group have intensively been developed in QDSCs
in the 2000°s [109] [110] [111] [18] [112]. They have initially been combined with mesoporous TiO, films and
then progressively used with ZnO in the form of films. Robel et al. reported, for the first time, in 2006 the
combination of CdSe QDs with mesoporous TiO> films, using three types of bifunctional linker molecules with
carboxylic acid and thiol groups, and showed the fast electron injection from the excited state of CdSe QDs into
TiO; particles [109]. Niitsoo et al. showed the combination of CdS and CdSe QDs using CBD for their direct
attachment on nanoporous TiO; layers as well as a selenization process Via selenosulphate conversion, reporting a
PCE 0f 2.8% [110]. The combination of PbS and CdS QDs with mesoporous TiO> layers was then stated by Lee et
al. using the SILAR technique for the direct attachment of QDs, leading to the fabrication of solid-state QDSSCs
with a PCE of 1.46 and 0.8%, respectively, using spiro-OMeTAD as HTM [111]. Leschkies et al. showed that
BHQDSC:s integrating PbSe QDs with ZnO films within a linker mediated attachment exhibit a higher PCE of 1.6%
than similar Schottky solar cells [18]. They further emphasized the significance of using an electron blocking layer
like a-NPD between PbSe QDs and the top contact. Luther et al. revealed the combination of PbS QDs with ZnO

nanocrystal films within a linker mediated attachment and the related BHQDSCs exhibited a PCE of 3% that is
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stable over 1000 hours of continuous illumination in ambient air [112]. While much efforts have initially been
dedicated to the issues of QD densification, passivation with ligands, and cross-linking, charge carrier transfer and
extraction have more recently emerged as an important issue to be addressed by typically nanostructuring the photo-
anode [113] [114]. ZnO NWs can be introduced in QDSCs to act as an efficient ETM, typically in i) QDSSCs
where the NWs are covered with QDs as a shell to form core-shell heterostructures whereas a liquid electrolyte or
a solid-state HTM are used together with a planar counter electrode, ii) BHQDSCs where the NWs are fully
impregnated by QDs whereas a planar counter electrode is employed. The latter is expected to address some of the
drawbacks of the planar depleted QD solar cells, where the thickness of the QD film is limited to a few hundred
nanometers, as both the depletion region width and charge carrier diffusion length are small, strongly limiting in
turn the optical absorption. A wide range of semiconducting QDs has thus been combined with ZnO NWs to
fabricate both QDSSCs, including CdSe, CdS and CdTe, and BHQDSCs, including PbS and PbSe. The main
advantages of using ZnO NWs are related to improved light trapping phenomena to increase optical absorption,
increased interfacial area with QDs to favor exciton dissociation and electron transfer, as well as enhanced electron
transport efficiency through the NWs directly contacted to TCO/glass substrate. The PV performances of the
QDSCs incorporating ZnO NWs are gathered in Table 2-4 and commented in the following sections.

CdSe and CdSe/CdS quantum dot-sensitized solar cells

Leschkies et al. reported, for the first time, in 2007 the combination of CdSe QDs with ZnO NWs using bifunctional
mercaptopropionic acid (MPA) as a linker molecule. Both sulfur and carboxylate terminations bind to CdSe QDs
and ZnO NWs, respectively, while the short organic chain ensures efficient charge carrier transfer [15]. The
resulting QDSSCs involving Oz-plasma treated ZnO NW and using liquid electrolyte as HTM exhibited a PCE of
0.4 % with a Jsc and Voc in the ranges of 1-2 mA/cm? and 500-600 mV. By performing time-resolved
photoluminescence measurements, Sun €t al. revealed that the electron transfer from CdSe QDs to ZnO is faster
and of the order of 10 ns using thioglycol acid (TGA) as a bifunctional linker molecule instead of MPA owing to
its shorter organic chain length [115]. The resulting QDSSCs exhibited an increased PCE of 0.66% using TGA as
compared to the PCE of 0.41% using MPA. Following those pioneering works, the group of Pullerits has intensively
investigated the characteristics of the electron injection from CdSe QDs into ZnO NWs when capped with a
bifunctional mercaptopropionic as a linker molecule [116] [117] [118] [119] [120] [121].The photo-degradation

effects on charge carrier transfer from CdSe QDs to ZnO NWs under ambient and low-O, atmospheres were
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assessed by transient absorption (TA) measurements, indicating that changes in TA dynamics are related to
effective quenching of bigger QDs as well as the formation of electron and hole trap states [116]. The role of oxygen
was then identified to generate trap states on the CdSe QD surface and to simultaneously passivate them by
oxidation [117]. Correlatively, Hou et al. reported that the photoconductivity dynamics is controlled by the oxygen
desorption on the surfaces of ZnO NWs and CdSe QDs in the cluster form [122]. Additionally, it was also found
that the characteristics of the electron injection are dependent upon the morphology of ZnO, owing to dielectric
permittivity change and different band-edge state densities [118]. Zidek et al. combined TA with time-resolved
terahertz spectroscopy to track down excited electrons in CdSe QDs and ZnO NWs covered with CdSe QDs as seen
in figure 6(a,b). They showed that the electron transfer occurs via a fast and slow component on a 3-12 ps and 60-
102 ps time scale, as shown in figure 6(c) [119]. This was attributed to a two-step electron transfer from CdSe QDs
directly attached as a monolayer onto ZnO NWs, through an intermediate charge transfer state. Later on, Zheng et
al. showed that additional contributions occur when several layers of CdSe QDs are deposited on ZnO NWs, giving
birth to the concept of indirectly and directly attached QDs, as presented in figure 6(d) [120]. An excitation
depopulation process over a 4 ns time scale was revealed in indirectly attached QDs, originating from radiative
electron hole pair recombination as well as non-radiative excitation-to-charge conversion associated via an energy
transfer from the indirectly to directly attached QDs. Additionally, the surface chemistry of CdSe QDs through the
selection of the most appropriate linker molecule was found to be of high significance in order to slow down charge
carrier relaxation for the benefit of MEG and HET processes in QDSSCs [121]. By using several bifunctional ®-
mercaptocarboxylic acids, Bley et al. further reported from time-resolved photoluminescence measurements, that
the electron tunneling rate from the lowest excited states of CdSe QDs in the cluster form to the conduction band
of ZnO NWs is increased by shortening the length of the linker molecule and by adding a thin ZnS passivating
layer on the QDs [123]. However, the photoconductivity was increased by elongating the linker molecules, which
was attributed to their role as diffusion barriers for oxygen. The present fundamental investigations have
emphasized the importance of carefully addressing the issue of surface states in ZnO NWs and CdSe QDs, showing

the need for combining ZnO NWs or CdSe QDs, or both of them, with a passivating layer.
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Figure 6. (a) SEM image of CdSe QD-sensitized ZnO NWs. (b) HRTEM image of CdSe QDs attached to a ZnO NW for
sensitization. (c¢) Transient absorption kinetics of CdSe QDs (orange open circles) and CdSe QDs attached to ZnO surface
(blue filled circles). The dashed orange line represents a two-exponential fit and the solid blue line represents a three-
exponential fit. The inset illustrates the transient absorption kinetics of QD-sensitized ZnO (open circles) compared to the sum
of nanosecond component and slow component only (dotted red line). Reprinted with permission from [119]. Copyright 2012
American Chemical Society. (d) Main photo-induced processes in CdSe QD-sensitized ZnO NW QDSSCs. Reprinted with
permission from [120]. Copyright 2013 American Chemical Society.

A significant number of reports have then consisted of efforts in combining CdSe QDs with CdS in the form of
a thin shell or of QDs to explore the performances of the related QDSSCs that incorporate ZnO NWs [68] [124]
[125] [126] [127] [128] [129] [130]. Seol €t al. reported, for the first time, in 2010 the combination of CdSe QDs
grown by CBD with ZnO NW / CdS core-shell heterostructures using the SILAR technique, for which the
morphology is revealed in figure 7(a,b). The resulting QDSSCs boosted the absorbance as shown in figure 7(c) as
well as the Jsc, Voc, and PCE to 17.3 mA/cm?, 627 mV, and 4.15%, respectively [68], as compared to 2.4 mA/cm?,

191 mV, and 0.17% when no thin CdS shell was deposited (see figure 7(d)). The boost clearly indicated that the
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CdS interlayer drastically enhances the electron transfer from CdSe QDs to ZnO NWs and reduces interfacial
recombination by passivating the surface states of ZnO NWs. Subsequently, ordered mesocellular carbon foam
(MSU-F-C) was shown to be an efficient counter electrode by increasing surface area as compared to planar gold
and platinum as well as by acting as a redox relay in the electrolyte lowering in turn charge transfer resistance as
deduced by electrochemical impedance spectroscopy [124]. In contrast, Chen et al. reported a co-sensitization by
CdS QDs grown by CBD and MPA-capped CdSe QDs by simple immersion, showing a PCE of 1.42% [125]. A
similar approach was developed by Luan €t al., where both TGA-capped CdS and CdSe QDs were deposited by
simple immersion on ZnO NWs [126]. The co-sensitization resulted in the fabrication of QDSSCs outperforming
the performances of the QDSSCs with a single sensitization of either CdS or CdSe QDs. The Al,Os thin shell over
ZnO NWs was also shown as an efficient passivating layer increasing FF and PCE to 0.42 and 1%, respectively. A
very similar approach was reported by Hui et al. using instead MPA-capped CdS and CdSe QDs grown by a single-
step CBD technique [127]. Tian et al. also reported the deposition of TiO nanosheets (NS) on ZnO NWs for
increasing surface area and forming an energy barrier that decreases electron recombination rate [128]. The
resulting QDSSCs integrating CdS and CdSe QDs grown by the SILAR and CBD techniques, respectively, and
covered with a conformal ZnS shell had an increased Voc and PCE from 420 to 640 mV and from 1.19 to 2.72%,
respectively, by adding the TiO, nanosheets. More recently, the doping of CdSe QDs with Mn has been found to
be of high potential for enhancing light absorption and reducing charge carrier interfacial recombination with the
formation of a thin Mn-doped CdSe shell over CdSe QDs [129]. The resulting QDSSCs integrating CdS and Mn-
doped CdSe QDs and covered with a conformal ZnS shell following the same procedures exhibited a Jsc, Voc, and
PCE of 12.6 mA/cm?, 740 mV, and 4.64%, respectively. Importantly, the same group reported the development of
Ag nanoparticles favoring localized surface plasmon resonances in QDSSCs, which has been shown of high
potential as well by strongly increasing light absorption and electron injection rate as well as by reducing charge
carrier interfacial recombination [130]. The resulting QDSSCs involving ZnO / Ag / TiO, core-shell NW

heterostructures covered with CdS and CdSe QDs showed a PCE of 5.92%.
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Figure 7. (a, b) TEM and HRTEM images of a CdS/CdSe QD-sensitized ZnO NW, respectively. (c) Absorbance spectra of
ZnO NWs (denoted (a)), CdS QD-sensitized ZnO NWs (denoted (b)), and CdS/CdSe QD-sensitized ZnO NWs (denoted (c).
The insets are photographs of the corresponding samples. (d) J-V curves under illumination (AM 1.5G) of CdSe, CdS and
CdS/CdSe QD-sensitized ZnO NW QDSSCs. Reprinted with permission from [68]. Copyright 2010 Royal Society of
Chemistry.

Alternatively, the combination of CdSe QDs with CdS in the form of a thin shell or of QDs has been explored
using different types of hierarchical structures composed of ZnO NWs [131] [132] [133] [134]. Sudhagar et al.
investigated the formation of Si NW / ZnO NW branched hierarchical structures to increase surface area and light
scattering phenomena [131]. The combination of the branched NW underlay with a thin CdS shell grown by SILAR,
CdSe QDs grown by CBD, and a thin shell of ZnS formed SILAR resulted in the fabrication of QDSSCs with a

Jsc, Voc, and PCE of 11 mA/cm?, 710 mV, and 3%, respectively. For similar reasons, a hierarchical macro-porous
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Zn>Sn04 / ZnO NW composite film was also developed as the photoanode and the effects of its thickness was
reported on the performances of the related QDSSCs reaching a highest PCE of 2.08% [132]. In order to further
increase the developed surface area and to favor the electron transportation in hierarchical structures, ZnO NWs
can be covered by ZnO nanosheets, leading to the fabrication of QDSSCs with an improved Jsc, Voc, FF and PCE
of 10.74 mA/cm?, 610 mV, 0.5, and 3.28%, respectively [133]. This was correlated with an increased electron
lifetime associated with a decreased charge transfer resistance pointing out a decrease in charge carrier
recombination. More recently, hierarchical structures including TiO, NWs covered with ZnO NWs on their
sidewalls were also shown to significantly improve the performances of the related QDSSCs, which exhibit a Jsc,

Voc, and PCE of 12.49 mA/cm?, 493 mV, and 3.20%, respectively [134].

Jsc Voc PCE

Photoanode QDs Ligand (mA/em?)  (mV) FF %) Ref.

ZnO NWs CdSe MPA 2.1 ~ 600 0.3 0.4 [15]

ZnO NWs CdSe TGA 2.8 580 0.404 0.66 [115]

ZnO NWs CdSe/CdS - 17.3 627 0.383 4.15 [68]
MSU-F-C...ZnO NWs CdSe/CdS - 12.6 685 0.42 3.6 [124]
ZnO NWs CdSe/CdS MPA 5.19 661 0.415 1.42 [125]

ZnO NWs / Al,O3 CdSe TGA 2.72 660 0.55 0.99 [126]
ZnO NWs CdSe/CdS TGA 4.36 680 0.24 0.72 [126]

ZnO NWs CdSe/CdS MPA 6.61 560 0.34 1.29 [127]

ZnO NWs / TiO, NSs CdSe/CdS/ZnS - 8.17 640 0.52 2.72 [128]
ZnO NWs CdSe:Mn/CdS/ZnS - 12.6 740 0.44 4.64 [129]

ZnO NWs / Ag NPs / TiO, CdSe/CdS - 15.65 744 0.508 592 [130]
SiNW /ZnO NWs CdSe/CdS - 11.00 710 0.38 3.00 [131]
ZnO NWs / Zn,SnO4 CdSe/CdS - 11.32 492 0.37 2.08 [132]
ZnO NWs / ZnO NSs CdSe/CdS - 10.74 610 0.5 3.28 [133]
TiO, NWs /ZnO NWs CdSe/CdS - 12.49 493 0.52 3.20 [134]

Table 2. PV performances of the QDSSCs integrating ZnO NWs and the CdSe or CdSe/CdS QDs.

CdS, CdTe and alternative sulfides quantum dot-sensitized solar cells

The development of CdS and CdTe QDs with ZnO NWs has been much less pronounced and very often used in
the form of direct attachment through the CBD and SILAR techniques in the case of CdS and the mediated
attachment in the case of CdTe, respectively. Tak et al. reported the SILAR deposition of CdS QDs, for which the
size was tuned over a broad range from 3 to 11 nm along with their absorption edge from 3.2 to 2.4 eV by varying
the SILAR cycle number [69]. The most efficient QDSSCs exhibited a Jsc and PCE of 7.23 mA/cm? and 3.53%,

respectively. Zhang et al. investigated, from continuous and transient photovoltage measurements, the charge
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carrier separation and recombination processes in ZnO NWs covered with thin and thick CdS QD films grown by
CBD [135]. The resulting QDSSCs exhibited a Voc, Jsc, and PCE of 440 mV, 2.6 mA/cm? and 0.34%, respectively.
A similar approach was carried out by Lee et al. reporting a PCE of 0.54% [136] as well as by Chou et al. using
the SILAR technique for depositing CdS QDs on ZnO NWs / NPs heterostructures reporting a PCE of 0.24% [137].
Later on, Qi et al. investigated the effects of the temperature as the use of SILAR technique proceeded for depositing
CdS QDs and optimized the Voc, Jsc, and PCE to 550 mV, 3.1 mA/cm?, and 0.72%, respectively, at 60°C for
facilitating the penetration ability of ethanol at the bottom of ZnO NWs [138]. By passivating ZnO nanorods with
a Zn,SnOy shell, as well as the CdSe QDs deposited by the SILAR technique with a ZnS shell, the Voc, Jsc, and
PCE were increased to 760 mV, 3.68 mA/cm? and 1.24%, respectively, which was mainly attributed to lower
charge carrier interfacial recombination [139]. The use of Ag nanoparticles to induce localized surface plasmon
resonances was further reported by Eskandari et al., leading to the fabrication of QDSSCs with an improved PCE
[140]. Meanwhile, CdTe QDs were combined to ZnO NWs using pulsed-electron beam deposition, showing a
significant photosensitization process [141]. Cao et al. further reported the combination of CdTe QDs with ZnO
NWs using TGA as the linker molecule [142]. The resulting QDSSCs exhibited a Voc and Jsc of 500-600 mV and
0.3 mA/cm?, respectively, pointing out poor charge carrier collection while the optical absorptance was fairly high.
A similar approach was achieved by Chen et al. using MPA as the linker molecule for photo-electrochemical solar
cells with a PCE of 1.83% [143]. Briscoe €t al. reported the layer-by-layer conformal deposition of TGA-capped
CdTe QDs on ZnO NWs, showing a light harvesting efficiency around 80% with 50 layers [144]. However, the
resulting QDSSCs using CuSCN as the HTM had a Voc and Jsc of 120 mV and 0.19 mA/cm?, respectively,
revealing possible short-circuiting as well as poor charge carrier collection likely due to interfacial recombination.
The extraction of charge carriers and specifically of holes appeared as the limiting process in both in ETA and
QDSSCs integrating a CdTe shell. So far, the use of CdS and CdTe QDS is much less efficient than the use of CdSe
QDs.

The alternative solutions to the group of binary sulfides to form QDSSCs are very scarce in the literature. Kuo
et al. reported in 2009 the combination of Zn-doped CulnS, QDs, covered by a thin ZnS passivating shell and
capped with MPA, with ZnO NWs [145]. The resulting QDSSCs showed a Jsc, Voc, and PCE of 3.21 mA/cm?, 450
mV, and 0.71%, respectively. More recently, the development of CuSbS,; QDs on ZnO NWs was achieved by

heating ZnO / CuS / Sb,S3 core-shell NW heterostructures initially deposited by the SILAR technique [146]. The
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resulting QDSSCs integrating P3HT as the HTM exhibited a Jsc, Voc, and PCE of 5.87 mA/cm?, 491 mV, and

1.61%, respectively.

Photoanode QDs Ligand Isc Voc FF PCE Ref.
(mA/cm?)  (mV) (%)

ZnO NWs CdS - 7.23 - - 3.53 [69]

ZnO NWs Cds - 2.6 440 - 0.34 [135]

ZnO NWs Cds - 4.3 330 0.3 0.54 [136]

ZnO NWs / ZnO NPs Cds - 4.49 156 0.34 0.24 [137]

ZnO NWs CdS - 3.08 550 - 0.72 [138]

ZnO NWs / ZnySnO4 CdS/ZnS - 3.68 760 0.443 1.24 [139]

ZnO NWs / Ag NPs Cds - 3.25 630 0.29 0.60 [140]

ZnO NWs CdTe TGA 0.3 ~ 500 - - [142]

ZnO NWs CdTe TGA 0.19 120 0.29 - [144]

ZnO NWs CulnS»/ZnS MPA 3.21 450 0.49 0.71 [145]

ZnO NWs CuSbS, - 5.87 491 0.56 1.61 [146]

Table 3. PV performances of the QDSSCs integrating ZnO NWs and the CdS, CdTe or alternative QDs.

PbS and binary sulfides bulk-heterojunction quantum dot solar cells

Leschkies et al. reported, for the first time, in 2009 the integration of ZnO NWs into BHQDSCs composed of PbSe

QDs capped with 1,2-ethanedithiol (EDT) ligands as the linker molecule as well as a a-NPD and ZnO thin film

acting as electron and hole blocking layers, respectively [147]. By fixing the amount of PbSe QDs, they showed a

significant increase in the performances of the BHQDSCs when ZnO NWs are introduced as compared to planar

ZnO film, resulting in a Jsc, Voc, and PCE of 18.6 mA/cm?, 420 mV, and 1.97%, respectively. Following that

pioneering work, most of the efforts have been devoted to the development of PbS QDs combined with ZnO NWs.

Jean et al. showed, for the first time, in 2013 the fabrication of BHQDSCs composed of PbS QDs capped with 1,3-

benzenedithiol (BDT) ligands and integrating ZnO NWs [19]. By optimizing the thickness of a MoQOj; anode

interlayer specifically hampering shorting, the resulting BHQDSCs had a Jsc, Voc, and PCE of 17.9 mA/cm?, 600

mV, and 4.3%, respectively, significantly outperforming the related BHQDSCs integrating planar ZnO film, as

shown in figure 8(e).
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Figure 8. (a) Cross-sectional SEM images of PbS QD-sensitized ZnO/TiO, NW with varying ZnO NW length and number of
QD layers. (b, ¢, d) Corresponding PbS QD-sensitized ZnO/TiO, NW BHQDSCs performances, (b) Voc, (¢) Jsc, and (d) PCE.
Reprinted with permission from [148]. Copyright 2018 American Chemical Society. (e) J-V curves under darkness (dashed
lines) and under illumination (AM 1.5G, solid lines) for a PbS QD-sensitized planar ZnO BHQDSC (dark lines) and a PbS
QD-sensitized ZnO NW BHQDSC. The black crosses indicate the maximum power point for each device. Reprinted with
permissions from [19]. Copyright 2013 Wiley & Sons.

By optimizing the thickness of PbS QDs capped with bromide anions as well as by densifying the ZnO NW arrays,
Wang et al. showed the increases in the Jsc, Voc, and PCE of the resulting BHQDSCs up to 34.47 mA/cm?, 361
mV, and 6.07%, respectively [149]. The long-term stability of those BHQDSCs was further revealed under
continuous light soaking, the PCE being around 90% of its maximum after 3000h [150]. An in-depth analysis of
the charge carrier transport by impedance spectroscopy showed proof of the efficient charge carrier collection in
the present BHQDSCs [151]. Additionally, the relatively low Voc was related to the band bending at the surface of
ZnO NWs. The issue of the passivation of the surfaces of ZnO NWs to reduce charge carrier interfacial
recombination has thus emerged as critical. By coating ZnO NWs with a thin TiO, passivating layer as seen in
figure 9, Chang et al. revealed, from transient photovoltage decay and impedance spectroscopy measurements, a
significant decrease in charge carrier interfacial recombination, resulting in the improved performances of the
BHQDSCs with a Voc and PCE of 420 mV and 6.16%, respectively [152]. The use of an alternative ultrathin
Mg(OH), passivating layer was explored on ZnO NWs, leading to the fabrication of BHQDSCs with an improved
Voc and PCE of 520 mV and 5.04%, respectively [153]. The optimal thickness of both passivating layers has been

selected as a good trade-off between a higher Voc and a preserved Jsc.
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Figure 9. (a) Cross-sectional SEM image of a PbS QD sensitized-ZnO/TiO, NW BHQDSC. (b) Corresponding schematic
energy band diagram. (c) J-V curves under darkness (dashed lines) and under illumination (AM 1.5G, solid lines) of PbS QD
sensitized-planar ZnO, PbS QD sensitized-ZnO NW and PbS QD sensitized-ZnO/TiO, NW BHQDSC:s. (d) Effects of the TiO»
precursor concentration on the Jsc, Voc, FF, and PCE values of the PbS QD sensitized-ZnO/TiO, NW BHQDSC. Reprinted
with permission from [152]. Copyright 2015 Royal Society of Chemistry.

Interestingly, Rekemeyer et al. developed an efficient band alignment engineering approach in PbS QDs with a
first exciton absorption peak at 1.3 eV, by using a multi-step ligand exchange process [154]. ZnO NWs were fully
impregnated with PbS QDs capped with iodide anions while an upper layer composed of PbS QDs capped with
1,2-ethanedithiol (EDT) ligands forming a conduction band offset of 0.2 eV was formed on the top. The presence
of both ligands permits the electronic energy levels of PbS QDs to be engineered forming a conduction band offset
of 0.2 eV between the two types of QDs that is favorable for charge carrier collection. The resulting champion
BHQDSCs exhibited a Jsc, Voc, and PCE of 29.4 mA/cm?, 570 mV, and 9.6%, respectively. More recently, the
same group deeply optimized the dimensions of ZnO NWs (i.e. number density, diameter, length) for improving
the performances of the resulting BHQDSCs as presented in figure 8(a-d), and also investigated the effects of the
addition of a thin TiO; passivating layer over ZnO NWs [148]. The introduction of Ag nanocubes (NCs) with a
side length around 80 nm was also achieved by Kawawaki et al. to benefit from strong optical far-field scattering
and intense optical near-field at their edges and vertices [155]. The resulting BHQDSCs involving bromide anion-
capped PbS QDs and ZnO NWs had an improved PCE of 6.03% with an increased external quantum efficiency in

the wavelength range from 700 to 1200 nm. In order to open the way for the fabrication of multijunction solar cells
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integrating BHQDSCs as the bottom subcells, Wang et al. tuned the size of PbS QDs capped with bromide anions
over a broad range such that the first exciton absorption peak was varied from 1.32 to 0.67 eV [156]. The Voc of
253 mV was reported for a photocurrent onset of 0.64 eV, which is as efficient as in germanium solar cells used in
III-V semiconductor triple-junction solar cells. Eventually, the BHQDSCs were recently mounted on flexible PET

substrates, further showing a good bending durability [157].

Jsc Voc PCE

Photoanode QDs Ligand FF Ref.
(mA/cm?)  (mV) (%)
ZnO NWs PbSe EDT 18.6 420 0.25 1.97 [147]
ZnO NWs PbS BDT 17.9 600 0.4 4.3 [19]
ZnO NWs PbS Br 34.47 361 0.488 6.076 [149]
ZnO NWs/ TiO, PbS Br 30.7 420 0.478 6.16 [152]
ZnO NWs / Mg(OH), PbS Br 21.51 520 0.450 5.04 [153]
ZnO NWs PbS EDT/TBAI 29.4 570 0.57 9.6 [154]
ZnO NWs / Ag NCs PbS Br 6.03 [155]
ZnO NWs PbS (0.67¢V) Br 6.9 253 0.389 0.67 [156]
ZnO NWs* PbS EDT/TBAI 17.81 490 0.435 3.81 [157]

* Flexible BHQDSC

Table 4. PV performances of the BHQDSCs integrating ZnO NWs.

4. Organic / hybrid solar cells

Background of organic / hybrid solar cells

Many efforts have been devoted, over the last two decades, to developing organic solar cells (OSCs) based on 7t-
conjugated polymers, owing to their low cost and potential compatibility with roll-to-roll processing using solution
deposition techniques as well as with flexible substrates. The first demonstration of the generation of a significant
photocurrent in an OSC made of a bilayer heterostructure was achieved by Tang et al. in 1986 [158]. The OSCs
were then designed and optimized following the conventional bulk-heterojunction configuration introduced by Yu
etal. [159] and Halls et al. [160] in 1995. The active layer, comprising a blend of p-type polymer donor and n-type
fullerene-derivative acceptor deposited by spin coating, is sandwiched between a TCO / glass substrate acting as
the anode and a low-work function metal (typically aluminum) as the cathode. It basically forms a percolated
interpenetrating network following a post-deposition annealing: electron-hole pairs are photo-generated in the
active layer to form tightly bound Frenkel excitons with a low diffusion length of 10 — 20 nm, which are further

separated in the donor-acceptor interfacial area [161] [162]. Charge carrier transport subsequently occurs in
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polymers with a low mobility, strongly limiting the optimal thickness of the active layer around 100 — 200 nm [161]
[162]. Electrons and holes are eventually collected by the TCO and metal, respectively. Maximizing the interfacial
area as well as improving the optical absorption in the active layer have thus been considered as some of the major
issues. In this respect, many efforts have been devoted to narrowing the band gap energy of organic semiconductors
[163] or using alternative approaches including tandem OSCs [164] [165] [166] and multiple polymer donors and
fullerene derivative acceptors [167]. The highest PCE above 12% was reported in the conventional bulk-
heterojunction configuration. However, the low long-term stability [168], originating from the aluminum oxidation
when exposed to air and moisture as well as from the poor interface between the PEDOT:PSS layer acting as the
anode buffer layer and ITO, has been a significant drawback [169] [170] [171]. This has resulted in the development
of the OSCs in the inverted bulk-heterojunction configuration (iOSCs) which also uses a polymer blend (i.e.
typically P3HT:PCBM) [172] [173] and of the hybrid solar cells (HSCs) when a single p-type polymer donor is
employed (i.e. typically P3HT): the active layer is sandwiched between a TCO / glass substrate acting as the cathode
and a high-work function metal (typically silver or gold) acting as the anode. An improved ambient stability of the
OSCs resulted from the iOSCs, in which the vertical phase separation was also reported to be favorable to
accumulate the p-type polymer electron donor and n-type fullerene-derivative electron acceptor at the top (close to
the anode) and bottom (close to the cathode) of the active layer, respectively [173]. A cathode buffer layer between
the TCO / glass substrate and the active layer has also emerged as an essential element in both iOSCs and HSCs 1)
to extract electrons and act as an efficient ETM while blocking the reverse hole flow, ii) to hamper any detrimental
reactions between the active layer and the cathode, and, if possible, iii) to improve optical absorption using light
trapping phenomena [174] [175] [176]. ZnO has rapidly appeared as a potential outstanding cathode buffer layer
for both iIOSCs and HSCs, further exhibiting highly appropriate energy level position and alignment with the active
layer. From density-functional and hybrid-functional calculations, Noori et al. showed the large offset between the
valence band maximum (VBM) of ZnO and the highest occupied molecular orbitals (HOMO) of P3HT, which is
favorable to act as a large hole injection barrier [177]. This was confirmed by x-ray photoelectron spectroscopy
measurements [178]. Also, it was stated that a band offset larger than 1.5 eV may be reached by carefully optimizing
the ZnO / P3HT interface [177] [178]. From hard x-ray photoelectron spectroscopy measurements, the magnitude
of the Voc is also expected to depend on the polarity of ZnO, the Zn-polar ZnO / P3HT interface giving a larger

Voc than the O-polar ZnO / P3HT interface [179]. The description of the recombination kinetics is basically similar
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in both iOSCs and HSCs integrating ZnO NWs [180]. Shirakawa €t al. introduced, for the first time, a ZnO film
grown by sputtering as the cathode buffer layer in an iOSC comprising the Cso and PAT6 bilayer heterostructure in
2004 [181]. White €t al. then fabricated an iOSC comprising the standard bulk-heterojunction P3HT:PCBM blend
and a ZnO film grown by the sol-gel process as the cathode buffer layer, exhibiting a PCE as high as 2.58% [182].
Additionally, the possibility to improve the performances and stability of iOSCs, when a ZnO film is incorporated
and treated by fluorine plasma [183] or annealing under hydrogen atmosphere [184], or coated with dielectric
ultrathin layers [185], also strengthens the need for investigating ZnO NW-based iOSCs and HSCs. In order to
maximize optical absorption while allowing for efficient charge carrier management, Olson et al. showed, for the
first time, the integration of ZnO NWs into iOSCs composed of the P3HT:PCBM blend and with no anode buffer
layer, reporting a Jsc, Voc, FF, and PCE of 10.0 mA/cm?, 475 mV, 0.43, and 2.03%, respectively [20]. The same
approach was used by the mentioned group to fabricate HSCs composed of ZnO NWs with the single P3HT
polymer donor, leading to a Jsc, Voc, FF, and PCE of 2.2 mA/cm?, 440 mV, 0.56, and 0.53%, respectively [20].
From then on, the development of iIOSCs and HSCs integrating ZnO N'Ws has received an increasing interest: a
significant difference is that charge carrier separation occurs at the P3HT / PCBM interface for iOSCs and at the
ZnO NW / P3HT interface for HSCs. The band alignment at the ZnO NW / P3HT and ZnO NW / PCBM interfaces
was deeply investigated, as a pre-requisite to fabricate iOSCs and HSCs with a higher PCE [186]. A Fermi level
pinning behavior at the ZnO NW / PCBM interface with a large interface dipole was revealed from x-ray and
ultraviolet photoelectron spectroscopy measurements, which was in contrast to the Fermi level unpinning behavior
at the ZnO NW / P3HT interface, as shown in figure 10 [186]. Additionally, the introduction of ZnO NWs increases
the offset between the VBM of ZnO NWs and the HOMO of P3HT, namely the hole injection barrier from P3HT
to ZnO NWs, which is in contrast to the ZnO NW / PCBM interface where the introduction of ZnO NWs has no
effect. From photoluminescence measurements, Chan et al. showed the occurrence of a radiative emission around
1.3 eV, which was assigned to the type II radiative transition between electrons in the CBM of ZnO NWs that

recombine with the holes in the HOMO of P3HT [187].
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The development of the iOSCs integrating ZnO NWs with the P3HT:PCBM blend have further been achieved
using electrochemical [188] and electrospinning [189] deposition techniques. The use of a CuPc:Cso / CuPc blend
with smaller molecules was also assessed in iOSCs, showing a Jsc, Voc, FF, and PCE of 3.86 mA/cm?, 460 mV,
0.30, and 0.53%, respectively [190]. Subsequently, the integration of ZnO NWs into iOSCs and HSCs have largely
been investigated, by focusing on the contact issue, elucidation of the effects of the morphology and properties of
ZnO NWs as well as on the optimization of the ZnO NW / active layer interface. The PV performances of both
iOSCs and HSCs incorporating ZnO N'Ws are gathered in Tables 5 and 6 and commented in the following sections.
Effects of the anode and cathode
Some attention has been dedicated to optimizing the electron collection at the cathode. Instead of using ITO glass
/ substrate, Hu et al. and Reinhard et al. employed FTO / glass substrate [191] and PEDOT:PSS / glass substrate
[192], respectively. A strong emphasis has been devoted to enhancing the hole collection by introducing an anode
buffer layer between the bulk-heterojunction active layer and the anode, acting as an electron injection barrier as
well as a protective layer. Kim et al. reported a strong improvement of the performances of the iOSCs involving
ZnO NWs and the P3HT:PCBM blend by introducing a PEDOT:PSS anode buffer layer, resulting in a Jsc, Voc,
and PCE of 10.02 mA/cm?, 550 mV, and 2.94%, respectively [193]. The V,Os anode buffer layer can be grown by
spin casting of a colloidal solution to strongly improve the performances of the related iOSCs, depending on its
concentration as shown in figure 11(a) [194]. The use of a VOy anode buffer layer grown by evaporation also
enhances the performances of the iOSCs involving ZnO NWs and the P3HT:PCBM blend with a Jsc, Voc, and PCE
of 10.4 mA/cm?, 580 mV, and 3.9%, respectively, as presented in figure 11(b) [195]. Wang et al. further

investigated the use of a MoOj3 anode buffer layer and the effects of its thickness on the performances of the related
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iOSCs [196]. An optimal thickness of 20 nm was determined, resulting in Jsc, Voc, and PCE of 9.02 mA/cm?, 550
mV, and 2.15%, respectively. Furthermore, Unalan €t al. presented the fabrication of flexible HSCs incorporating
ZnO NWs with a PCE of 0.6% by using single walled carbon nanotube / PET substrates [197]. Tong et al. also
showed the fabrication of flexible iOSCs integrating ZnO NWs by using PET substrate, reporting a Jsc, Voc, FF,

and PCE of 9.82 mA/cm?, 520 mV, 0.35, and 1.78%, respectively [198].
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Figure 11. (a) J-V curves under illumination (AM1.5G) of Ag/V,0s/P3HT:PCBM/ZnONW/ITO iOSCs for various solution
concentration for the V,Os interlayer. Reprinted with permission from [194]. Copyright 2009 Elsevier. (b) J-V curves under
illumination (AM 1.5G) of the Ag/P3HT:PCBM/planar-ZnO/ITO (open circles), Ag/VO/P3HT:PCBM/planar-ZnO/ITO
(open squares), and Ag/VO/P3HT:PCBM/ZnONW/ITO (closed circles) iOSCs. Reprinted with permission from [195].
Copyright 2008 American Institute of Physics.

Effects of the morphology of ZnO nanowires

The morphology and properties of ZnO NWs in terms of dimensions (i.e. length, diameter, number density) and
vertical alignment are typically tunable by either changing the morphology of the ZnO seed layer [199] [200] [201]

or by changing the conditions used during the CBD [202] [203] [204]. There have been a lot of works tentatively
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assessing the effects of the morphology and properties of ZnO NWs over the performances of the related iOSCs
and HSCs.
Variation of the morphology of the ZnO seed layer
Peir6 et al. investigated the effects of the chemical route (i.e. sol-gel dip coating and spin coating methods, spray
pyrolysis) to prepare the ZnO seed layer acting as the hole blocking layer over the morphology of ZnO NWs and
the performances of the resulting HSCs comprising MEH-PPV-based polymer and P3HT [205]. Baeten et al. tuned
the diameter of ZnO NWs by varying the morphology of the ZnO seed layer grown in deionized water, resulting in
the fabrication of HSCs comprising the P3HT polymer donor with a Jsc, Voc, FF, and PCE of 2.64 mA/cm?, 565
mV, 0.55, and 0.82%, respectively [206]. In contrast, Whittaker-Brooks et al. revealed the advantage of the
sputtering technique over the standard sol-gel process to form compact ZnO seed layer perfectly oriented along the
c-axis and thus favoring the morphology of ZnO NWs [207]. The PCE of the resulting HSCs comprising the P3HT
polymer donor reached 1.64 %. Lee et al. varied the thickness of the ZnO seed layer while keeping constant the
length of ZnO NWs to reveal its effect on the performances of the resulting flexible iOSCs [208]. They showed
that an intermediate thickness is needed to get a good compromise between an efficient compactness (required to
limit the shunt path between ITO and the P3HT:PCBM blend) and a limited series resistance. Later on, the vertical
alignment and spacing of ZnO NWs was found to be critical to increase the interfacial area and to strongly affect
the performances of the resulting iOSCs via the good infiltration of the P3HT:PCBM blend [209]. Even when the
electrochemical deposition technique was used to form ZnO NWs on ITO / glass substrates, the presence of an
optional ZnO seed layer was reported to be beneficial for improving their morphology [210].
Variation of the growth conditions of ZnO nanowires
Besides the variation of the morphology of the ZnO seed layer, the morphology of ZnO NWs has largely been tuned
by changing the conditions used during the CBD in order to assess the effects on the performances of the resulting
iOSCs and HSCs. These have, to some extent, been under debate for a long time and appear to strongly depend on
the nature of the solar cells considered, either the iOSCS or HSCs integrating ZnO NWs.

By prolonging the growth time of ZnO N'Ws and hence by increasing their length up to 350 nm, Takanezawa et
al. reported a correlated increase in the FF and PCE from 0.38 to 0.47 and 1.6 to 2.4%, respectively, in the iOSCs
composed of the P3HT:PCBM blend, as shown in figure 12(a-g) [211]. The independence of the Jsc on the length

of ZnO NWs was related to efficient charge carrier separation occurring at the P3HT / PCBM interface, rather than
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proceeding at the minor ZnO NW / P3HT interface [212]. Correlatively, Gonzalez-Valls et al. showed that the
performances of the iOSCs are degraded as the length of ZnO NWs is further increased from 0.4 to 5.2 um, possibly
due to a poorer infiltration of the P3HT:PCBM blend [213]. The correlation of the length of ZnO NWs with the
PCE of the related iOSCs comprising the P3HT / PCBM blend was nevertheless questioned by Ogawa €t al., by
compiling the experimental data reported in the literature [214]. In contrast to the iOSCs, Olson €t al. reported that
the Jsc (and related PCE) of the HSCs composed of the P3HT polymer donor is increased with the length of ZnO
NWs from 250 to 500 nm [215]. Correlatively, Guo et al. stated that the Jsc of the HSCs comprising the MEH-PPV
polymer donor is increased with the length of ZnO NWs from 170 to 400 nm while the electron lifetime is shorter
[216]. A similar increase in the Jsc and PCE as the length of ZnO NWs is increased from 300 to 600 nm was
reported by Baeten et al. in the performances of HSCs comprising the P3HT polymer donor as presented in figure
12(h), leading to a PCE of 0.76% by further optimizing the anode and buffer layer thicknesses [217]. However, as
the length of ZnO NWs is further increased to 1000 um, the PCE was found to strongly decrease. Interestingly, the
diameter and vertical alignment of ZnO NWs was also found to strongly affect the performances of the HSCs
comprising the P3HT polymer donor. By combining intensity modulated photocurrent spectroscopy measurements
with theoretical computations, Wu et al. stated that the optimal length and technologically challenging spacing of
ZnO NWs in the HSCs composed of the MEH-PPV polymer donor are about 500 nm and 5-10 nm, respectively,

for favoring efficient exciton generation and dissociation along with charge carrier transport and collection [218].
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Figure 12. (a-e) Cross-sectional SEM images of ZnO nanostructures deposited by CBD on ITO layer for a growth time of (a)
0, (b) 40, (c) 60, (d) 80 and (e¢) 100 min. (f, g) Isc and PCE, respectively, measured under AM 1.5G illumination of ZnO
NW/P3HT:PCBM iOSCs as a function of the ZnO NW length. Optical densities of the films at 510 nm: 1.1 (circles), 1.3
(squares), and 1.6 (triangles). Reprinted with permission from [211]. Copyright 2007 American Chemical Society. (h) PCE
relative to the reference device of ZnO NW/P3HT HSCs as a function of ZnO NW length. HBL and EBL stand for hole and
electron blocking layers, respectively. Reprinted with permission from [217]. Copyright 2011 Wiley & Sons.

The variation of the interfacial area enhancement factor was revealed as the main morphological parameter to be
considered in the case of HSCs, the morphology having negligible effects on the recombination kinetics [219]. Lee
et al. further emphasized the significance of leaving enough spacing between ZnO NWs to improve the crystallinity
of P3HT in HSCs, although being at the expense of the interfacial area [220]. Correlatively, Yun et al. showed the
improvement of the infiltration of the P3HT:PCBM blend by using ZnO NWs with a low number density, resulting
in a significant increase in the PCE of the related iOSCs from 2.8 to 4.07% [221]. Ho et al. performed a two-step
hydrothermal growth of ZnO NWs in this respect: the first step was applied to define the density of ZnO NWs
while the second step was used to lengthening the ZnO N'Ws while limiting their radial growth [222]. This approach
led to a strong increase in the performances of the related iOSCs comprising the PBDTTT-C-T / PC7BM and PTB7
/ PC7:BM blends, resulting in the high PCE of 7.80 and 8.01 %, respectively.

Effects of the properties of ZnO nanowires
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The effects of the properties of ZnO NWs on the performances of the related HSCs have more recently been pointed
out, typically by introducing additional elements in the lattice of ZnO through extrinsic doping [223] [224] [225]
[226] [227]. Li [223], Al [224], Mg [225], Ga [226], and Bi [227] dopants have been suggested to be incorporated
in the lattice of ZnO NWs grown by CBD, further resulting in a strong effect on their morphology. Overall, an
increase in the performances of the related HSCs has been reported with an optimal dopant content in the range of
several percent. The modification of the barrier height between the ITO / glass substrate and the ZnO NWs was
proposed following the Li doping to account for an increase in the Voc while an oxygen-enrichment of the surface
of ZnO NWs was suggested to explain the increase in the Jsc [223]. Both the morphology change of ZnO NWs due
to doping for enhancing the interfacial area, and a modification of the nature and density of intrinsic and extrinsic
point defects along with prolonged charge carrier recombination lifetime and reduced leakage current have been
emphasized in the cases of Mg, Ga, and Bi doping to account for the increase in the Voc and Jsc of the related HSCs
involving the P3HT polymer donor [225] [226] [227].

Effects of the polymer preparation

A critical issue in both iOSCs and HSCs is related to the infiltration and self-ordering of the polymer into ZnO NW
arrays and hence to the related efficient electron injection. In that respect, the polymer preparation has been reported
to strongly affect the properties of that infiltration and self-ordering.

Olson et al. revealed that the use of dichlorobenzene, as a high boiling point and low pressure vapor solvent,
instead of chloroform significantly improved the P3HT infiltration into the ZnO NWs and presumably its self-
ordering [228]. They further showed that a post-deposition annealing at the melting temperature of 225 °C further
enhances the P3HT infiltration, leading to a HSCs with a Jsc, Voc, FF and PCE of 1.33 mA/cm?, 443 mV, 0.484,
and 0.28%, respectively. The corresponding EQE is shown in figure 13(a). Interestingly, the performances of the
HSCs are also drastically improved by the storage in air for five days thanks to beneficial ageing effects. Baeten et
al. stated that the HSCs comprising the pristine P3HT polymer donor showed a lower PCE than the HSCs with an
annealed P3HT polymer donor for 1 min at the melting temperature of 225°C [217]. This was attributed to an
improvement of the crystallinity of the polymer. A prolonged annealing time was found to be detrimental, likely
because of the ordering of the polymer chains along the 10-10 direction. The same group then revealed that
increasing the annealing time is responsible for a significant decrease in the charge carrier density and lifetime,

further pointing out that the intimate contact between the ZnO NWs and P3HT polymer donor is crucial [219]. To
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make the HSCs more eco-friendly, Baeten €t al. further proposed a full water-processable HSCs by replacing

chlorobenzene, chloroform and toluene solvents by water and using the P3PHT polymer donor [229].
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Figure 13. (a) EQE spectra of ITO/ZnO NW/P3HT/Ag HSCs: not annealed (black squares), annealed at 150°C (red circles),
and annealed at 225°C (blue triangles). The inset shows the EQE as a function of optical density of the corresponding devices.
Reprinted with permission from [228]. Copyright 2007 American Chemical Society. (b) J-V curves under illumination (AM
1.5G) of ITO/ZnO/P3HT/Ag bilayer HSCs. The ZnO layer is treated with UV/Ozone (black squares) or heated at 150°C (red
circles) prior to depositing the P3HT. The inset shows the corresponding J-V curves under darkness. Reprinted with permission

from [230]. Copyright 2008 American Chemical Society.

In the case of ZnO NW-based iOSCs, Takanezawa et al. revealed the dependence of the thickness of the
P3HT:PCBM blend on the solution concentration ratio from 1.0:0.3 to 1.0:0.8, reporting an optimal ratio of 1.0:0.6
[211]. Chou et al. stated that the increase in the polymer solidification time, for instance by decreasing the spin-
coating rate, can thicken the P3HT:PCBM blend as well and favor its self-organization and infiltration into ZnO
NWs [231]. The PCE of the related iOSCs composed of the P3HT:PCBM blend was found to continuously increase

from 1.58 to 3.58 % by prolonging the polymer drying time from 5 to 54 min. Gonzalez-Valls et al. moreover

39



investigated the effects of the solvents used on the polymer thickness and morphology, which are expected to induce
ordering / disordering of the side-chains of the polymer involved [213]. Furthermore, the use of chemical additives
in the P3HT:PCBM blend has been developed to improve the stability of the related ZnO NW-based HSCs. Sung
et al. showed that the addition of 3-hydroxyflavone (3-HF) with the appropriate concentration increases the Jsc of
the related iOSCs composed of the P3HT:PCBM blend and correlatively the PCE from 2.57 to 3.05% [232]. The
stability of the HSCs was also improved significantly, the PCE decreasing by only 15% over one month.

Effects of the interface quality between the ZnO nanowires and polymer

The interface quality between the ZnO NWs and polymer appears as one of the major and widely investigated issue
for both iOSCs and HSCs. In order to i) passivate the surface defects of ZnO NWs and reduce the interfacial
recombination, as well as to ii) favor the wettability of ZnO NWs by the polymer solution for improving the
infiltration and facilitating an intimate contact between the ZnO NWs and polymer, both of them as a pre-requisite
for the efficient electron injection from the polymer to the ZnO NWs, many investigations have reported the need
for performing post-deposition treatments over ZnO NWs and/or forming core-shell like heterostructures.
Post-deposition heat treatments

Olson et al. investigated how two different post-deposition treatments of ZnO NWs affects their surface properties
and the performances of the resulting HSCs comprising the P3HT polymer donor, as presented in figure 13(b)
[230]. A UV/ozone post-deposition treatment to remove organic contaminations was found to strongly improve the
wettability of the polymer solution, but with no effect on its crystallinity. In contrast, a significant difference in the
contact potential of 0.4 = 0.1 eV of the surface of ZnO NWs when processed under UV/ozone treatment as
compared to the annealing at 150 °C for 20 min was attributed to a surface dipole change that, in turn, affects the
interfacial band alignment between the ZnO NW and P3HT polymer donor. This had a highly detrimental effect on
the Voc and PCE of the resulting HSCs where ZnO NWs were exposed to the UV/ozone treatment. The same
approach was used by Leow €t al. by varying the UV irradiation time at room temperature from 15 to 60 min to
activate the photocatalytic reaction required to decompose organic contaminants [233]. It was revealed that the Jsc
of the HSCs composed of the P3HT polymer donor continuously increases with the irradiation time while the Voc
first decreased strongly and then continuously increases as well. A deep investigation of the defects in ZnO NWs,
namely oxygen and zinc vacancies, and their relationship with the annealing in air and under zinc vapor atmosphere

was reported by Iza et al., along with their effects on the performances of the resulting iOSCs [234]. It was shown
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that the Voc and PCE of the iOSCs are strongly increased from 20 to 450 mV and 0.04 to 1.34%, respectively, by
raising the annealing temperature from 100 to 400 °C in air as a result of the vanishing of the zinc hydroxide layer
on the surface of ZnO N'Ws, but no correlation with the density of surface defects like vacancies was carried out.
Inorganic core-shell heterostructures

An alternative approach for passivating surface defects consists in depositing an inorganic semiconducting shell,
such as TiO; [220] [235] [236] [237], ZnS [238], and ZnO [239]. Greene et al. covered the ZnO NWs with a TiO»
shell in a thickness range of 1-28 nm using atomic layer deposition, as shown in figure 14(a) [235]. The Voc, FF,
and PCE of the related HSCs composed of the P3HT polymer donor were found to strongly increase following the
addition the TiO; shell with a thickness in the optimal range of 5-10 nm, as revealed in figure 14(b,d). The
deposition of the TiO, shell was also achieved by soaking the ZnO NWs in a TiCly solution heated at 70 °C and by
subsequent annealing at 400 °C, resulting in the increase the Jsc and FF of the related HSCs composed of the P3HT
polymer donor [236]. From transient absorption measurements, the interfacial recombination was found to be
slower when the ZnO NWs are covered with the TiO; shell, the latter further helping in the P3HT infiltration. The
deposition of a TiOx amorphous shell was made by Lee et al. using a spin coating method and the Voc of the related
HSCs comprising the P3HT polymer donor was also shown to continuously increase from 400 to 800 mV by
thickening the shell up to 5 nm, in correlation with the significant decrease in the reverse-bias current density [237].
In contrast, the same exciton decay dynamics suggested here the passivation of the surface defects of ZnO NWs,
rather than changes in the bulk recombination dynamics. A shell composed of ZnO nanoparticles deposited by spin
coating over ZnO NWs was revealed, from transient photo-voltage measurements, to also slow down the interfacial
recombination by increasing the electron lifetime [239]. The related iOSCs comprising the P3HT:PCBM blend

reached a Jsc, Voc, FF, and PCE of 13.75 mA/cm?, 570 mV, 0.52, and 4.1%, respectively.
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Figure 14. (a) HRTEM image of a ZnO/TiO; core-shell NW heterostructure. The ZnO core is outlined with dashed lines. Scale
bar, 5 nm. (b, ¢, d) Voc, Jsc, and PCE, respectively, of ZnO/TiO,NW/P3HT HSCs as a function of the TiO, shell thickness.
Reprinted with permission from [235]. Copyright 2007 American Chemical Society.

Hybrid core-shell heterostructures

A widely investigated approach further consists in modifying the surface properties of ZnO NWs by using chemical
dyes (i.e. ruthenium based- and organic dyes) [205] [224] [240] [241] [242] [243] [244] [245], fullerene derivative-
based interlayers [246] [247] [248] [249] or organic interlayers including the so-called self-assembled monolayers
(SAMs) and small molecular layers (SMLs) [250] [251] [252] [253] [254] [94-99].

Ruthenium-based dyes including 2907 [205] [224] [240] and N719 [242] were used to modify the surface
properties of ZnO NWs. In HSCs composed of either the P3HT [205] or MEH-PPV [240] polymer donor, the Z907
dye was found to improve the wettability of the ZnO NWs for better polymer infiltration and charge separation at
the interface, but not to significantly contribute to the overall optical absorption. Similarly, the Rattanavoravipa et
al. showed in iOSCs composed of the P3HT:PCBM blend that the N719 dye does not contribute to the photocurrent
generation, but significantly increases the Jsc and Voc by improving the electron transfer and transport [242].

Alternatively, organic dyes, including Eosin-Y [243] [244] [245], indoline D205 and squaraine [241] dyes, as eco-
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friendly, easily purchased and inexpensive dyes have also been employed to alter the surface properties of ZnO
NWs.

The introduction of a Cg interlayer on the top of ZnO NWs has also been investigated in relation to the
performances of the resulting iIOSCs [246] [247] [248] and HSCs [249]. The PCBM interlayer was found to improve
the optical absorption of the iIOSCS composed of the P3HT:PCBM blend by enhancing its self-organization and
infiltration, resulting in an increase in the Jsc and PCE to 11.67 mA/cm? and 3.2%, respectively [246]. Chen €t al.
further revealed that the Cq interlayer assists the exciton separation at the interface and passivates the defect states
on the surface of ZnO N'Ws, enhancing in turn the performances of the iOSCs composed of the P3HT:PCBM blend
[247]. An improvement was also stated by Riedel et al. by inserting a Cq interlayer in iOSCs composed of the
ZnPc:Cq blend [248]. Recently, the passivation of the defect states on the surface of ZnO NWs by a Ceo pyrrolidine
tris-acid interlayer was shown to have beneficial effects on the performances of the HSCs comprising the P3HT
polymer donor [249].

Chen et al. synthesized an amine and bromine terminated 3-hexyl thiophene oligomer with a dual function, the
amine functional group having a good affinity to ZnO NWs while its structure being close to P3HT for better
interfacial compatibility in iOSCs [251]. Whittaker-Brooks et al. developed the adsorption of SAMs via the use of
arylphosphonic acid derivatives for modifying the surface properties of ZnO NWs [252]. The resulting passivation
of the surface defects of ZnO NWs as well as the improvement of the wettability by P3HT led to an enhancement
of charge carrier transfer and a reduction of charge carrier recombination. The related HSCs composed of the P3HT
polymer donor exhibited an increased Jsc and PCE of 12.01 mA/cm? and 2.05%, respectively. Ben Dkhil et al.
more recently reported the use of ligands over ZnO NWs to deposit the aggregate-free P3HT polymer donor,
resulting in an improvement of the performances of the related HSCs [254].

Advanced properties and alternative architectures

Charge carrier photo-generation and separation at the interface between the ZnO NWs and polymer have appeared
as a major issue in both iOSCs and HSCs. Alternative ways to improve the management of charge carriers at the
interface has recently arisen from the exploitation of the piezoelectric and pyroelectric properties of ZnO NWs
crystallizing into the wurtzite structure. By contacting a P3HT polymer donor on the top of a single ZnO NW
deposited on a flexible PDMS substrate, Yang et al. explored the effects of introducing strain on the performances

of the related HSC [255]. It was shown that the band structure between ZnO and P3HT can be modified by the
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piezo-potential induced by the externally applied strain, favoring in turn the management of charge carriers and
hence maximizing the output voltage of the HSC. Shoace et al. reported the enhancement of the Jsc and Voc of the
HSCs composed of either a P3HT or PCDTBT polymer donor by applying acoustic vibrations using a loudspeaker
(75 dB at 1-50 kHz) [256]. The enhancement was shown at the given resonance frequency of ZnO NWs around 10
kHz, improving the PCE from 1.35 to 1.75% as shown in figure 15(a), and attributed to reduced charge carrier
recombination losses. A model yielding the modification of the band structure at the interface was proposed as a
consequence of applying acoustic vibrations, moving away the ZnO electrons or P3HT holes from the interface as
a function of the ZnO polarization, as presented in figure 15(c). More recently, indoor light illumination and
temperature were also used to improve the performances of the HSCs composed of the P3HT polymer donor by

activating pyro-phototronic effects in ZnO NWs [257].
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Figure 15. (a) J-V curves under illumination (AM 1.5G) of ZnO NW/P3HT HSCs measured in ambient conditions or under
external vibration with a frequency of 10 Hz at 75 dB. The ZnO NWs have an aspect ratio of 38 (A) or 5 (E). (b) Transient
absorption signals of ZnO/P3HT HSCs (A) measured in ambient conditions or under external vibration with a frequency of 10
Hz at 75 dB. (c) Schematic of the potential impact of an oscillating acoustic vibration upon photo-induced charge carrier
dynamics in the ZnO NW/P3HT HSC in its two opposite/extreme states of polarization. Reprinted with permission from [256].
Copyright 2014 Wiley & Sons.

While most of the iOSCs and HSCs integrating ZnO NWs have employed a polymer blend or single polymer in
a fully-impregnated configuration for a simple planar back-contact approach, alternative approaches involving the
core-shell configuration have been explored as well [258] [259]. Briseno €t al. reported the fabrication of ZnO /
P3HT and ZnO / didodecylquaterthiophene (QT) core-shell NW heterostructures using a self-assembled technique
in chlorobenzene solutions [258]. The conformal deposition of the polymer shell all around the ZnO NWs led to
the fabrication of single NW HSCs. Iza et al. showed the fabrication of iOSCs composed of the P3HT:PCBM blend
conformally covering the ZnO NWs as a shell [259]. Both Jsc and FF were improved in the core-shell configuration
with respect to the more standard fully-impregnated configuration, which was attributed to enhanced charge carrier
extraction while maintaining the optical absorption at the same level. Alternatively, Ambade et al. developed the
integration of ZnO N'Ws in a planar configuration (i.€. lying on the ITO / glass substrate) into HSCs and iOSCs
[260] [261] [262]. The adsorption of SMLs through the use of cyanoacrylic acid derivatives was used for tuning
the work function and surface energy of ZnO NWs from 4.40 to 3.98 eV and from 52.5 to 33 mN/m, respectively
[262]. The decrease in the work function by thickening the SMLs was associated with the presence of a strong
dipole moment pointing away from ZnO NWs, further upshifting the conduction band minimum. The resulting
iOSCS composed of either the P3HT:PCsBM blend or the PTB7:Th:PC7BM had an increased PCE of 3.68 and
8.0%, respectively, which was mainly attributed to a strong increase in the Jsc resulting from the reduced surface
energy and larger electron affinity induced by the covalent attachment of the electron withdrawing cyano moiety.
In contrast, the resulting HSCs comprising the P3HT polymer donor exhibited an increased PCE of 0.79%

originating from a large increase in the Voc related to the reduced work function.

Photocathode Organic Anode Isc Voc FF PCE Ref.
absorbers (mA/cm?)  (mV) (%)

ZnO NWs P3HT Ag 22 440 0.56 0.53 [20]

ZnO NWs P3HT Ag 1.33 440 0.48 0.28 [228]

7Zn0O NWs P3HT Ag 1.24 438 0.47 0.25 [230]

ZnO NWs P3HT Ag 2.64 565 0.55 0.82 [206]
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ZnO NWs P3HT Ag 2.73 544 0.548 0.814 [219]
ZnO NWs P3HT Au 9.39 440 0.402 1.64 [207]
ZnO NWs P3HT PEDOT:PSS/ Ag 2.67 546 0.53 0.76 [217]
ZnO NWs P3HT MoO;/ Ag 3.10 550 0.37 0.65 [233]
ZnO NWs MEH-PPV PEDOT:PSS / Au 7.417 162 0.2808 0.337 [216]
ZnO NWs P3PHT Ag 0.102 170 0.33 0.0059 [229]
ZnO:Li NWs P3HT Ag 1.41 480 0.55 0.37 [223]
ZnO:A1NWs /72907 MEH-PPV PEDOT:PSS / Au 5.32 195 0.2771 0.287 [224]
ZnO:Mg NWs P3HT Ag 1.57 490 0.47 0.36 [225]
Zn0:Ga NWs P3HT Ag 1.98 530 0.42 0.44 [226]
ZnO:Bi NWs P3HT Ag 2.87 440 0.47 0.59 [227]
Zn0O NWs / TiO, P3HT Au 1.14 500 0.50 0.29 [235]
ZnO NWs/ TiO; P3HT Ag 291 380 0.50 0.55 [220]
ZnO NWs / TiO; P3HT PEDOT:PSS / Au 0.53 320 0.41 0.070 [236]
ZnO NWs / Z907 P3HT PEDOT:PSS / Au 1.73 300 0.389 0.20 [205]
TPD(4M)-
ZnO NWs /72907 MEH-M3EH- PEDOT:PSS / Au - - - 0.15 [205]
PPV
ZnO NWs / Z907 P3HT PEDOT:PSS / Au 2 - - 0.2 [240]
ZnO NWs / D205 P3HT VO, / Ag 1.75 505 0.614 0.546 [241]
ZnO NWs / squaraine P3HT VO / Ag 5.52 323 0.574 1.02 [241]
ZnO NWs / Eosin-Y P3HT Ag 2.30 350 0.49 0.39 [244]
ZnO NWs / Cgo P3HT Ag 2.26 200 0.38 0.167 [249]
ZnO NWs / P3HT:ZnO
Au 2.51 440 0.41 0.45 [250]
mercurochrome NPs
ZnO NWs/ CF;PA P3HT Au 12.01 480 - 2.05 [252]
ZnO NWs/FPA P3HT Au 11.93 470 - 1.95 [252]
ZnO NWs/ HPA P3HT Au 10.76 450 - 1.84 [252]
ZnO NWs/ OMePA P3HT Au 10.41 445 - 1.72 [252]
ZnO NWs / F,PA P3HT Au 9.97 440 - 1.66 [252]
ZnO NWs* P3HT PEDOT / Au - - - 0.6 [197]
ZnO NWs P3HT Au 5.51 540 - 1.35 [256]
ZnO NWs** vib P3HT Au 7.52 570 - 1.75 [256]
ZnO NWs*** ginconf P3HT Au 0.32 400 0.28 0.036 [258]
ZnO NWs*** ginconf QT Au 0.29 350 0.32 0.033 [258]
ZnO NWs/
cyanoacrylic P3HT MoOs/ Ag 1.85 720 0.6 0.79 [262]
aCid****
* Flexible HSC
** HSC measured under acoustic vibrations at 10 kHz and 75 dB
*** HSC integrating one single ZnO NW in a planar configuration
**** HSC integrating ZnO NWs in a planar configuration
Table 5. PV performances of the HSCs integrating ZnO NWs.
Photocathode Organic Anode Isc Voc FF PCE Ref.
absorbers (mA/cm?)  (mV) (%)
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ZnO NWs P3HT:PCBM Ag 10.0 475 0.43 2.03 [20]

ZnO NWs P3HT:PCBM Ag 9.6 570 0.5 27 [211]
ZnO NWs P3HT:PCBM Ag 1.7 530 058 358 [231]
ZnO NWs P3HT:PCBM Ag 14.99 480 034 244 [188]

ZnO NWs P3HT:PCBM Ag 7.29 400 035 102 [191]

ZnO NWs P3HT:PCBM Ag 7.8 450 04096 134  [234]

ZnO NWs P3HT:PCBM  PEDOT:PSS/Ag  10.02 550 0.3 294 [193]

ZnO NWs P3HT:PCBM  PEDOT:PSS/Ag  11.63 490 035 196  [213]

ZnO NWs P3HT:PCBM MoO; / Al 9.02 550 044 215 [196]

ZnO NWs P3HT:PCBM MoOs / Ag 8.55 440 045 171 [209]

ZnO NWs P3HT:PCBM MoO; / Ag 14.9 560 0487 407 [221]

ZnO NWs P3HT:PCBM MoO; / Ag 9.4 550 0.661 35 [189]

ZnO NWs P3HT:PCBM MoO; / Al 7.9 580  0.49 23 [192]

ZnO NWs P3HT:PCBM VO, / Ag 10.4 580  0.65 3.9 [195]

ZnO NWs P3HT:PCBM VO, / Ag 9.9 580  0.65 3.7 [212]

ZnO NWs P3HT:PCBM V,05/ Ag 10.75 550 0.6021 356  [194]

ZnO NWs CuPc:Ceo: CuPc  PEDOT:PSS/Au  3.86 460 030 053 [190]

PBDTTT-C-
Zn0O NWs MoOy / Ag 18.4 733 0.8 780  [222]
T-PC/BM
ZnO NWs PTB7:PC;,BM MoO, / Ag 17.5 709 0.646 801  [222]
P3HT:PCBM:x-

ZnO NWs T Ag 11.56 500 04463 305  [232]
ZnO NWs / ZnO P3HT:PCBM MoO; / Ag 13.75 570 0.52 41 [239]
ZnONWs/N719  P3HT:PCBM Ag 8.89 570 041 200 [242]

ZnO NWs / Eosin-Y MEH- Ag 3.95 530 0.50 102 [243]
PPV:PCBM
ZnONWs/PCBM  P3HT:PCBM Ag 11.67 550 0.5 32 [246]
ZnO NWs / Ceo P3HT:PCBM Ag 11.6 530 034 209 [247]
Zn0O NWs / Ceo ZnPe:Ceo MoOs / Ag 1.2 500  0.50 2.8 [248]
ZnO NWs / O3HT-
. P3HT:PCBM Ag 8.8 490 040 173 [251]
ZnONWs/PSBTBT  P3HT-PCBM Ag 13.23 547 028 202 [253]
Zn0O NWs* P3HT:PCBM MoOy / Au 9.917 266 037126 0979  [208]
Zn0O NWs* P3HT:PCBM Ag 9.82 520 035 178 [198]
ZnO NWs conf**  P3HT:PCBM Ag 7.8 450 04096 134  [259]
ZnO NWs / P3HT:PCeBM MoOs / Ag 10.06 610 0.6 368 [262]
cyanoacrylic acid***
ZnO NWs / PTB7-

L MoO;/ Ag 14.58 790 0.69 8.00 [262]
cyanoacrylic acid*** Th:PC7 BM

* Flexible iOSC
** JOSC integrating ZnO NWs in a conformal configuration
*** JOSC integrating ZnO NWs in a planar configuration

Table 6. PV performances of the iOSCs integrating ZnO NWs.

5. Dye-sensitized solar cells

Background of dye-sensitized solar cells



DSSCs are a type of photo-electrochemical system that utilize metal oxide semiconductors and
organic/metalorganic-complex dyes. They traditionally incorporate a mesoporous oxide film with adsorbed dye
molecules as the light absorbing layer, a liquid electrolyte that contains an I7/I3" redox couple, and a platinized
conductive substrate as counter electrode [263] [7]. Similar to the classic mesoporous TiO,-based DSSC, a ZnO
nanoparticle film was initially investigated early in the history of DSSCs, as it provides a large surface area. The
pioneering work was performed by Redmond et al. in 1994 [264]. They fabricated transparent ZnO film using a
sol-gel method and achieved 0.4% PCE. Later on, extensive research has been conducted in ZnO nanostructure-
based DSSCs. For ZnO nanoparticles, the highest performances remain around 5% PCE with the record of 6.85%
achieved by Saito and Fujihara in 2008 [265]. Percolation theory states that inter-particle hopping is considered to
be the main effect to facilitate the electron transport process within a nanoparticle film [266]. An electron is
estimated to cross 103-10° particles when travelling randomly within the network [266]. A lengthy electron-
transport path correlates with the increase in the recombination processes between the electrons and the oxidized
dye or redox medium in the electrolyte [267]. Thus, one-dimensional single-crystal nanostructured ZnO was
proposed to provide a direct electron pathway from electron injection to electron collection, unlike the random
transport pathways in nanoparticle films which leads to collisions and trappings at the grain boundary or at the
semiconductor/electrolyte interface. Due to this potential benefit, and the ease of production of one-dimensional
nanostructures of ZnO at low temperature [268], ZnO NWs have been of great research interest to act as the ETM
of DSSCs and their PV performances are gathered in Table 7.

Single ZnO nanowire dye-sensitized solar cells

For the application of DSSCs, the adsorption of the dye to photo-anode and charge transfer between the dye and
the photo-anode take place at the interface. It was found that increased active surface area leads to potentially higher
degree of dye loading and thus increase of charge carrier generation [269]. It was also suggested that compared to
non-nanostructured electrodes, semiconductors grown in the form of nanotubes or NWs, have a higher effective
surface area in contact with the dye and electrolyte [7]. However, the specific surface area of ZnO NWs is still
much less than that of a mesoporous structure. Lower dye loading causes poor light absorption. In order to achieve
a higher degree of dye loading, a number of designs tuning the nanostructures have been demonstrated such as:
elongated ZnO NWs [16] [270] or hierarchical structure using secondary growth [17] [271] [272]. For some time,

the state-of-the-art performance of purely ZnO NW-based DSSCs (i.e. non-hierarchical) was 1.5% reported by Law
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et al. [16]. In this work, polyethylenimine (PEI) was added to enhance anisotropic growth of the ZnO NWs to
achieve high aspect ratio NWs. This could increase surface area and subsequent dye loading. The average length
and diameter of the NWs were measured to be 16-17 um and 130-200 nm, respectively [16]. Gao et al. also reported
a similar approach using ammonium hydroxide to change the supersaturation degree of zinc precursors during the
growth [273]. ZnO NWs with length of 14 pum and diameter of 120-150 nm were achieved, leading to a PCE of
1.7%. Other structures exceeding this efficiency have also been reported, however they mainly used hierarchical
structures. Such structures include, on the one hand, ZnO NWs with a nanoparticle capping network, where the
PCE was increased up to 1.75% [274], 1.77% [275], 2.2% [276], and 4.24% [277], and eventually reaches a
maximum PCE of 4.74% [278] by engineering the interface with the dye by forming a zinc oxoacetate phase. Other
hierarchical structures include as well ZnO NWs with outstretched branches (nanoflower/nanotree) overlayers
(1.9% [271], 2.53% [279], 4.08% [280]). The main disadvantage of ZnO as the ETM in a DSSC is the chemical
instability: dye precipitation was discovered in ZnO-based DSSCs [281]. Since the Ru complex-based dye was
initially engineered for TiO; [282], dissolution of ZnO by the acidic carboxylic anchoring group of the sensitizer
causes insoluble complexes and precipitation on the surface of ZnO [281]. The precipitates typically block the
charge transfer between dye molecules and ZnO thus reducing the charge injection. They can also act as
recombination sites leading to overall severe recombination.

Core-shell ZnO nanowire heterostructure dye-sensitized solar cells

To avoid a direct contact between dye molecules and ZnO NWs, core-shell heterostructures with combinations of
different metal-oxides (ZnO, Al,Os, Si0,, WO3, MgO, TiO;) have been reported [269] [283] [284] [285] [286].
Prior to their use in ZnO NW core-shell heterostructures, a number of metal-oxide combinations had been
investigated. In 2003, Palomares €t al. reported that dip-coated AlOs on TiO, nanocrystalline films led to an
increase in Vo up to 50 mV and 35% improvement in the PCE of the related DSSC [287]. In 2005, O’Regan €t al.
demonstrated an Al O3 barrier layer coating on a TiO,/dye/CuSCN solid-state solar cell [288]. It was reported that
AlLOj treated cells show improved Voc and FF but lower Jsc. The AlLOs layer was considered to act as a tunnel
barrier, suppressing the recombination rate hence improving the photo-voltage [288]. These reports proposed a
pioneering demonstration of decorating the n-type photo-anode by applying outer shell structure.

Core-shell ZnO / TiO, nanowire heterostructure dye-sensitized solar cells
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In 2006, Law et al. reported enhanced DSSCs based on ZnO/Al,Os; and ZnO/TiO, NW core-shell
heterostructures. The as-grown ZnO NWs had a length of 15 pm and a diameter of 150 nm [269]. ALD was used
to deposit a thin shell of amorphous Al,O; or anatase TiO;. It was reported that the insulating Al,Os shell increased
the Voc, but decreased the Jsc significantly, leading to decreased efficiency [269]. For TiO; shells, an optimal 10-
25 nm in thickness increased both photo-voltage and FF, enhancing the performance up to 2.25% [269] compared

to 1.5% for pure ZnO-based DSSC [16]. The structure of ZnO/TiO; is shown in Figure 16 below.
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Figure 16. Characterization of ZnO/TiO, core—shell nanowires and TiO, nanotubes with a shell thickness of 13.5 + 1 nm. (a)
Dark-field TEM image of a core—shell wire. (b) Selected area electron diffraction pattern of a different core—shell wire,
showing a polycrystalline anatase spot pattern superimposed on a single-crystalline ZnO spot pattern. The discontinuous
anatase (101) ring is labelled. The continuous ring near centre is an artefact from the aperture. (c) EDS elemental profile along
the dashed line in part (a). (d) High-resolution TEM image of the outer surface of a core—shell wire. (¢) Dark-field TEM image
of anatase nanotubes made by removing the ZnO wire cores in 1 M aqueous HCI. The tubes have hexagonal cross sections. (f)
Electron diffraction of an ensemble of tubes. The 10 innermost rings are labelled (all rings are anatase). Reprinted with

permissions from [269]. Copyright 2006 American Chemical Society.
It was suggested that the application of the shell would decrease the recombination rate possibly due to the

passivation of surface recombination sites and build-up of a radial energy barrier that repels electrons from the
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NWs to recombine [269]. Law et al. suggested that since the band gaps and band edge energies of bulk ZnO and

anatase TiO, are equal to within about 50 mV, TiO, and ZnO can form an Nn-n* heterojunction free of band

N +
discontinuities and with a built-in potential, neglecting any difference in densities of states, of @, =V, In—2
D

Where Vin is the thermal voltage, No* and Np are the donor concentrations in the heavily doped ZnO core and more

lightly doped TiO; shell, respectively. As a result, an energy barrier of 75-150 mV is reasonable based on the doping

difference between ZnO and TiO,. This radial field would reduce the electron concentration at the NW surface by

a factor of CXP(—% / KT), or roughly 20-300 times smaller than the concentration at the centre of a NW, leading

to decreased recombination [269]. A schematic band diagram of the proposed situation is shown in Figure 17.
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Figure 17. Schematic energy level diagram of a ZnO/TiO; core-shell structure in cross section and in equilibrium with the

surrounding electrolyte. Reprinted with permissions from [269]. Copyright 2006 American Chemical Society.

Following this suggestion, a number of other ZnO/TiO, core-shell NW heterostructures were reported,
including: a RF magnetron sputtered TiO; shell onto ZnO NWs with 2% PCE, compared to 1% for bare ZnO NWs
[289]; sol-gel ZnO/TiO; structures, giving 3% PCE compared to 2.1% for bare NWs [285] [290]; atmospheric
pressure CVD (APCVD) giving a 14 nm TiO> shell with 0.9% PCE, twice that of bare nanorods with V. increasing
but Jc and PCE decreasing with thicker shells [291]; dip-coating of TiO> on ZnO NWs with 3.8% PCE that was 2.6
higher than bare NWs [292]; solution-grown TiO, on ZnO NWs using ammonium hexafluorotitanate and H;BO;
giving ~3% PCE, around three times that of bare NWs [293]. In almost all cases, the main benefits of the ZnO/TiO>
core-shell NW heterostructures is the preferential band alignment that drives strong charge separation, reducing
recombination as well as promoting rapid charge transfer to ZnO NWs with the high charge carrier mobility.

Reduced dye aggregations from the chemical stability of TiO, surface are also often-cited benefits. Importantly,
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Xu et al. reported the formation of a multilayer assembly of core-shell ZnO/TiO, NW heterostructures up to a
length larger than 40 pm, using alternate cycles of NW growth and self-assembled monolayer coating processes.
By increasing the length of ZnO NWs, the PCE was enhanced up to 7.0 %, while continuously increasing the Jsc
and decreasing the Voc [294].

Alternative core-shell ZnO nanowire heterostructure dye-sensitized solar cells

Further metal-oxide shells have also been investigated for ZnO NW-based DSSCs. In 2008, Plank et al. reported
hydrothermal synthesis of MgO shells onto ZnO NW arrays [295]. A solid-state DSSC was configured with spiro-
OMeTAD as the HTM. The bare ZnO-based device showed only 0.072% PCE while the MgO shell coated device
showed 0.33% PCE. The addition of MgO layer led to the Js improving from 0.8 to 2.3 mA/cm?. V. was also
improved by 70 mV from 280 to 350 mV. The improvement of photocurrent despite the insulating nature of MgO
was attributed to enhanced dye loading, achieved by enhanced stability of ZnO in acidic dye solution and increased
light scattering. It was also suggested that the physical separation induced by the insulating shell or coating between
the electrons and holes reduce the charge recombination and promoted effective electron tunneling [295].

A ZnO/ZnS core-shell NW heterostructure was reported by Chung et al. in 2010 [296]. The ZnS shell was
fabricated via solution growth using a ZnSQOs/thiourea/NH4OH solution. The resulting structure achieved 2.72%
PCE compared to 0.11% from bare NW device. The report suggested that the formation of a ZnS layer on the ZnO
NWs reduced the density of surface defects, leading to improved DSSC performance [296].

In 2013, Guillen et al. reported a ZnO/ZnO core-shell NW heterostructure for DSSC application [297]. The shell
was deposited from a ZnO colloidal suspension via spin coating at 2000 rpm for 30 s followed by thermal annealing
of 100 °C for 5 mins. This was repeated 50 times to achieve an optimal coating which led to 2.1% PCE. Comparing
to bare ZnO NW-based device, a significant 250 mV improvement of V,. reaching 870 mV was observed.
Electrochemical impedance spectroscopy and intensity-modulated photo-voltage spectroscopy showed a slowdown
of the recombination dynamics [297].

In 2013, Zhou et al. reported ZnO/SnO, core-shell NW heterostructures for DSSCs [298]. The shell solution
was a SnO; colloid prepared by refluxing a mixed solution of 0.5 M tin dichloride and dehydrate in 100 mL ethanol
at 90 °C. The obtained colloid was then coated on ZnO via dip-coating. The film was finally annealed at 500 °C
for 1 h. The structure led to a PCE of 4.71%, compared to 2.87 % from bare ZnO NW-based devices. From the

result of UV-vis absorption on eluted dye concentrations, the application of shell was found to increase the surface
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area leading to almost two times higher dye loading. On the other hand, the shell improved the stability by blocking
the direct contact between ZnO and dye molecules [298].

In 2017, Jung et al. reported CuO-coated ZnO NWs for DSSCs, showing improved PCE from 0.032% (bare) to
0.11% (CuO-coated) [299]. The CuO shell was suggested to absorb more visible and NIR light, generating a larger
number of excited electrons, improving the photocurrent. It could also behave as a blocking layer that reduces
interfacial recombination by inhibiting electron back transfer [299].

Quality of the interface with the dye

In general, even though ZnO has a similar band gap and energy level position as TiO;, high electron mobility and
easy crystallization into various nanostructures at low temperature, the results of ZnO-based DSSCs still show
lower PCE than that obtained with TiO,. The best pure ZnO-based DSSC (6.58%) is still ZnO nanoporous film
sensitized by N719 [265], exactly the same morphology as the pure nanoporous TiO,-based DSSC. Other efforts
utilizing different nanostructures (such as one-dimensional NWs for direct electron pathway) have all resulted in
lower PCE. Building on these ZnO NWs using nanoparticle capping, nanoflower/tree decorating, dendritic NWs
and core-shell coatings have all showed slight improvement as discussed above, but still with lower PCE than the
nanoparticle-based devices. It is suggested that surface area is still the dominant factor that affects the performance
of DSSCs by limiting the dye loading and therefore photo-current. From higher surface area (nanoparticles film) to
intermedium surface area (complex nanostructure with ZnO backbone and additional particles/branches/dendrites)
to low surface area (pure ZnO NWs) shows decreasing PCE. The performance of the ZnO-based DSSC is also
suggested to be limited by the formation of Zn**/dye complex during direct use of N719, N3 and black dyes [300].
The dye molecules have carboxyl groups that leads to acidic nature of the dye solution, which is not compatible
with ZnO surfaces. Reduced dye loading time (1-3 h compared to 12-24 h for TiO, based samples) have found to
be beneficial to reduce the formation of Zn**/dye complex [301] [302]. Different dye such as D149 [303] and
amphiphilic acid co-adsorbents [304] have also been reported to be able to reduce Zn>"/dye complex. Since the
Zn**/dye complex is caused by the dissolution of surface Zn atoms by the protons released from the dye molecules,
the use of protective shells, resulting in core-shell NW heterostructures, has been extensively investigated and

shows a promising path to improve the performance of ZnO NW-based DSSCs.

J. V. PCE
Photoanode Technique 3¢ 5 o FF Ref.
(mA/cm?) (mV) (%)
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ZnO NWs - 53-5.85 610-710 0.36-0.38  1.2-1.5 [16]

ZnO NWs - 1.3 670 0.32 0.3 [270]

ZnO NWs - 6.79 540 0.5 1.7 [273]
ZnO NWs/ TiO, ALD 4.5 820 0.6 2.25 [269]
ZnO NWs /TiO, ALD 1.14 500 0.5 029 [235]
Solid state DSSC
ZnO NWs / MgO Hydrothermal 2.3 350 0.42 0.33 [295]
ZnO NWs/ TiO, RF MS 5.3 700 0.53 2.0 [289]
ZnO NWs / TiO; Sol-gel 6.3 760 0.6 3.1 [290]
ZnO NWs / ZnS Solution growth 11.9 530 0.44 2.72 [296]
ZnO NWs/ TiO, CVD 2.45 680 0.55 0.9 [291]
ZnO NWs / TiOs Solution dipping 10.6 590 0.61 3.8 [292]
ZnO NWs / TiO, Sol-gel spin coating 431 680 0.43 3 [285]
ZnO NWs / TiO, Solution growth 52 820 0.73 3.03 [293]
ZnO NWs / TiO, Solution growth ~15.5 ~ 760 - 7.0 [294]
ZnO NWs / ZnO Colloidal suspension spin coating 5.9 0.85 0.42 2.1 [297]
ZnO NWs / SnO; Colloidal suspension dip coating 9.8 0.59 0.57 4.71 [298]
ZnO NWs / CuO E-beam evaporation 0.72 0.46 0.33 0.11 [299]

Table 7. PV performances of the DSSCs integrating ZnO NWs.

5. Halide perovskite-based solar cells

Background of halide perovskite-based solar cells

In 2009, Kojima €t al. reported hybrid organic-inorganic metal halide perovskites (HPSCs) used as visible-light
sensitizers for photovoltaic cells [305]. Organic-inorganic lead halide perovskite compounds such as CH;NH3PbBr3
and CH3NH;PbI; were selected due to unique optical properties, excitonic properties, electrical conductivity [305]
as well as large absorption coefficient, high charge carrier mobility and diffusion length [306]. The resulting 3.13%
PCE with 960 mV Voc showed the perovskite compounds to be a promising candidate towards high photo-voltage
devices [305]. Here the device still resembled a liquid-state DSSC structure, with the perovskite replacing original

dye molecules on a mesoporous TiO; scaffold [307]. The structure evolution of HPSCs is shown in Figure 18 [307].

54



(a)[ AuorAg | (b) (c) (e)

. ‘ L
! L4 P : Perovskite

FTO
J.=17.6 mAJ/cm? FF=0.62 J,.=17.8mAfcm? FF=0.63 J.=200mAfcm* FF=0.73 J.=215mA/cm? FF=0.67
Ve.=0888V n=9.7% V=098V n=10.9 % V..=0.9893V n=150% V..=107V n=15.4%

Figure 18. Structural evolution of HPSCs: (a) sensitized solar cell with nanodot perovskite, (b) meso-superstructured solar cell
with a thin and continuous layer of perovskite, (c) perovskite-infiltrated solar cell with a capping layer of perovskite, and (d)
planar heterojunction solar cell. Typical PV performance parameters are shown beneath each structure. Reprinted with

permission from [307]. Copyright 2015 Royal Society of Chemistry.

Since then, the research on HPSCs has accelerated producing increasing PCEs, with record efficiency currently at
23.3% according to the National Renewable Energy Laboratory (NREL) [308]. Due to the higher absorption
coefficient of perovskite materials than molecular dye sensitizers [21], high specific surface is not essential in the
case of HPSCs comparing to DSSCs. Thus, one important factor of the ETM design is the overall thickness rather
than high surface area-focused morphology.

It was suggested by Leijtens et al. that the different pore filling factor from different ETM thickness has a
significant effect on the HPSC performance [309]. Thicker ETM films with lower pore filling fraction would form
an ETM-perovskite mixture layer with the potential risk of HTM in contact with ETM, or even the conductive
substrate. A thinner ETM film has the benefit of forming a perovskite-capping layer, meaning the full ETM film is
embedded under perovskite layer. Photo-generated charges would be able to rapidly transfer into TiO due to the
high mobility of carriers within perovskite material [310]. It was also suggested that thinner ETM films with lower
surface area would facilitate a faster charge collection at the conductive substrate. Lower surface area leads to lower
amount of possible recombination sites, thinner film means charges would have a higher probability to be collected
before recombination [309]. It was found that the efficiency of the TiO, based-HPSCs increased from 11.8% to
15.3% to 16.5% with decreased film thickness from 750 nm to 440 nm to 260 nm, respectively. It was later reported

that 400 nm-thickness was around the optimal value for ETM in the framework of HPSCs [311][312] [313].
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(b)

Figure 19. (2) ZnO NWs utilized in liquid-state DSSC with 16-17 pm lengths. Reprinted with permission from [16]. Copyright
2006 Nature Publishing. (b) ZnO NWs utilized in HPSC with 1 pm length. Reprinted with permission from [314]. Copyright
2014 American Chemical Society.

Figure 19 shows the comparison of structures for ZnO-based liquid-state DSSCs [16] and ZnO-based HPSCs
[314], both optimized for improving the PCE. It can be seen that, as a result of the different surface area and overall
thickness requirements, longer length is utilized for liquid state DSSCs while short length is optimal for HPSCs.
Similar to the developing pathway in liquid-state DSSCs, ZnO was then selected as a substitute for TiO, in HPSCs.
In 2013, Liu reported a HPSC based on a ZnO nanoparticle film. The PCE exceeded 10% on flexible substrates
(ITO/PET) and 15% on rigid substrates (ITO/Glass) [313]. The PV performances of the HPSCs integrating ZnO
NWs are gathered in Table 8.

ZnO nanowire halide perovskite-based solar cells

In the same year, Bi et al. reported enhanced light absorption using halide perovskites upon ZnO NWs. NWs with
1pum length achieved a 5.2% PCE using single-step deposited halide perovskites [21]. Kumar et al. reported 8.9%
PCE combining electrodeposited ZnO seed layer and hydrothermally grown ZnO NWs [315]. The ZnO seed layer
also acted as compact layer to block holes, preventing recombination with electrons within FTO and holes in the
halide perovskite. A schematic of typical ZnO NW-based HPSCs is shown in Figure 1b.

In 2014, Son reported 11.13% PCE HPSCs based on ZnO NWs using two-step sequential method to deposit the
halide perovskite [314]. The reported optimal length of ZnO NWs was also 1 um. The author also fabricated 1 pm
long TiO, NW based-HPSCs as comparison, achieving a slightly lower Vo and 10% PCE. Time-limited
photocurrent response under 530 and 700 nm monochromatic beams at 10 Hz showed that device signal amplitude,

associated with charge collection, was rapidly saturated for the ZnO NW-based device whereas charge collection
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was not fully detected for TiO, NW-based device due to slow collection rate. These results suggested that ZnO NW
is an effective charge collection system in HPSCs [314]. The same group of authors showed one year later the
effects of the seed layer on the morphology of ZnO NWs and the resulting performances of the HPSCs [316]. The
ZnO seed layer grown by the sol-gel process was found to improve the verticality of ZnO NWs as well as the
recombination resistances and ZnO NW-halide perovskite interface quality, leading to a larger Voc reaching 956
mV. Additional surface modifications of ZnO NWs with (NH4),TiFs treatment for forming a TiO; thin shell led to
an increased PCE of 14.35% correlated with a further jump of Voc and FF to 1055 mV and 0.698, respectively
[316]. Similarly, Wang et al. showed the benefit of adding a TiO> thin shell on ZnO NWs via TiCls treatment,
increasing the PCE of the resulting HPSCs from 5.6 to 8.24% [317]. The improvement was presumably attributed
to larger surface area, reduced electron recombination, and superior electron transport properties. In 2012, Dong et
al. reported improved performance from 8.5% PCE for un-doped to 10.07% using aluminium-doped ZnO-coated
ZnO NWs as ETM [318]. The aluminium-doped ZnO thin shell was deposited by spin-coating a mixed ethanolic
solution of AI(NO3); and Zn(Ac), onto the as-prepared ZnO NWs. The presence of the Al doping improved the
Voc and PCE due to reduced charge recombination in the device as the aluminium-doped ZnO shell has a higher
conduction band than ZnO, larger electron mobility and higher electron density [318]. In contrast, Zhang €t al.
showed that the formation of an i-ZnO shell with a lower electron density on ZnO NWs is favorable for increasing
the PCE of the resulting HPSCs up to 10.28% thanks to the reduction of charge carrier recombination [319].

In 2015, Mahmood et al. reported ZnO NW-based HPSCs achieving 16.19% PCE [320]. The synergistically
improved ZnO NWs, with PEI coating and high aspect ratio (1 pm in length, 85 nm in diameter), were doped with
nitrogen. Doping significantly improved electron density, leading to improved current and voltage. The ZnO NW
array was coated with a thin layer of PEI via spin coating. Due to the strong interaction between the PEI and
nonpolar surface of ZnO, a conformal coating of PEI can shift the work function of ZnO leading to increased photo-
current (17.3 to 18.85 mA/cm?). This was attributed to improved electron extraction and reduced series resistance
with PEI coating [320]. Unlike the conventional metal-oxide shell utilized in DSSCs, a ZnO/PEI core-shell NW
heterostructure showed interesting approach to improve ZnO-based HPSCs by passivating the surface trap states
on ZnO. In general, while ZnO-DSSC:s still shows low PCE, ZnO-HPSCs have already shown comparable results

(20% PCE, 16.19% for NWs) with TiO,-based HPSCs. As a promising candidate next to the widely used TiOs,
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ZnO shows promising results benefiting from low-cost and low energy manufacture processing. The higher electron
mobility is also adding the advantage over TiO; especially in HPSC research.

Stability issue in ZnO-based halide perovskite-based solar cells

Similar to DSSCs, a major limitation of ZnO-based PSCs is also the stability. After the deposition of perovskite
precursor solution onto the film, a post-annealing step is required to evaporate the solvent and crystalize the
perovskite film at around 100 °C. However, prolonged thermal annealing can also degrade CH3NH3Pbl; perovskite
film, generating HI and CH3NH,, both evaporating at 100 °C. It was found that this degradation was catalysed and
accelerated on ZnO films (2 mins) compared to TiO; films (40 mins) [321]. It was suggested that the basic nature
of ZnO surface would lead to proton-transfer reactions at the ZnO/CH3;NH;Pbl; interface, which leads to
decomposition of the perovskite film [322]. It was also suggested that low temperature solution-processed ZnO
film has surface groups of hydroxide and acetate, and reaction of methyl ammonium iodide (MAI) and ZnO film
would accelerate under moisture in ambient air, causing poor stability of ZnO based perovskite solar cells [323].
To solve the instability issue, surface passivation has been proposed to be effective similar to the core-shell
approach in DSSCs. In 2017, Song et al. demonstrated a triple-cation perovskite structure
(Csx(MAy.17FAo.83)100-x)Pb(Io.83Bro.17)3) on ZnO nanoparticle film using a one-step deposition method [324]. A
stabilized performance of 18.9% was achieved, which was attributed to Cs doping and remnant Pbl, passivation.
Guo et al. reported a carefully engineered combination of ultrasonic assisted method and a two-step sequential spin-
coating deposition technique onto ZnO nanoparticle films in 2018 [325]. The resultant compact and pinhole-free
ZnO-HPSC achieved 14.52% and maintained 86.25% of its initial PCE though air exposure for 45 days In 2018,
Cao et al. reported efficient (21.1%), hysteresis-free and stable (300 h) ZnO compact layer based HPSCs via
successful surface passivation [326]. The passivation was achieved via depositing thin layer of MgO and protonated
ethanolamine. MgO was suggested to inhibit the interfacial charge recombination while the protonated
ethanolamine promotes the effective electron transport from perovskite to ZnO [326]. MgO was proven to be a
successful shell material both in DSSC and HPSC application for ZnO. Although not performed on ZnO NW
structure, these results show promising stabilised ZnO/perovskite interface via carefully doping design.

Chemical instability towards dye molecules and halide perovskites thus remains a major issue limiting the
performance of the devices. One approach is to develop ZnO-suited light absorb layer such as D149 dye and mixed

cation perovskite layers. Another approach is to design and develop surface decoration via core-shell NW
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heterostructures. Through this, it seems possible that ZnO will remain of great interest in the area of solar cell

Jsc

Voc

PCE

Photoanode HP Technique (mAfem?)  (mV) FF %) Ref.
ZnO NWs CH3;NH;PbI; One step 12.7 680 0.58 5.2 [21]
ZnO NWs CH;NH;Pbl; Two step 16.98 1020 0.51 8.9 [315]
ZnO NWs CH;NH;Pbl; Two step 19.77 900 0.6 10.7 [318]
ZnO NWs CH;3;NH3PbI3 Two step 20.08 990 0.56 11.13 [314]
ZnO NWs CH;3NH3PbI3 Two step 21.7 970 0.7 16.19 [320]

ZnO NWs / TiO, CH;3NH;Pbl; Two step 19.44 1055 0.698 14.35 [316]
ZnO NWs / TiO, CH;3NH;3PblI3 Two step 14.82 960.4  0.58 8.24 [317]
ZnO NWs / ZnO CH;3NH3PbI3 Two step 21.9 990 0473 10.28 [319]

Table 8. PV performances of the HPSCs integrating ZnO NWs.

6. Conclusions

The integration of ZnO NWs into nanostructured solar cells offers the outlook for a wide variety of advantages,
including a reduced amount of high-cost raw matter in the final product, a potential low-cost using suitable chemical
deposition techniques, light trapping phenomena, and possibly also a well-controlled charge carrier management
through the efficient charge carrier separation ensured by the successive type II band alignments and the high
crystalline quality of NWs. The fabrication, properties, and performances of a large number of ZnO NW-based
nanostructured solar cells, such as ETASCs, QDSSCs, BHQDSCs, iOSCs, HSCs, DSSCs, and HPSCs, have been
reviewed in details. Overall, the fabrication and technological integration of these nanostructured solar cells have
reached a certain degree of maturity over the last decade. However, the performances of the ZnO NW-based solar
cells are still inferior to the performances of the related planar solar cells using the same stack. The typical increase
of the optical absorption in these nanostructured solar cells is basically counterbalanced by the charge carrier
management issue. The large interfacial area in these nanostructured solar cells have appeared as a potential
limitation requiring innovative solutions. In that respect, post-deposition treatment, annealing, and passivation
layers, to name a few, have emerged as essential to address the charge carrier extraction ability. The use of ZnO
NWs is also of high significance when combined with new inorganic or organic absorbers exhibiting limited
physical properties that are not compatible with the planar solar cell architecture. In a more and more eco-friendly
society, ZnO, as an abundant and biocompatible material, and in the form of NWs, is still highly promising as a

building block for next-generation solar cells.
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