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There has been a continuous increase in the world’s electricity generation and consumption
over the years. Today’s energy requirements are principally met by burning fossil fuels. However,
in addition to increasing fuel prices, greenhouse gas emissions caused by the fuel-burning process have
become a serious issue. As such, the development of renewable and sustainable energy technologies is
of great importance. Direct conversion of the sunlight into electricity using photovoltaic (PV) devices
is now considered as a mainstream renewable energy source. According to the international energy
agency (IEA) [1], the world’s total renewable-based power capacity is expected to grow by 50% between
2019 and 2024. Interestingly, solar PV accounts for more than 50% of this rise.

The PV market is currently dominated by technologies based on crystalline (poly + single) silicon.
These silicon-based solar cells are a mature technology and can deliver a power conversion efficiency
(PCE) of approximately 20% under full-sun illumination. Although significant reductions in the price
of silicon PV cells have been observed, these technologies still suffer from high installation costs.
Many scientists and researchers in the field of PV have paid particular attention to the development
of a viable alternative PV technology. In this regard, emerging solar cells have received intense
attention because these classes of solar cells, in comparison to traditional silicon PVs, promise to be
less expensive, lighter, more flexible, and portable. Despite these great features, there are several
challenges that restrict the possible commercialization of these technologies. This has led to significant
efforts being focused on addressing issues associated with emerging solar cells. This Special Issue
presents twelve excellent articles, ten research and two review papers, covering perovskite solar cells
(PSCs) [2-8], heterojunction solar cells (HJSCs) [9], organic solar cells (OSCs) [10], dye-sensitized solar
cells (DSSCs) [11], and PV materials [12,13].

The first report on organic-inorganic hybrid perovskite for solar cells was published in 2009
by Kojima et al. [14], and achieved a PCE of 3.8%. Since then, excellent achievements have been
made in the PSC field and the certified efficiency of PSCs has now exceeded 25%, making them the
fastest advancing PV technology. In this Special Issue, McDonald et al. [8] provided an excellent
overview of PSCs and outlined the recent advances that have been made in nanoscale perovskites such
as low-dimensional perovskites, perovskite quantum dots, and perovskite-nanocrystal based solar
cells. Chang et al. [7] discussed the hot-carrier characteristics of perovskite light absorbers, which
play a critical role in high efficiency PSCs. They also pointed out the practical issues hindering the
development of highly efficient perovskite-based hot-carrier solar cells. The authors presented their
own perspective on the future development of hot-carrier PSCs.

Although PSCs are very attractive and highly efficient, they suffer from several serious limitations.
A typical PSC is fabricated using a transparent conductive electrode such as indium-tin oxide (ITO)
and fluorine-doped tin oxide (FTO). However, these transparent electrodes are expensive and have
natural brittleness and poor mechanical robustness. Two research articles in this Special Issue reported
alternative transparent electrodes to the conventional ITO/FTO. Lu and colleagues [3] demonstrated
that the composite electrode of silver nanowires and large area graphene oxide (Ag NWs/LGO) can
exhibit comparable device performance to the standard ITO based PSCs. Chen et al. [5] designed a
hexagonal Ni (30 nm)/Au (10 nm) mesh that showed a transmittance close to 80% in the visible light
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region and a sheet resistance lower than 16.9 ()/sq. This metal mesh, when used in device fabrication,
displayed a PCE of 13.88%, which was comparable to that of the ITO-based PSC.

Phenyl-C61-butyric acid methyl ester (PCBM) is the mostly commonly used electron transporting
material in the p-i-n type (inverted) PSCs. However, the energy barrier at the interface between the
PCBM layer and metal electrode limits the photogenerated charge extraction and thus results in reduced
device efficiencies. In order to tackle this issue, Dong et al. [2] used a room temperature, solution
processed Al-doped ZnO (AZO) as an interlayer between the PCBM and Ag electrode. The PSC
device fabricated with an AZO interlayer not only exhibited a promising PV efficiency, but also
showed excellent device stability. Incorporating additives into the perovskite has been proven to
be a promising strategy to enhance the efficiency of PSCs. Wu et al. [4] explored the influence of
adding water and potassium halides (KCl, KBr, and KI) into the Pbl, precursor solutions on the PV
performance of PSCs. By co-doping with KI and water, they significantly improved the efficiency of
CH3NH;Pbl; perovskite based solar cells. In PSCs, hole transporting materials (HTMs) play a critical
role in selecting holes and transporting them to the conductive electrodes. High efficiency PSCs rely
on expensive HTMs such as 2,2’,7,7’-Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9’-spirobifluorene
(Spiro-OMeTAD) and poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA). In addition to their
high costs, the devices fabricated using these HMTs suffer from poor stability in ambient conditions.
Therefore, developing a novel HMT is of great interest. Wang et al. [6] designed a new type of HTM,
named 4,4’-(9-methyl-9H-carbazole-3,6-diyl)bis(N,N-bis(4-methoxyphenyl)aniline) (CZTPA), as an
alternative to the traditional Spiro-OMeTAD. This new HTM based PSC achieved a PCE of 11.79%,
which was comparable to that (11.74%) of the non-doped Spiro-OMeTAD, while showing better
stability in ambient conditions.

Solution-processed CdTe based HJSCs have attracted a great deal of attention from the PV
community. However, the efficiencies of this class of HJSCs are still very limited. Mei et al. [9]
developed an efficient approach to enhance the efficiency of CdTe/TiO, HJSCs by inserting a thin layer
of CdS nanocrystal between the CdTe and TiO, layers. OSCs have many attractive properties such
as high flexibility, solution processability, light weight, and simple manufacturing. In a typical OSC,
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) is used as a HTM. However, the
major drawback in using PEDOT:PSS in OSCs is the surface energy mismatch between the PEDOT:PSS
and the active layer. To overcome this issue, Ramasamy et al. [10] used oleylamine-functionalized MoS,
in the PEDOT:PSS layer. By using this strategy, they observed a 15.08% enhancement in the device
performance. DSSCs are an attractive emerging PV due to their eco—friendliness, ease of fabrication,
and cost effectiveness. Designing a new type of dye molecule as a light harvesting material is still a hot
area of research. Ambroz et al. [11] developed two bodipy dyes with different carboxylic acids on the
meso-position of the bodipy core and used them to sensitize TiO, photoelectrodes for DSSCs.

Exploring new synthesis methods, properties, and functionalization of PV materials is of great
importance. Yang et al. [12] studied the electrical properties of 4H-silicon carbide (SiC) Schottky
barrier diodes (SBDs) under high-dose electron irradiation. They used in-situ noise diagnostic analysis
to demonstrate the correlation of irradiation-induced defects and microscopic electronic properties.
Semiconductor SiC is widely used in electronic devices such as inverters, which deliver energy from PV
arrays to the electric grids and other applications. Furthermore, Naffeti et al. [13] used a facile, reliable,
and cost-effective metal assisted chemical etching method to fabricate highly crystalline vertically
aligned silicon nanowires (SiNWs). SiINWs are widely used not only in solar cells, but also in other
applications including lithium-ion batteries, sensors, electronics, and catalysis. SINWs fabricated in
this work [13] showed a strong decrease in the reflectance, demonstrating that these SiINWs are an
excellent candidate for PV cells.

Finally, I believe that these articles will be of wide interest for the broad readership of the journal
(Nanomaterials).

Funding: This research received no external funding.
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Abstract: Over the past decade, lead halide perovskites have emerged as one of the leading
photovoltaic materials due to their long carrier lifetimes, high absorption coefficients, high tolerance
to defects, and facile processing methods. With a bandgap of ~1.6 eV, lead halide perovskite solar cells
have achieved power conversion efficiencies in excess of 25%. Despite this, poor material stability along
with lead contamination remains a significant barrier to commercialization. Recently, low-dimensional
perovskites, where at least one of the structural dimensions is measured on the nanoscale, have
demonstrated significantly higher stabilities, and although their power conversion efficiencies are
slightly lower, these materials also open up the possibility of quantum-confinement effects such as
carrier multiplication. Furthermore, both bulk perovskites and low-dimensional perovskites have
been demonstrated to form hybrids with silicon nanocrystals, where numerous device architectures
can be exploited to improve efficiency. In this review, we provide an overview of perovskite solar
cells, and report the current progress in nanoscale perovskites, such as low-dimensional perovskites,
perovskite quantum dots, and perovskite-nanocrystal hybrid solar cells.

Keywords: solar cells; perovskites; perovskite nanocrystals; perovskite quantum dots;
low-dimensional perovskites; nanocrystal solar cells; organic—inorganic hybrid solar cells; lead
halide solar cells; hybrid solar cells

1. Introduction

In the search of high-efficiency, low-cost solar cells, a multitude of new materials and architectures
are currently being explored. Over the past decade, organometal halide perovskites (OHPs) have
emerged as a highly promising photovoltaic material and have been demonstrated as the active layer in
perovskite solar cells (PSCs) with efficiencies over 25% for laboratory-based devices (~0.1 cm?) [1] and
around 10-15% in modules [2] and are recently being employed in high-efficiency tandem devices [3].
The performance of PSCs has seen a meteoric rise over the past decade and they are already comparable
with or superior to well-established photovoltaic technologies [1]. OHPs are attractive particularly
due to their ease of processing [4], large absorption coefficients [5], long carrier diffusion lengths [6],
low exciton binding energies [7], and low non-radiative recombination rates [8]. These properties
also make OHPs an attractive material for various other optoelectronic devices, such as light emitting
diodes [9], lasers [10,11], and photodetectors [12].

OHPs have a perovskite crystal structure with the general stoichiometry ABX3 as shown in
Figure 1. The A-site is occupied by a monovalent cation e.g., methylammonium (MA, CH;NH3"),
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formamidinium (FA, CH3(NH,),*), Cs* etc. The B-site is usually occupied by a Pb?* divalent metal
cation and can be substituted by a similarly-sized divalent cation such as Sn>*. The X-site is usually
occupied by a halide anion e.g., I7, C17, Br~. OHPs with mixed cations and/or anions are now the
standard for high efficiency cells, particularly due to improved structural stability [13-15]. Their high
compositional tunability, whereby the bandgap can be easily modified through ion substitution [16]
and low-cost facile deposition procedures [17] makes OHPs excellent candidates for tandem solar
cells, where two materials of different bandgaps are employed in conjunction to absorb different
parts of the solar spectrum. OHPs can be employed either as the top cell in a tandem device (with
e.g., silicon, cadmium telluride, copper indium gallium diselenide etc. bottom cell) or in a stacked
perovskite-perovskite tandem device. The successful fabrication of tandem cells with OHPs has the
potential to achieve efficiencies in excess of 40% [3].

@ A-site cation
© B-site metal cation

© X-site halide anion

Figure 1. Cubic perovskite unit cell.

While OHPs have demonstrated remarkable efficiencies in laboratory solar cells, there remains
significant challenges regarding long-term suitability and feasibility of commercialization [18]. OHPs are
extremely susceptible to moisture-induced degradation, and therefore devices must be fabricated in
controlled nitrogen atmospheres to avoid trapped moisture in the active layer. Furthermore, devices
must be sufficiently encapsulated to prevent external moisture ingress, and the fragility of OHPs
along with weak inter-layer adhesion may demand rigid glass substrates to avoid delamination or
fractures in the OHP. Even so, heat and light cycling can still induce degradation in encapsulated
devices due to thermal mismatch [19]. The use of encapsulants, which can be expensive, along
with rigid glass supports, makes OHPs less attractive due to increased costs [3]. It is therefore
highly desirable to develop perovskite materials which are stable and tolerant to moisture and other
environmental stresses.

Forming nanostructured OHPs (also referred to as low-dimensional OHPs) can be a potential
route towards increasing the stability. So far, various types of low-dimensional OHPs have been
demonstrated in solar cells, and typically show far superior stability to bulk OHPs [20-22]. This is
achieved particularly due to higher formation energies of the low-dimensional perovskite structure
and the possibility of encapsulating low-dimensional OHPs in long-chain polymers, essentially
providing a protective barrier to moisture [22]. However, carrier transport tends to be restricted in
nanostructured perovskites due to the presence of potential barriers within the nanostructured OHP,
while quantum confinement also tends to widen the bandgap towards values typically in excess of
2 eV. This therefore comes at a cost to the performance, with the best nanostructured OHPs performing
between 10-18% [20-24].

Considering the recent advances in nanostructured perovskites, here we will provide an insight
into the important developments and progress in photovoltaics. First, an introduction to the use of
bulk OHPs in solar cells will be provided while discussing the challenges and issues facing these
materials in order to provide a context for the recent direction towards nanostructured perovskites.
This review will then provide a perspective into nanostructured perovskite solar cells as a possible
route towards overcoming the issues pertaining to bulk OHPs. Furthermore, hybrid devices formed
with OHPs and nanocrystals (NCs) will be discussed, along with high-stability metal oxide perovskite
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nanocrystals. We hope this will provide the reader with a basis for understanding the current status of
PSCs and the potential opportunities of stable, low-dimensional perovskites.

2. Overview of Bulk Perovskite Solar Cells

PSCs were initially inspired by the dye-sensitized solar cell (DSSC), where simply replacing the
dye in a DSSC with an OHP immediately yielded efficiencies of ~3% [25]. The OHPs used were either
MAPbI; or MAPbBr3, where MA is the small organic cation methylammonium (CH3;NH;*). Since the
liquid electrolyte, which is used in DSSCs as a redox mediator, dissolved the OHP, these devices had
very short lifetimes on the order of seconds. The rapid dissolution of the OHP was overcome by
replacing the liquid electrolyte with a polymer which did not dissolve the OHP. Subsequently, devices
were reported using the polymer spiro-MeOTAD for hole transport, quickly achieving efficiencies of
~10% with improved device lifetime [26,27]. It was demonstrated that electron and hole transport
occurs in the OHP, indicating that free-carriers are generated in the OHP with long diffusion lengths
and lifetimes, contrary to suspicion that photocarriers would be excitonic as for organic solar cells, and
therefore the sensitized architecture was in fact not necessary [26].

The main PSC device architectures are shown in Figure 2. The OHP is sandwiched between two
selective contacts, an electron transport layer (ETL) such as TiO,, and a hole transport layer (HTL)
such as spiro-OMeTAD. Metallic contacts are formed on either side of the transport layers: a window
contact is formed using a transparent conducting oxide (TCO) such as indium-doped tin oxide (ITO),
and a back contact is formed using either gold, silver, aluminum etc. The first architecture employed in
the research timeline was the sensitized architecture using a thick mesoporous layer of TiO, (Figure 2a).
This was quickly replaced with bi-layer devices, where the mesoporous-TiO, was reduced in thickness
and a thicker OHP layer was deposited to allow for greater absorption of light and longer crystalline
order with larger grain sizes (Figure 2b). A planar device architecture can also be used, with either n-i-p
configuration (Figure 2¢) or p-i-n configuration (Figure 2d). The planar device eliminates the necessity
for the mesoporous TiO; layer, further reducing fabrication costs and complexity. Planar devices show
greater potential for low-cost roll-to-roll printing of PSCs at low temperatures due to the elimination of
mesoporous-TiO, which must typically be annealed at high temperatures during device fabrication
(~500 °C) for high-efficiency PCSs, and is therefore unattractive for large-scale production while
also eliminating the possibility of fabricating devices on flexible plastic substrates. Furthermore, the
high-temperature annealing of TiO; is not suitable for the fabrication of tandem devices with silicon or
perovskite bottom cells since such high-temperature annealing process will damage the silicon bottom
cell [3]. Planar devices using an SnO, electron transport layer can be fabricated via low-temperature
methods and demonstrate superior stability to mesoporous-TiO, devices, however the best efficiency
of 21.6% is somewhat lower than mesoporous-TiO, devices (25.2%) [1,28]. Since PSCs employing
mesoporous-TiO; transport layers have shown greater efficiencies than planar devices thus far [29],
ideally low-temperature fabrication techniques should be developed for mesoporous-TiO, transport
layers to enable their incorporation into tandem devices.

(a) sensitized (b) bi-layer (c) n-i-p planar (d) p-i-n planar

'0', ‘O * ;’
;':f:‘;g" ": | Perovskite Perovskite Perovskite
: L i R
ETL (e.g. TiO,) HTL (e.g. PEDOT)

Figure 2. Various device architectures for organometal trihalide perovskite solar cells. (a) Mesoporous

ETL:Perovskite
LT

ETL (e.g. TiO,)

sensitized, (b) bi-layer, (c) n-i-p planar and (d) p-i-n planar. ETL, HTL, and TCO stand for electron
transport layer, hole transport layer, and transparent conducting oxide, respectively.
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2.1. Stability of Perovskite Solar Cells

While exceptional efficiencies have been demonstrated with Pb-based perovskites [13-15],
significant challenges exist such as poor stability, toxicity, and rate-dependent current-voltage hysteresis.
Stability is an important consideration when assessing commercialization viability of new materials
given that silicon solar cells can easily operate for >25 years, even when exposed to a broad range of
temperatures and intense solar irradiance. OHPs tend to degrade rapidly in open air conditions and
must be fabricated in controlled atmospheres to avoid moisture contamination. The rapid degradation
of MAPbI; in open-air conditions is shown in Figure 3, where the majority of the MAPbI; layer
degraded to Pbl, within 13 days [30]. Although the exact mechanism of degradation remains unclear;
it is generally understood that an intermediate phase is first formed via hydration of the OHP [31,32].
Considering the decomposition of MAPbI3, the hydration of MAPDbI; leads to its conversion to
MAPbls-2H,0O and Pbly, followed by phase separation and the subsequent loss of MA, with the final
products being CH3NHj31, Pbl,, and H,O [31]. The degradation has been shown first to occur at the
grain boundaries and is assisted by the presence of trapped charges which usually exist at defect sites,
surfaces, and grain boundaries [33]. Ions can easily migrate within OHPs, causing charge accumulation,
phase segregation, lattice distortions, and strain in the perovskite structure [34-38]. The degradation
of OHPs is enhanced under illumination, and degradation can be accelerated even under moderate
temperatures of ~60 °C [39,40]. Furthermore, I, which is generated within the OHP due to exposure
to moisture, can easily migrate and leads to the self-sustaining and irreversible degradation of the
OHP [41]. The degradation of OHPs leads to the release of the gaseous products CH3NH,, HX, CH3X,
and NHj (where X is a halide), and the release of these gases can be observed at temperatures below
70 °C [42].
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Figure 3. Degradation of MAPbI3. (a) Photographs of MAPbI3 degradation and (b) corresponding
X-ray diffraction (XRD) spectra of the same samples after 1, 13, and 26 days stored in ambient conditions.
The starred peaks in the XRD spectra correspond to Pbl,. Reproduced from ref. [30], with permission
from John Wiley and Sons, 2016.

Due to the high susceptibility of OHPs to degrade when exposed to moisture, it is therefore
necessary to carefully control the atmosphere during fabrication. Entire device encapsulation is
necessary to prevent exposure to moisture and mechanical fractures. For encapsulated devices, the
formation of bubbles has been observed in the encapsulant layer due to the release of gaseous species.
Encapsulation prevents gaseous products from escaping, creating a thermodynamically enclosed
system which is expected to reduce the rate of degradation [42]. Encapsulation is therefore essential
for several reasons: to prevent the ingress of moisture; to prevent the release of gases; and to prevent
the release of toxic materials to the environment. However, due to the thermal expansion coefficient
mismatch between the various layers, including the encapsulant, temperature cycling of the PSC
(i.e., day and night temperature variations) can lead to significant delamination and device failure.
Careful selection of the encapsulant and various device layers is therefore necessary to minimize
delamination caused by temperature cycling. This eliminates the possibility of flexible, low-weight
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modules, and the low stability and Pb-contamination necessitates careful recycling of PSCs. In spite of
these measures, the question of whether the lifetime of OHPs can match silicon PV remains dubious.

2.2. Toxicity of Perovskite Solar Cells

Pb-containing OHPs’ decomposition results in the formation of Pb-halide compounds, metallic
Pb, and various carbonated molecules [43]. Although PSCs contain small amounts of Pb (~0.4 g/m2
for a 400 um-thick OHP layer) [44], the harmful Pb-halides generated via degradation are highly
water-soluble and therefore pose a significant risk to the environment [45]. The contamination of Pb
can be addressed either by replacing Pb with other non-toxic elements or by stabilizing the structure
of the perovskite so as to avoid the formation of Pbl,. Unfortunately, computational studies have
suggested that there is no viable alternative to Pb in PSCs to achieve the similarly high efficiencies
which are in excess of 20% [46]. The high efficiencies of OHPs is attributed to the favorable Pb2* orbital
hybridization with I" and Br~ halide ions which results in high absorption coefficients and long carrier
diffusion lengths [47]. Sn is a potential alternative to Pb, and whilst still toxic to animals and humans,
it is less harmful than Pb. [43] Sn-OHPs have been produced by the direct replacement of Pb with Sn,
but the best efficiency achieved to date is 7.14% [23]. In addition, the stability of Sn-based devices is
usually worse than Pb-OHPs due to the tendency of tin to easily oxidize from Sn?* to Sn**. This can
be mitigated to some extent by the addition of SnF; and ethylenediammonium during fabrication to
inhibit the formation of Sn** [23,48]. While pure Sn-OHPs are unstable, the oxidation of Sn?* becomes
less energetically favorable when less than 50% of the B-site in the perovskite structure is occupied by
Sn?* (i.e., MAPbs( 5Sn<5I3) and the stability is significantly improved [49]. Notably, Zn, which is a 2+
ion with a slightly smaller ionic radius than Pb, has also been investigated for the partial replacement of
Pb and has demonstrated an improvement in the power conversion efficiency (PCE) for small amounts
of Zn (~1% to 5%). The introduction of Zn into MAPbI; leads to the formation of larger grains which
are more homogeneous, and layers which are more compact and with fewer pinholes. This is achieved
through a lattice contraction induced by the smaller Zn ion, along with stronger coordination with the
organic cation, leading to a reduction in the amount of point defects [50-53]. However, this work only
serves to reduce Pb contamination without eliminating it entirely, and the contamination of toxic Pb
and Sn remains and degradation is still observed [49].

2.3. Hysteresis in PSCs

A common issue exhibited by nearly all PSCs is a hysteresis present during solar cell
characterization. Hysteresis, defined as the dependence of the state of a system on its history,
is frequently observed during current density-voltage (J-V) measurements, where a change in the
voltage scan direction between forward and backward results in a differing J-V response, as shown in
Figure 4a. A device without J-V hysteresis is shown in Figure 4b. The observed hysteresis is largely
attributed to ion mobility within the OHP [54-56], whilst other mechanisms have also been proposed,
see reference [57]. Hysteresis is problematic as it primarily introduces difficulties in accurately
measuring device performance, but can also be indicative of stability issues [41,58]. Recent work [13,15]
has shown that high-efficiency mesoscopic devices possess low hysteresis in the forward and backward
J-V scans with the same scan rates from 10 mV/s to 50 mV/s; however, hysteresis is still well observed
particularly for fast scans [56,59,60]. Selecting appropriate contacts and forming high-quality OHP
layers appears to negate most of the hysteresis observed during standard performance measurements
with slow scan speeds; however, the J-V character for fast scans is often unreported and ionic motion
and charge accumulation are still likely to be present in the perovskite layer. Furthermore, hysteresis
is often intensified as devices are scaled to active areas over 1 cm?, particularly due to issues with
controlling morphology when depositing OHPs over larger areas [61]. The hysteresis observed in
OHPs depends on various measurement conditions during the J-V characterization, in particular:
the voltage scan rate and scan range [56,62]; the delay time between applying the bias voltage and
measuring the current [63]; and the poling voltage prior to measurement [57]. Hysteresis has also
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been shown to vary with the grain size of the perovskite [57,64], the A-site cation [65], and device
architecture [62,63].
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Figure 4. (a,b) Current density-voltage curves with forward (R-F) and reverse (F-R) voltage scan
direction for a device with hysteresis (a) and without (b). Reproduced from ref. [66], with permission
from The Royal Society of Chemistry, 2017. (c,d) Time-dependent photocurrent response under reverse
and forward stepped scans with (b) 1 s step time and (c) 0.1 s step time. Reproduced from ref. [67], with
permission from American Chemical Society, 2015. (e,f) Current decay after removing device from
illumination showing two discharging events occurring over different timescales. Reproduced from
ref. [68], with permission from American Chemical Society, 2015.

The hysteresis is well-described by Figure 4c,d whereby the voltage is scanned forward and
backward in a stepwise fashion with different delay times between the steps: 1 s in Figure 4c and 0.1 s
in Figure 4d [67]. It is clear that at least two processes are involved: one is an ultrafast process which
leads to an almost instantaneous (microsecond) change in photocurrent, followed by a slower response
on the timescale of milliseconds to seconds. There is a large difference in the forward and reverse
J-V scans observed for a 0.1 s voltage step time: this arises because when the step speed is too fast,
the photocurrent is not able to stabilize and there is a remnant charge stored in the device. This was
further investigated and it was shown that there are at least two ways in which charge is stored
in OHPs (Figure 4e,f) [68]. After removing an OHP device from illumination, the photogenerated
current decayed from 180 mA/cm? to less than 50 wA/cm? within 50 ps (Figure 4e). This was followed
by a second, longer decay event which occurred over the next ~3 s (Figure 4f). Although the peak
current in the second decay event (~50 wA/cm?) accounted for less than 1% of the initial photocurrent
(~180 mA/cm?), the lifetime of the second current was far longer and therefore the total charge
associated with this slower decay was calculated to be ~50 times larger than the charge associated with
the initial microsecond-discharge event. Therefore, at least two types of capacitive electronic charges
were confirmed in OHPs: the first one is small (~0.2 uC cm™2) and likely due to charge trapping;
and the second one is much larger (~40 uC cm™2), which could be the result of mobile ions or dipole
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realignment [68]. Furthermore, it is also known that large differences in the carrier mobility of the
electron and hole transport layers can lead to charge accumulation resulting in hysteresis [68].

Understanding the origin and mechanism of hysteresis could lead to the improvement of the
performance and stability of PSCs. The main mechanisms which have been proposed to contribute to
the effect are: ion migration [56,67,69], charge trapping and accumulation [70,71], and polarization of
dipoles [57,62,72]. These mechanisms are represented in Figure 5 and are described briefly in order of
the legend:

1. Charge traps: Charges can become trapped at defects on surfaces or at grain boundaries and
induce recombination, reducing the photocurrent.

2. Ferroelectric dipoles: Some reports have indicated that OHPs such as MAPbIj3 are ferroelectric,
and the polarization of domains would modify carrier transport through the perovskite, resulting
in the observed hysteresis [62,73-75].

3. Electrons and holes: Similar to charge trapping, electrons and holes can accumulate in transport
layers due to defects or imbalances in the carrier mobilities of the electron and hole transport layers.

4. Ion migration: Iodide ions and methylammonium ions can migrate to interfaces under applied
bias and alter the internal field reducing the efficiency of carrier separation.

5. Interfacial electrode polarization: A capacitive polarization may arise due to the accumulation of
charges or ions at interfaces and cause an energy barrier to carrier extraction.
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Figure 5. Schematic of the proposed contributions to hysteresis. ITO, FTO, ETL and HTL stand for
indium-doped tin oxide, fluorine-doped tin oxide, electron transport layer, and hole transport layer,
respectively. Reproduced from ref. [76], with permission from Elsevier, 2016.

These processes may occur simultaneously, and each process will have a different impact on the
hysteresis depending on various parameters such as the device structure, interfacial quality, and the
properties of the perovskite layer (grain size, defect density, composition etc.), amongst others.

3. Nanostructured Perovskite Absorbers

3.1. Introduction

Non-toxic and/or stable materials with similar properties to bulk Pb-OHPs are a high priority
and are currently being explored, such as the replacement of Pb with Sn or Bi [23,77], lead-free
halide double perovskites [78], and low-dimensional materials [22]. The efficiencies of these solar
cells are often far lower than bulk Pb-OHPs and a large amount of development is still required.
Nanostructured perovskites include perovskite quantum dots, nanoparticles, nanosheets, nanorods,
and perovskites with nanoscale internal ordering. These materials are often termed low-dimensional
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perovskites (LDPs) and can generally be envisioned by reducing the bulk perovskite structure to the
nanoscale in at least one structural dimension.

Figure 6 shows schematically how a bulk perovskite with ABX3 structure transforms from a
three-dimensional perovskite (3DP) to an LDP. In 3DPs, i.e., the typical bulk perovskites used in
record-efficiency devices, each BXg*~ octahedra is connected along all three axes and is anisotropic. It is
rather important that this octahedral structure is mostly preserved since the orbital hybridization of Band
Xsites is responsible for many of the favorable optoelectronic properties of OHPs. For two-dimensional
perovskites (2DPs), e.g., nanoplatelets and nanosheets, the BX64‘ octahedra is connected along two
axes and consists of 2D slabs of octahedra with the organic cation occupying the A-site in the voids
between slabs. Surrounding the nanosheets are organic ‘barrier” molecules which prevent the sheets
from crystallizing into a larger 3D structure whilst also providing encapsulation and protection
against degradation. For one-dimensional perovskites (1DPs), e.g., nanowires and nanorods, the
BXs*~ octahedral network extends along only one axis and is encapsulated with organic barrier
molecules. For 1DPs and 2DPs, various organic barriers can be selected, and a wide range of choices
exist. Hydrophobic organic barriers can be selected which protect the structure against moisture.
For zero-dimensional perovskites (0DPs), the BX¢*~ octahedra is disconnected in all directions and
consists of isolated octahedral clusters stabilized by a cationic sublattice. A distinction is often made
between 0DPs and quantum dots (QDs), where for a perovskite QD (PQD), the BXs*™ octahedra
remains connected in all three axes and the radius of the particle is below the Bohr exciton radius,
whereas for a 0DP each octahedra is completely disconnected from adjacent octahedra, as shown in
Figure 6.

1D oD

Figure 6. Overview of the different perovskite dimensionalities. Reproduced from ref. [79], with
permission from John Wiley and Sons, 2015.

Low-dimensional materials can also be produced which are not strictly perovskites yet follow a
similar set of design rules; being based on a large heavy metal ion bonded ionically with halide ions,
and stabilized by a sublattice of 1+ cations: For example, B-site 3+ cations such as Bi** form B;X¢>~
bioctahedra instead of a BXs*~ octahedra for 2+ cations, forming the 0DP material (CH3;NH3)3Bislo.
These materials, which can be produced very similarly to standard perovskites (i.e., from solution)
whilst also possessing similar properties, are discussed later. The perovskite term is used loosely to
describe these materials, as in some cases the perovskite structure is disturbed.

LDPs exhibit quantum confinement effects which are particularly noticeable through a widening
of the bandgap [22]. Although 3DPs already have a bandgap close to the optimum value of ~1.4 eV for
a single junction solar cell, a wider bandgap is advantageous for forming tandem devices or for indoor
photovoltaics [80]. Furthermore, quantum confinement effects introduce the possibility to reduce losses
via carrier multiplication which has already been demonstrated in CsPblz quantum dots [81] and in
the ODP material (CH3NH3)3BizIg [82]. The effective use of carrier multiplication in a single-junction
solar cell can potentially increase efficiency to ~44% [83], far beyond the Shockley-Queisser (SQ)
efficiency limit for a single junction cell of ~33% [84]. In addition, both 3DPs and LDPs are capable of
incorporating a low concentration of inorganic nanocrystals into their lattice to form internal energy
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band alignments which can be used to increase carrier collection and absorption. These hybrid devices
can potentially harvest a wide range of the solar spectrum through quantum confinement effects
without significantly altering the device architecture, and will be discussed later [85,86].

LDPs often exhibit excitonic behavior as carriers become localized. Since LDPs are often stabilized
with organic barriers or a cationic sub-lattice which behaves as an insulating spacer layer, this results
in a potential barrier surrounding the individual sheets, rods, or clusters. Carriers therefore become
localized on the sheets, rods, or clusters, which often inhibits carrier extraction. The strength of the
exciton binding energy is strongly dependent on the dimensionality, with 0DPs usually exhibiting the
highest exciton binding energies [87,88].

3.2. One- and Two-Dimensional Perovskites

Along with PQDs, perovskite nanosheets and nanorods are the most successful types of LDPs
demonstrating the highest efficiencies in photovoltaic devices. The main advantage of reduced
dimensionality is that the OHP can be encapsulated with a more stable long chain organic molecule
which reduces the rate of degradation. In reference [22] it was shown via simulations that the stability
of MAPDI; perovskites can be improved by producing a 2D perovskite encapsulated by larger cations.
Further to the benefit of the protective ligands, the 2D perovskite structure has a higher formation
energy, which therefore yields a more stable perovskite material. A single 2D slab of the perovskite
structure, i.e., a monolayer, encapsulated with organic barrier, is termed 1 = 1, as shown in Figure 7.
The bandgap is strongly dependent on the number of perovskite slabs (1); as 1 increases, the bandgap
narrows and the strength of quantum confinement reduces, and the dimensionality tends towards
a quasi-2D structure (n > ~10), while for very large values of n the perovskite tends towards a
3D structure.
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Figure 7. Reducing the dimensionality of organometal halide perovskites leads to higher stability,
but lower device performance. Reproduced from ref. [22], with permission from American Chemical
Society, 2016

There are a very large number of organic molecules which can potentially be used as the barrier
layer, however thus far only a limited number of molecules have been investigated, e.g.: phenylethyl
ammonium (CgHgNHj3, PEA) [22], benzyl ammonium (C¢HsCH,NH3, BA) [89], 2-iodoethylammonium
(IC;H4NH3) [90], polyethylenimine ((CoHsN)y, PEI) [91], 2-thiophenemethylammonium (CsH7NS,
ThMA) [92], and 3-bromobenzylammonium iodide (BrC¢HsCH,NH,.HI, 3BBA) [24]. The absorption
spectra of 2DPs is weakly associated with the selection of the barrier molecule; optical properties are
far more dependent on the 1 value [93]. As n tends towards lower values, the stability of the 2DP
increases [22], yet the device performance tends to decrease dramatically due to the widening of the
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band gap and the higher proportion of insulating barrier molecules which have a detrimental effect on
carrier transport. Whilst the high in-plane mobility of bulk OHPs is retained along the nanosheets and
nanorods, the transport between nanosheets/rods is restricted due to the potential barrier created by
the insulating organic barriers which reduces the overall carrier mobility [88]. However, this can be
mitigated somewhat by using shorter barrier molecules [94].

In reference [22], the MAPbI; perovskite was reduced to a 2DP and a quasi-2DP structure using
PEA barriers with varying n values. A quasi-2DP with n = 40 was capable of achieving ~15% efficiency,
however the stability of quasi-2DPs is still rather poor. Reducing the n value to 6 provided high
stability, yet the efficiency fell towards ~5%. It is likely that the low efficiency was due to the disordered
nature of the sheets which are not aligned perpendicular to the contacts, inhibiting charge transfer.
This is shown schematically in Figure 8a. When nanosheets are oriented horizontally, i.e., parallel
to the contacts, the charge carrier transfer is restricted in the vertical direction, and charge carrier
extraction in inhibited because the long organic barriers separating the LDP sheets inhibit transfer
between the layers.

(a) In-plane alignment (b) Out-of-plane alignment
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Figure 8. Solar cells based on a perovskite absorber with a two-dimensional network. (a) Sheets align
parallel with the contacts resulting in low carrier mobility between the contacts and (b) sheets align
perpendicular to the contacts resulting in favorable out-of-plane mobility between contacts.

Higher efficiencies can be achieved by vertically orientating the inorganic sheets, as shown
schematically in Figure 8b, whereby charge transport is less restricted. If the nanosheets/rods are
orientated vertically, i.e., perpendicular to the contacts (out-of-plane), charge transport is predominantly
along the perovskite structure and carrier extraction is therefore far more efficient since carriers must
overcome fewer potential barriers. This was initially demonstrated in BA-capped 2DPs with n =3
and the efficiency was increased to over 12% using a hot casting deposition technique to achieve
out-of-plane alignment of the 2D sheets [23]. However, these devices still showed rather poor stability
when exposed to 65% relative humidity without encapsulation, while fully encapsulated devices
demonstrated impressive stability. This has also been demonstrated in perovskite nanorods, with
an increase in efficiency from 1.74% to over 15% following out-of-plane alignment [92]. This was
achieved by using a methylammonium chloride (MACI) assisted film formation technique which
resulted in vertically aligned perovskite nanorods, demonstrating far improved stability over 3D
perovskite. Disordered (unaligned) 2DPs usually show significant hysteresis [95], which is likely due
to a bias-voltage induced charging effect caused by the insulating organic molecules and poor charge
transport when the 2DP sheets are not vertically aligned. However, the hysteresis is mostly eliminated
when the nanosheets are aligned out-of-plane with respect to the contacts since charge transport is less
restricted [23].

A problem which must be overcome in 2DPs is a stacking misalignment of the 2DP grains which
reduces carrier mobility. It was shown that even when 2DPs are aligned with favorable out-of-plane
alignment, stacking misalignments between grains restricts charge transfer between vertically aligned
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sheets [83]. In order to improve device performance, it is important to minimize stacking misalignment
between grains. In addition, it was recently demonstrated that it is essential to use LDPs with at
least n > 2, as it has been shown that exciton dissociation occurs within the nanosheets of 2DPs due
to the presence of lower energy states at the edges of the nanosheets which exit only for nanosheets
with 1 > 2 [96]. While these edge states are present for 2DPs with n > 2, for n < 2, edge-state exciton
dissociation was not observed, and the device performance was significantly lower. These lower energy
states exist at the edge of 2DPs and provide a favorable energy pathway for excitons to dissociate
into free-carriers with longer lifetimes, which was demonstrated to significantly improve device
performance. This work demonstrated that it is imperative to synthesize 2DPs with at least n = 3 in
order to benefit from the favorable exciton dissociation mechanism, even though thinner nanosheets
(n < 2) can provide higher stability.

Recent work demonstrated that mixed # value 2D perovskites can achieve both favorable carrier
transport and band alignment introduced via a unique nanostructuring of the 2D perovskite film,
achieving a PCE of 18.2% [24]. The introduction of the barrier molecule 3-bromobenzylammonium
iodide (3BBA) leads to the oriented growth of small # value 2D perovskites perpendicular to the
substrate (1 ~ 1-4), followed by the crystallization of large 1 value quasi-2D perovskites in the bulk of
the film, shown schematically in Figure 9a and the overall device structure in Figure 9b. This structure
also introduces a favorable band alignment as shown in Figure 9c whereby the larger bandgap of the
mixed low n value 2DPs provides a potential energy gradient driving carriers to the desirable extraction
contacts. This demonstrates the remarkable tunability that can be achieved through nanostructuring
perovskites to achieve favorable energy band alignment. The devices also showed impressive stability:
Unencapsulated devices stored in a dark oven between measurements under ~40% relative humidity
retained 80% of the original PCE after 2400 h. The device could also be submerged underwater for 60 s
without any immediate negative effect on the efficiency. It was stipulated that the hydrophobicity due
to the presence of iodine in 3BBA results in the enhanced moisture durability of these 2DPs.In general,
2DPs have not been optimized yet via cation engineering to the same extent as 3DPs, which has led to
the high performance and improved stability of 3DPs today [13]. Recently, 5% Cs* doping in a 2DP
demonstrated an efficiency increase from 12.3% to 13.7%, which was attributed to improved crystal
quality and low trap defects, increased grain size, and improved carrier transport [97]. Since most
2DPs with low n values show wide bandgaps, it is important to engineer 2DPs which absorb in the
visible spectrum. Material engineering and optimization as such demonstrates that there is still great
potential for work on improving the 2DPs’ material properties.

Finally, 2DPs may also find use in improving the stability of 3DPs by acting as a protective
capping layer. A 2DP was demonstrated as the capping layer in a 3DP solar cell and displayed
over 19% efficiency, along with improved stability over the 3DP alone [98]. Further work in this
area showed that the deposition of a hydrophobic 2D perovskite on top of a 3D perovskite not only
protects against moisture, but also improves carrier extraction. The formation of the 2D perovskite
on the surface of the 3D perovskite consumes detrimental and undesirable non-perovskite phases
present at the surface of the 3D perovskite and resulted in faster injection of holes into the HTL [99].
More recently, an ammonium salt post-treatment of a 3D OHP film increased the PCE from 20.5%
to 22.3% via the formation of a 1DP passivation layer [100]. Devices retained 95% of the initial PCE
after continuous illumination for 550 h. This area of work presents a route towards avoiding the
necessity for encapsulants in PSCs, therefore reducing costs and avoiding issues pertaining to thermal
expansion mismatch.

3.3. Zero-Dimensional Perovskites

Pb-based 0DPs have been previously studied but so far seem unsuitable for photovoltaics [101,102].
For example, when the typical perovskite MAPDbIj; is transformed into a 0DP with the chemical formula
(CH3NHS3;)4Pblg, the structure is extremely unstable [101]. Alternatively, more stable inorganic Pb-based
0DPs can be produced such as CsyPbBrg, however, the bandgap is very large: Pb- based 0DPs tend to
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have very large bandgaps which are unsuitable for photovoltaics, typically in the UV-range, irrespective
of the halide anion selected [102].
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Figure 9. 2D perovskite solar cells using 3-bromobenzylammonium iodide barrier molecule.
(a) Schematic of the device nanostructuring, (b) schematic of the device architecture, (c) energy
band alignment relative to the vacuum level in eV, (d) current density-voltage measurement, (e) incident
photon conversion efficiency (ICPE), (f) histogram showing reproducibility of the power conversion
efficiency (PCE) and (g) solar cell stability for devices stored in the dark between measurements under
~40 relative humidity. Reproduced with modifications for clarity from ref. [24], with permission from
John Wiley and Sons, 2018.

Alternatively, Bi-based 0DPs have bandgaps closer to 2 eV and have been demonstrated as the
absorber in photovoltaic cells [86,103-105]. Bi, which is adjacent to Pb in the periodic table, has a similar
atomic radius to Pb yet with one additional valence electron yielding 3+ instead of 2+, resulting in a
B,Xo3~ bioctahedral structure rather than the BX4*~ octahedral structure. These perovskite structures
have the formula A3B,Xg, but can also be expressed as ABy;3X3, i.e., a metal-deficient perovskite.
Figure 10 shows the structure of a 0DP with the chemical formula (CH3NH3)3Biylg, where Biylo3~
clusters are separated by a CH3NH3* cationic lattice. Here, CH3NH3* can be replaced with a range
of organic and inorganic cations. Whilst these materials are often referred to as ‘perovskites’, their
crystallographic structure is slightly different to the perovskite structure, whereby the BX¢* octahedra
is instead replaced with a B,Xo%~ bioctahedra.

Bi-ODPs have been studied and the best devices have achieved efficiencies of 1.64% [105].
These materials, with bandgaps of ~2 eV, generally exhibit high exciton binding energies (~300 meV)
and high effective masses for carriers [88]. Because of the excitonic nature of these materials with
quantum confinement effects, 0DPs have been shown to exhibit carrier multiplication [82]. However,
due to the high exciton binding energy, the rates of electron-hole recombination is high which limits
device performance. 0DPs also exhibit anisotropic carrier mobilities if the cluster is non-symmetrical
and/or if the spacing between clusters varies between planes [88]. It is therefore necessary to try to
overcome the high exciton binding energy and carrier transport issues by a range of possible methods,
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such as modifying the cationic sub-lattice, using semiconducting polymers which enhance carrier
mobility between the clusters, or by forming hybrids with inorganic nanocrystals which assist in
exciton dissociation.

Figure 10. Schematic of the structure of (CH3NH3)3Bizlg which forms a zero-dimensional network.
Birlo> clusters are stabilized within a (CH3NH;3)* ionic lattice. Reproduced from ref. [82], with
permission from Springer Nature, 2017.

(CH3NH3)3Biyl solar cells can be processed and stored entirely in ambient conditions and have
demonstrated far superior stability to 3DPs, likely due to the formation of a native surface layer of
BiyO3/BiOI which provides self-encapsulation of the perovskite [30]. This layer does not inhibit carrier
extraction, and is also likely responsible for the negligible hysteresis observed in these devices [86].
If 0DPs were employed as the wide-bandgap top cell in a tandem solar cell, their high stability can
provide encapsulation for the less-stable OHP bottom cell to prevent moisture ingress. Furthermore,
the absorption can be modified by incorporating optically active organic molecules or forming hybrids
with nanocrystals with suitable band alignment [86], and the large bandgap of 2 eV can be reduced to
values as low as 1.45 eV through doping and/or changing the A-site cation [106-108].

Sb-based 0DPs have also been demonstrated with the formula (CH3NHj3)3Sb,1g and have so far
achieved higher efficiencies than Bi-0DPs, with the best devices so far achieving 2.77% efficiency [109].
The higher efficiencies of these devices is likely due to the intrinsically lower exciton binding energy of
Sb-0DPs [110]. Since the bandgap of Sb-0DPs is still quite large (~1.9 eV), researchers have attempted
to lower the bandgap through Sn-doping, and successfully reduced the bandgap to 1.53 eV with 40%
replacement of Sb with Sn to form (CH3NH3)35bg 6Sng 419. Doping with Sn increased the efficiency of
the devices from 0.57% (without Sn, bandgap = 2.0 eV) to 2.7% (40% Sn, bandgap = 1.53 eV). Since the
starting efficiency of the undoped Sb-0DP reference device was quite low (0.57%) compared to the
highest reported in the literature (~2.77%), it is likely that through device optimization of the Sn-doped
Sb-0DP will quickly lead to higher efficiencies in the near future, likely exceeding 5%. These Sn-doped
Sb-0DPs demonstrated impressive stability with no change in the XRD spectra after 15 days of exposure
to ambient conditions. Although inorganic 0DPs have also been produced with the formula Cs3SbyIg
and Cs3Biylg, these devices tend to show very low efficiencies below 0.1% [111,112], likely due to
their large bandgaps and high exciton binding energy, and have therefore not been pursued to the
same extent.

3.4. Perovskite Quantum Dot Solar Cells

High exciton binding energies and inefficient charge transfer are significant issues associated with
LDPs which limit carrier extraction, therefore inhibiting device performance. This can potentially be
overcome in PQDs through close-packing with electronic coupling between QDs. Colloidal PQDs can
be readily synthesized from solution using organic capping molecules, such as oleic acid, oleylamine,
octadecene, etc. which prevent the perovskite from forming into a larger crystal [113]. These long chain
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molecules must be removed during device fabrication for efficient solar cell performance. However,
PQDs with organic A-site cations are often highly unstable, and it is therefore not possible to remove
these barrier molecules as they are essential for preventing rapid degradation. As discussed previously,
the issue of long chain organic barrier molecules in perovskite nanorods and nanosheets can be
overcome by aligning the sheets and rods perpendicular to the contacts, minimizing the number of
potential barriers that must be overcome by charge carriers. However, due to the spherical shape of
QDs, this type of favorable alignment is not possible, and researchers must therefore look towards
inorganic PQDs which do not require encapsulation in protective organic barriers or use a different
architecture [85,114].

All-inorganic perovskites can be formed by replacing the A-site with an inorganic cation, such as
Cs*, e.g., CsPbls. Inorganic PQDs such as CsPblj are the most favorable perovskite material since the
bandgap of bulk CsPblj is the smallest of the inorganic perovskites (1.73 eV for the cubic phase) [115].
However, accessing the desired cubic phase of CsPblj is challenging: For bulk CsPblj, the orthorhombic
phase is thermodynamically preferred at room temperature, but the large bandgap of 2.82 eV renders
orthorhombic CsPbl; unsuitable for photovoltaics [115]. The cubic phase exhibits a more favorable
bandgap of 1.73 eV; however, this phase is unstable at room temperature. Forming CsPbls quantum
dots enabled researchers to achieve the cubic phase at room temperature, as the contribution of the
surface energy for CsPbl; quantum dots was shown to retain the favorable cubic perovskite phase [114].

CsPbl; PQD solar cells were fabricated with 10.77% efficiency [114]. These devices could be
fabricated at ambient conditions and showed impressive stability when stored in a desiccator, with no
decrease in performance after 60 days. However, when stored in relative humidity of 40-60% there was
a significant decrease in the device performance after just 2 days, although QD devices demonstrated
improved stability over bulk CsPbls. Furthermore, CsPblz QD devices showed significant hysteresis,
likely due to difficulties associated with charge transfer between quantum dots, ion migration, and
charge trapping at QD surfaces.

These devices were later improved by a post treatment of the CsPbl; QDs, and increased the
efficiency to 13.43%, as shown in Figure 11 [21]. This was achieved through efficient QD coupling
via a post-treatment of the film, allowing improved change transfer between the QDs in the film.
The post-treatment involved soaking the CsPblz QD thin film in a formamidinium iodide in ethyl
acetate solution for 10 s. The post-treatment creates a coating on the CsPbl; QDs and does not alter
their nanocrystalline character. It was confirmed that the post-treatment improved the carrier mobility
from 0.23 to 0.50 cm? V-1 s~1. However, the poor stability of CsPblz at ambient conditions has not yet
been addressed, and it is likely that these materials will require encapsulation. Alternatively, a Cs- salt
post-treatment was reported achieving PCE of 14.1% [116]. The Cs-salt treatment is performed after
the removal of ligands from the CsPbl; QDs. When the ligands are removed, Cs vacancies are left
behind on the CsPblz QDs. These vacancies are filled by Cs via a Cs-salt post treatment, resulting in
improved free carrier mobility, lifetime, and diffusion length, as well as greater stability over untreated
CsPbl; QDs.

One of the advantages of CsPbI; QDs is the possibility of carrier multiplication, which has already
been demonstrated in CsPbl; QDs with a high carrier multiplication quantum yield of 98% [81].
While the bandgap for quantum confined materials scales as Eg ~ % where r is the radius, the rate
of Auger recombination scales as rle and therefore forming smaller QDs is more favorable for carrier
multiplication. The average radius of the QDs in this work was 5.75 nm and the exciton Bohr radius
for CsPblsz QDs is 6 nm. The QDs are therefore in the weak quantum confinement regime, yet still
exhibited highly efficient carrier multiplication indicating that strong quantum confinement is not
necessary in these materials for carrier multiplication [81].
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Figure 11. CsPblz quantum dot solar cells. (A) Schematic of the device structure, (B) cross-sectional
scanning electron microscopy image, (C) current density-voltage scans under solar simulated
light, (D) stabilized current at a constant voltage of 0.95 V, and (E) external quantum efficiency.
Reproduced from ref. [21], with permission from AAAS, 2017.

The band energy structure of the active layer can be tuned to achieve improved carrier
extraction by using PQDs with varying condition band, valence band, and Fermi level positions.
The sequential deposition of PQDs with varying band energy positions has been shown to improve
carrier extraction [117] and is reproduced in Figure 12. A schematic of the sequential deposition of
PQDs is shown in Figure 12a and the band energy positions of the PQDs studied in this work are shown
in Figure 12b. PQDs were synthesized in the series CsyFA;,Pbl; and PQD heterojunction devices
were fabricated with the structure ITO/TiO,/PQDs 1I/PQDs II/spiro-MeOTAD/MoO,/Al. The best
device performance was obtained using either Csy5FA 5Pbls or Csp25FA( 75Pbls as the bottom layer
and CsPbl; on the top. Devices based on a Csg »5FA( 75Pbl3:CsPbl; heterojunction were investigated
further for optimization. Figure 12c shows the SEM cross section of the device and Figure 12d
shows the effect of varying the thickness ratio of Csg5FA(75Pbl3:CsPbl; on the EQE spectra.
A ratio of 1:3 (Csg5FA( 75Pbl3:CsPbl3) retained most of the short wavelength EQE contribution
from CsPbl; whilst also red-shifting the EQE onset slightly. Higher proportions of Csj,5FAg 75Pbls
lead to a fall in EQE at shorter wavelengths, despite red-shifting the EQE onset more. Figure 12e
shows that varying the bottom layer composition, i.e., by fabricating devices with the structure
ITO/TiO,/CsxFA 14 Pbl3/CsPbls/spiro-MeOTAD/MoO,/Al for x = 0.25, 0.5 and 0.75 leads to a similar
red-shift in the EQE as the bandgap of the CsyFA; ,Pbl; PQDs is decreased. The J-V characteristics
are shown in Figure 12f, and ratios of 1:3 and 2:2 achieve the highest PCEs, however due to the large
hysteresis present in these devices, the SPO was also presented and revealed that devices with a
1:3 ratio of Csp5FA 75Pbl3:CsPbls achieved the highest SPO at 15.52%. Finally, bulk heterojunction
architecture devices were also fabricated by mixing the PQDs. These devices did not exhibit the same
enhanced performance confirming that a bi-layer heterojunction of PQDs is essential for achieving
improved carrier collection.

A summary has been provided in Table 1 comparing a selection of the most notable results since
2018 for 0D, 1D, 2D and QD perovskites, as well as also including some of the notable heterojunctions
formed between 3D perovskites and LDPs. This table also provides a summary of the stability of the
solar cell devices, noting the storage conditions and the solar cell ]-V measurement type (i.e. continuous
or intermittent, where continuous measurements typically involve the device remaining under constant
solar simulated light, whilst for intermittent measurements the device is removed from illumination
and stored in specified storage conditions between measurements).
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Figure 12. Perovskite quantum dot (PQD) solar cells with charge separating heterostructure.
(a) Schematic of the device fabrication via spin coating, (b) energy band structure of the various
PQDs used in the study, (c) cross-sectional scanning electron microscope of a typical device, (d) the
external quantum efficiency (EQE) of solar cells made with various ratios of Csg y5Fag 75Pbls to CsPbls
quantum dots, (e) EQE at the absorption edge of various quantum dots in the series CsxFA;_Pbls as
the bottom layer. (f) current density-voltage (JV) curves for the devices shown in (d) and (g) stabilized
power output (SPO) of the varying compositions shown in (f). Reproduced from ref. [117], with
permission from Springer Nature, 2019.
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Table 1. A selection of notable reports on low-dimensional perovskite solar cells. QDs, PCE, RT, and RH
stand for quantum dots, power conversion efficiency, room temperature, relative humidity, respectively.

Dimensionality ~ Material (1 Value) 1 PCE (%) Stability R‘;;e:::)‘ce
Retained 80% of initial PCE after 3 h under [109]
0D (CH3NHj3)3SbsIg 2.77 constant illumination, ambient 2018)
conditions, encapsulated.
Retained 95% of initial PCE after 60 days, [118]
0D Cs3Sbslg 1.21 intermittent measurements, stored at RT, 2019)
50% RH, unencapsulated.
Retained >80% of initial PCE after 30 days, [119]
0D Cs3Sbslg 1.49 intermittent measurements, storage (2018)
conditions unspecified.
Retained 90% of initial PCE after 100 h,
1D (ThMAR(MA)n-1Pbalons1 545 intermittent, stored in N in the dark, [92]
(n=3) (2018)
unencapsulated.
1,4-benzene . o ..
1D, mixed with 3D diammonium Retamgd 95% of original PCE afte1.r >1000 h, [120]
MAPbI (BDA)-Pbl 141 intermittent measurement, stored in dark at (2019)
3 (=1 4 RT, 85% RH, encapsulated.
ethylammonium Retained 95% of initial PCE after 550 h,
1D/3D ey continuous measurement under constant [100]
iodide (EAI)-treated 223 . T
heterostructure illumination in N atmosphere at RT, (2019)
FAo95Cso07Pbls unencapsulated.
D (FPEA);MA4Pbsly 13.64 Retained 65% of initial PCE after 576 h, [121]
(n=>5) : ambient air at 70 °C unencapsulated. (2019)
(BzDA)AgPby, ) Retglned 80% of initial PCE aft?r 84h,
oD (lo.93Br0.07) 156 intermittent measurements, kept in dark at [122]
f’f’j > 0187) 31 : RT in ambient air, RH = 20-50% (2019)
- unencapsulated.
3-bromobenzylammonium Retained 82% of initial PCE after 2400 h, 4]
Quasi-2D iodide (BBAI)- 18.2 intermittent measurements, stored in dark 2018)
(n=2) at RT, ~40% RH, unencapsulated.
(BE), (FA)gPbgl,g Retained 80% of initial PCE after 50 h, [123]
Quasi-2D (n value not 174 stored in the dark at RT, RH = 80%, (ZOiS)
reported) unencapsulated.
Retained 70% of initial PCE after 50 h, [116]
QDs CsPbls 14.1 intermittent measurements, stored in the 2019)
dark at RT and 40% RH, unencapsulated.
Retained 80% of initial PCE after 10 h,
i intermittent measurements under constant [117]
QDs CsPbl;:Cs 25FA( 75Pbls 174 illumination at 40 °C and 25% RH, (2019)

encapsulated.

1 1 values are only applicable for 1D and 2D materials.

3.5. Perovskite-Nanocrystal Hybrid Devices

The formation of hybrid layers and devices through incorporating nanocrystals into the OHP layer
have also been explored, both in bulk 3DPs [85] and in 0DPs [86]. The introduction of quantum-confined
NCs to bulk 3D OHPs enables the possibility of carrier multiplication. Thus far, SiNCs have been
primarily studied in this context, since most nanocrystals studied for organic-inorganic hybrid
photovoltaics are toxic Pb- or Cd-based [20], and it would be counterintuitive to add a toxic material
to a lead-free perovskite. SINCs are an environmentally-friendly material which are non-toxic and
can be synthesized through a wide variety of methods [124,125]. The properties of SINCs can also be
easily modified by surface engineering and the absorption and emission properties can be influenced
by the surface terminations [125-127]. Surface engineering can also improve carrier transport in SiNCs
by passivating surface defects [128]. While SiNCs do present their own challenges, they represent an
important model NC material.
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It was previously demonstrated that the incorporation of silicon nanocrystals (SiNCs) into
the ODP with the formula (CH3NHj3)3Bislg led to an enhancement in the device performance [86].
It was proposed that the SINCs may act as a dissociation pathway for tightly-bound excitons on the
nanoclusters of BipIy® bioctahedra. An electronic junction formed between the perovskite material and
the inorganic nanocrystal can provide an energetically favorable pathway for excitons to overcome
the potential barrier created by the cationic sublattice, providing exciton dissociation before the
carrier recombines. Once the exciton is dissociated it becomes a free-carrier which can be extracted.
This is commonly employed in organic-inorganic hybrid solar cells using SiNCs to enhance exciton
dissociation [129]. These types of hybrids may present a route towards significantly improving the
efficiency of LDPs.

Hybrid MAPbI;-SiNC devices also exhibit improved device performance and stability [85].
X-ray photoelectron spectroscopy (XPS) indicated that MAPbIz bonds with SiNCs via intermediate
oxide bonds with nitrogen in methylammonium (N-O-Si). The oxidation of SiNCs was also observed in
XPS and is likely responsible for the improved stability, whereby SiNCs may act as a ‘sponge” absorbing
oxidizing species in the MAPbI; layer resulting in slight oxidation of the SINCs. Furthermore, hybrid
devices with SiNCs exhibited improved device performance after light soaking for 8 min (Figure 13),
whilst the performance of MAPbI3-only devices decreased. This is commonly observed in MAPbI;
devices and is attributed to light-activated trap states with inhibited photocarrier extraction [130].
The observation of the inverse behavior in hybrid devices suggests that SiNCs may inhibit defect
migration possibly via bonding with the perovskite structure.
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Figure 13. Perovskite-silicon nanocrystal (SiNC) hybrid solar cells show improved device performance
especially after light-soaking. (a) Schematic of device structure, and current-density voltage (JV) curves
for (b) MAPDI; alone, (c¢) MAPbI; with p-type SiNCs, and (d) n-type SiNCs. Reported from ref. [85],
with permission from Elsevier, 2018.

In addition, incorporating nanocrystals into OHPs presents the opportunity to create various
types of favorable band alignment between the OHP and the nanocrystal. Coupling the properties
of nanocrystals with perovskites can lead to improvements in device performance and opens up an

22



Nanomaterials 2019, 9, 1481

avenue of possibilities to exceed the SQ-limit. Forming an inverted type-I junction can potentially
improve carrier collection either through optical coupling or electronic coupling. MAPbI3-SiNC hybrid
devices form an inverted type-I band alignment (Figure 14), where wider-bandgap SiNCs were
incorporated into the perovskite layer with electronic and/or optical coupling with the OHP, depending
on whether or not the SiNCs are oxidized [85]. In an electronically coupled inverted type- I junction,
the absorption in the wider-bandgap nanocrystal generates carriers which can be transferred into the
adjacent conduction and valence bands of the smaller bandgap perovskite. In an optically coupled
system, the nanocrystal behaves as a ‘interpenetrated” down converter for high energy photons,
where radiative carrier recombination via photoluminescence (PL) results in excitations in the narrow
bandgap perovskite. It is therefore important that the peak PL emission is tailored to the bandgap of
the perovskite to maximize the conversion efficiency. In MAPbI3:SiNC hybrid devices, it is expected
that the structure initially forms an electronically coupled junction whereby carriers generated in the
SiNCs can transfer into the OHP. After oxidation, carriers generated in SiNCs are trapped by the oxide
potential barrier and recombine via photoluminescence, thus generating an optically coupled junction.
It was found using Kelvin probe and XPS that the type-I band alignment is preserved even after
the SiNCs became oxidized [85]. These new architectures represent new opportunities for exploring
different combinations of materials with perovskite structures.

(a) Electronic-coupling (b) Optical-coupling
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Figure 14. Inverted type-I band alignment: (a) electronically coupled and (b) optically coupled.
Reproduced from ref. [85], with permission from Elsevier, 2018..

3.6. Perovskite Oxide Nanoparticles

Perovskite oxides (ABOj3) are attractive materials for photovoltaics because of the possibility of
low-cost, non-toxic photovoltaics with high stability [131]. However, most semiconducting perovskite
oxides have large bandgaps (~3-5 eV) due to oxygen-metal transitions with large differences in their
electronegativities [132,133], and are therefore generally unsuitable for absorbing light within the solar
spectral range. Attempts to reduce the bandgap of perovskite oxides include doping [134], intrinsic
defects [135], forming oxynitrides [136], solid solutions [137], and cationic ordering [132].

Perovskite oxides and their derivatives (layered perovskite oxides) represent a large family
of materials which exhibit a multitude of properties, and have been investigated for applications
including photovoltaics [138]. Perovskite oxides possess a high-degree of flexibility given that 90% of the
metallic natural elements in the periodic table can adopt a stable perovskite-type oxide structure [139].
There remains a significant opportunity for exploring the use of metal oxides in photovoltaics to achieve
affordable solar cell devices with high efficiency and tunability, whilst easily meeting the often elusive
requirement of high stability. The use of metal oxides with highly-tunable absorption properties via the
introduction of vacancies [135] and doping [140] would allow for the facile fabrication of multi-junction
devices with high stability.
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Ferroelectric perovskite oxides have been demonstrated in photovoltaics [133], however they tend
to possess large bandgaps (~3-5 eV) and low conductivities, and therefore efficiencies are low (~1%).
Plasmonic perovskite oxides have not been explored to the same extent for photovoltaics. Perovskite
oxides can be heavily doped to be plasmonic or can be achieved through structural vacancies to
strongly modify electronic properties [140]. However, one of the issues associated with plasmonic
materials is carrier extraction, and therefore forming extremely thin absorber layers using nano-sized
plasmonic oxides is necessary to rapidly extract carriers before recombining.

The perovskite oxide CaMnOs is an orthorhombic perovskite, and upon reduction in flowing Ar
gas the structure can be transformed to an oxygen-deficient perovskite with the structure CaMnO; 5.
The structure of CaMnO, 5 is essentially an orthorhombic perovskite with an internal 1D nanostructure
ordering as shown in Figure 15a. The introduction of oxygen vacancies removes one oxygen atom from
each MnOg octahedra and results in a square pyramid of MnOs. This structural transformation reveals
many interesting properties, such as plasmonic behavior and significantly improved electrocatayltic
and photocatalytic activity [141]. CaMnO; 5 can be described as an orthorhombic perovskite because
the Ca and Mn perovskite sub-lattice is preserved. Since the resulting powder is phase pure, the oxygen
vacancies are expected to be ordered resulting in 1D chains of MnOs square pyramids [141]. The MnOs
square pyramids are connected along a one- dimensional network extending through the crystal
connected by oxygen atoms, which may be favorable for carrier extraction. This oxygen deficiency
creates an internal molecular level porosity. The one-dimensional network of MnOs pyramids may
also enhance charge transport and enable efficient carrier separation whereby photoexcited carriers are
transported along segregated Mn-O carrier transport channels. CaMnO, 5 displays broad absorption of
light from the infra-red through to the visible region of the solar spectrum. Nanoparticles of CaMnO; 5
can be easily produced via a sol-gel process followed by reductive annealing, and then deposited as an
ultrathin film either by spray coating or spin coating. The shape and size of the CaMnO; 5 nanoparticles
is shown in Figure 15b. CaMnO; 5 nanoparticles have been successfully used to fabricate a photovoltaic
cell, and the device performance is shown in Figure 15c¢. While initial device performance was low,
this work serves as a proof of concept and it is likely that the efficiency can be significantly improved,
primarily through optimization of the layer thickness and interfacial engineering to improve coupling
between CaMnO, 5 nanoparticles and transport layers.
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Figure 15. (a) Structure of CaMnO; 5 reproduced from ref. [141], with permission from American
Chemical Society, 2014, (b) optical microscope images of CaMnO, 5 after laser fragmentation, the inset
shows a high-magnification optical microscope image, and (c) current density-voltage characteristic of
a CaMnO; 5 solar cell under solar simulated light.

4. Conclusions and Outlook

This review article has provided a summary of 3D bulk OHPs and an overview of the recent
direction and progress towards LDPs. To date, 1DPs and 2DPs have shown the highest efficiencies,
yet it is unclear whether these materials will suffer the same long-term stability issues as bulk OHPs.
Nanosheets with 7 < 2 tend to show impressive stabilities but suffer from low performance issues,
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particularly due to their very large bandgaps. It is still unclear whether 2DPs and 1DPs with n > 2 can
demonstrate the long-term stability required for commercialization. Furthermore, the issue of stacking
faults between grains, which inhibits charge transfer through the layer, must be overcome to increase
the efficiency towards 20%. Exploring conductive organic barriers could be a possible route towards
overcoming carrier transport issues.

0DPs tend to be highly stable, however their efficiencies are often very low due to issues associated
with carrier extraction, where excitons tend to be strongly localized on BXs*™ or ByX¢?™ clusters.
Methods to enhance exciton dissociation and carrier transport need to be further explored if these
materials are to demonstrate noteworthy efficiencies in photovoltaics, particularly through forming
hybrids with nanocrystals to promote exciton dissociation, and by exploring various ion substitutions
at the A-site to lower the exciton binding energy. Provided that these challenges can be overcome,
0DPs with large bandgaps can be incorporated as a top cell in a tandem solar cell. For use in single
junction cells, it is important to explore doping along with varying the A-site ion with the aim of
discovering 0DPs with smaller bandgaps, which are currently often >2 eV.

PQDs have shown impressive performance so far, yet the choice of materials is rather limited due
to the poor stability of organometal PQDs, which are unstable unless capped with long chain organic
barriers which inhibit carrier transport. Inorganic CsPblz QDs do not require capping molecules and
have demonstrated improved short-term stability along with impressive solar cell efficiencies over
13%. Despite this, CsPblz QDs are highly unstable in ambient conditions and encapsulation of the
entire solar cell device is essential. As research in this field is still in its infancy, there are limited studies
on the stability of CsPblz QDs and the extent to which the stability can be improved remains unclear.
It is therefore currently difficult to predict the potential for CsPblz QDs in photovoltaics.

Hybrid devices can be formed by adding NCs to bulk 3DPs or 0DPs. These hybrid device
architectures have been explored using SiNCs, demonstrating an improvement in the device
performance due to the possibility of a type-I band alignment which can be optically and/or electronically
coupled to improve carrier collection. Furthermore, adding SiNCs indicates a route towards extending
the device lifetime, whereby SiNCs are oxidized by the residual moisture in the layer rather than
degrading the OHP. This was shown to preserve the favorable type-I band alignment without affecting
the device performance.

Due to the significant stability issues suffered by OHPs, occurring both in bulk and low-
dimensional forms, we have also briefly introduced the field of perovskite oxide nanomaterials,
studying the oxygen-deficient perovskite CaMnO; 5. This material, which absorbs a broad range
of light in the solar spectrum from infrared to ultra-violet, has a one-dimensional internal structure
which may promote carrier transport. Although the efficiency of the solar cell device is low, there
remains significant opportunities for tuning the properties, optimizing devices, and exploring doping
to improve device performance.

Finally, while the efficiencies of LDPs are still often far lower than bulk-OHPs, it is encouraging
that higher device efficiencies are continually being reported. Provided that these devices can be
fabricated with efficiencies of >20%, it is likely that they will be attractive to the market assuming they
can be produced at very low cost and with far superior stability to 3D OHPs.
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Abstract: The power conversion efficiency (PCE) of single-junction solar cells was theoretically predicted
to be limited by the Shockley—Queisser limit due to the intrinsic potential loss of the photo-excited
electrons in the light absorbing materials. Up to now, the optimized GaAs solar cell has the highest
PCE of 29.1%, which is close to the theoretical limit of ~33%. To pursue the perfect photovoltaic
performance, it is necessary to extend the lifetimes of the photo-excited carriers (hot electrons and hot
holes) and to collect the hot carriers without potential loss. Thanks to the long-lived hot carriers
in perovskite crystal materials, it is possible to completely convert the photon energy to electrical power
when the hot electrons and hot holes can freely transport in the quantized energy levels of the electron
transport layer and hole transport layer, respectively. In order to achieve the ideal PCE, the interactions
between photo-excited carriers and phonons in perovskite solar cells has to be completely understood.

Keywords: perovskite solar cells; hot-carrier characteristics; quantized electron transport layer;
quantized hole transport layer

1. Introduction

The bounded electrons of inorganic and organic semiconductors can be efficiently and
instantaneously excited from the ground state to the excited state when the photon energy of the incident
lightwaves is higher than the absorption bandgap. However, the photo-excited electrons (hot electrons)
in the light-absorbing materials (LAMs) have to relax to the meta-stable state (conduction band
minimum (CBM) or lowest unoccupied molecular orbital (LUMO)) due to the ultrafast thermallization
process [1-4], which results in the intrinsic potential loss and thereby limits the power conversion
efficiency (PCE) of single-junction solar cells to be a moderate value of 33.7% [5]. The physical
concept of the Shockley—Queisser (S-Q) limit can be understood as the following descriptions.
When then LAM has a large bandgap, the broadband sun light cannot be efficiently absorbed
by the wide-bandgap material. Therefore, the photocurrent density of solar cells can be increased
with a decrease in the absorption bandgap of the active layer. For example, the photocurrent density
of single-crystalline Si solar cells (~42 mA/cm?) is always higher than that of single-crystalline GaAs
solar cells (~29 mA/cm?) because the absorption bandgap of crystalline Si (1.1 eV) is lower than that
of crystalline GaAs (1.43 eV). When the active layer is a wide-bandgap material, the photo-excited
electrons have to relax to the meta-stable state, which indicates that the highest potential difference
between the cathode electrode and the anode electrode is equal to Eg/e. Ecand e are the absorption
bandgap of the active layer and the electric charge, respectively. Usually, the potential difference
between the cathode electrode and the anode electrode equals to the open-circuit voltage (Voc) which is
defined by the current density—voltage (J-V) curve of solar cells. As we know that the V¢ of a solar cell
is proportional to the absorption bandgap of the active layer. For example, the Vo of single-crystalline
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Si solar cells (~0.738 V) is lower than that of single-crystalline GaAs solar cells (~1.127 V). According to
the S-Q limit, it is impossible to simultaneously obtain the high Voc and the high photocurrent
density (short-circuit current density, Jsc), which results in an optimal absorption bandgap of 1.34 eV
for the highest PCE of 33.7%.

In the past several decades, physical and chemical scientists were trying to achieve the highest PCE
of 33.7% by using the different types of solar cells. When the exciton binding energy of LAMs is lower
than the thermal energy, the planar thin-film structure can be used to construct the high-performance
solar cells, such as the crystalline Si [6,7], crystalline GaAs [8,9] and crystalline InP [10,11] solar cells.
When the exciton binding energy of the LAMs is higher than the thermal energy, the P:N nanocomposite
thin-film structures have to be used to increase the photovoltaic performance, such as the organic
bulk-heterojunction solar cells [12-14] and dye-sensitized solar cells (DSSCs) [15-17]. Although the PCE
of organic photovoltaics (OPVs) and DSSCs is significantly lower than that of the planar thin-film
inorganic semiconductor-based solar cells, the cost-effective OPVs and DSSCs still received a lot
of attentions in the past two decades. Thanks to the fundamental investigations on the OPVs
and DSSCs, the PCE of perovskite solar cells has dramatically increased from 3.8% [18] to 25.2% [19]
by using the solution-processed methods.

Itisamazing that the high-efficiency perovskite solar cells can be realized by using the low-temperature
solution-processed methods because the presence of high-density defects in the active layer [20-22] usually
can simultaneously reduce the Vo, Jsc and fill factor (FF) of solar cells. Itis well known that high-efficiency
perovskite solar cells can be explained mainly due to the large absorption coefficient [23,24], moderate
refractive index [25,26], low exciton binding energy [27,28], long exciton (carrier) lifetime [29,30] and long
exciton (carrier) diffusion length [31,32]. In addition, the high PCE of perovskite solar cells also relieson
the efficient energy transfer at the perovskite/electron transport layer (ETL) and perovskite/hole transport
layer (HTL) interfaces. The highest PCE of perovskite solar cells is theoretically predicted to be an attractive
value of 31% [33], which is also limited by the prediction from the S-Q limit.

To pursue truly high-performance solar cells, it is necessary to reduce the intrinsic potential
loss via increasing the hot-carrier lifetimes of LAMs. The hot-electron lifetimes of GaAs, Si and InP
crystals are 1.5 ps [34], 0.18 ps [35] and 3.4 ns [36], respectively. In general, the lower phonon energy
corresponds to the longer hot-electron lifetime [37,38]. The ultrashort hot-electron lifetimes mean that
the photo-excited electrons must relax to the meta-stable state to form excitons. In recent reports,
the lifetime for the hot electrons in perovskite crystals has been related to the +1 cation [39]. Furthermore,
the hot-electron lifetime (diffusion length) of MAPbI; thin films was determined to be longer than
20 ps (600 nm) by using transient absorbance spectroscopy [40]. The long-lived hot-carrier mediated
light emission was also observed in formamidinium tin triiodide perovskites [41]. The existence
of long-lived hot electrons means that it is possible to realize truly high-performance solar cells when
crystalline perovskite thin films are used as the LAM.

In this review, we discuss the hot-carrier characteristics and the ways for hot-carrier extractions
in the energy—space diagrams. A theoretical point of view is proposed in order to understand how
the single-junction hot-carrier solar cells can be realized. Finally, the practical issues are discussed
in order to assess the possibility for the realization of perovskite-based hot-carrier solar cells.

2. Light-Materials’ Interactions: Excited Bounded Electrons

Photon energy can be efficiently converted to electrical power by using p-type materials due
to the high absorption coefficient. Figure 1 shows the carrier dynamics of photo-excited electrons
in an energy-space diagram. When the incident photons are absorbed by a p-type material, the electrons
in the ground state can transit to the excited state to form hot carriers. The hot carriers can be viewed
as the oscillating charged particles, which can coherently and incoherently collide with the lattice
vibrations (photons). The coherent collisions between the hot carriers and phonons can result in Raman
scattering emissions. The incoherent collisions between the hot carriers and photons can result
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in the photoluminescence (PL) emissions. In addition, the hot-carrier mediated PL emissions can be
observed in the perovskite thin film due to the slow thermalization process [41].
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Figure 1. Photo-excited carrier dynamics in an energy-space diagram.

In general, the hot-carrier lifetime of organic LAMs is shorter than 100 fs. Therefore, it is not
easy to observe the hot-carrier dynamics of organic materials by using the femtosecond
time-resolved photoluminescence (FTR-PL) technique due to the limited instrument response function
(IRF ~150 fs) [42,43]. The ultrashort hot-carrier lifetime is mainly due to the large optical phonon energy
of organic materials [44], which results in an extremely short hot-carrier diffusion length. It means
that the hot carriers rapidly decay to the meta-stable state in organic materials via the thermalization
(downhill relaxation) process [2,45]. Then, the electrons in the lowest unoccupied molecular orbital
(LUMO) and the holes in the highest occupied molecular orbital (HOMO) are mutually attracted
to form excitons. In conjugated small organic molecules, the exciton binding energy can be reduced
by increasing the conjugation due to the delocalization effect [46]. In general, the exciton-binding
energy of organic LAMs can be a wide range from 0.3 eV to 1.0 eV [47,48], which depends on the degree
of delocalization of electron-hole pairs. This means that the larger exciton binding energy corresponds
to the shorter (smaller) exciton radius (volume). From the concept of allowable excitation density,
the smaller exciton volume results in the higher exciton generation rate (absorption coefficient).
Due to the high density of excitons, the exciton diffusion length and exciton lifetime of organic materials
can be lower than 1 nm and 1 ns, respectively.

It can be predicted that the hot-carrier lifetime of inorganic materials [34-36] is longer than
that of organic materials because the optical phonon energy of inorganic materials [49,50] is lower.
The optical phonon energy and hot-carrier lifetime of various materials are listed in Table 1 [34-38,49-53].
During the hot-carrier thermalization process in a polar semiconductor as shown in Figure 2, the energy
of the hot carriers has to be firstly transferred to the longitudinal optical (LO) phonons. Then, the transition
from the LO phonons to acoustic phonons results in the lattice heating. With the propagation of acoustic
phonons, the thermal energy can transfer to the surroundings. This means that there are three ways that
can be used to slow down the hot-carrier thermalization process. The energy transfer rate from hot carriers
to LO phonons is intrinsic fast in non-polar materials [54,55], such as Si and Ge. In a polar CH3NH3Pbl;
(MAPbI3) crystal thin film, the energy transfer rate from hot carriers to LO phonons can be delayed due
to the formation of hot polarons [55], which results in a long hot-carrier cooling time. As we know that
hot polarons are quasiparticles, which describes the interaction between the hot carriers and polar lattices.
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Therefore, the formation of hot polarons can delay the transfer rate from hot carriers to LO phonons.
This was firstly explained due to a phonon bottleneck effect [56]. In addition, the propagation of acoustic
phonons in perovskite crystals is theoretically predicted to be slow due to the use the insulating organic
cation [57], which also can generate the up-conversion of acoustic phonons to re-heat the hot carriers and
thereby increases the hot-carrier lifetime [53]. Up to now, the methods to delay the energy transition
from LO phonons to acoustic phonons have not yet been proposed for increasing the hot-carrier lifetime
in polar perovskite crystals.

Table 1. Optical phonon energies (Ephonon) and hot-carrier lifetimes (ty,¢) of various inorganic materials
and organic materials. TPA-TTAR-A: triphenylamine-tetrathienoacene-acceptor.

Materials GaAs Si InP P3HT TPA-TTAR-A CH;3;NH;Pbl; HC(NH,),Pbl;
Ephonon (MmeV) 40 60 42 None None 25 11.5
The (PS) 15 0.18 3400 <0.1 1.01 20 124
Ref. [34] [35,36]  [37,38] [49] [50] [40,51] [52,53]
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Figure 2. Hot carrier-optical phonon energy transfer and thermalization process.

3. Hot-Carrier Extraction at a Light-Absorbing Material/Electron Transport Layer
(LAM/ETL) Interface

The hot-electron injection from organic fused thiophene-based dyes to TiO, nanoparticles (NPs)
was investigated for the first time by using a FTR-PL technique [58], which was used to explain
the abnormal high Vo of 0.93 V in DSSCs with an iodide/triliodide based electrolyte [50]. The dyes
can be adsorbed on the surface of TiO, NPs due to the electrical attraction between the anchoring
group of dyes and the oxygen defect of TiO, NPs. Therefore, it can be understood that the high Vo is
due to the hot-electron injection from the dyes to the higher quantized energy levels of the TiO, NPs,
as shown in Figure 3. In this study, the average diameter of the TiO, NPs is about 10 nm [59], which is
about 3 times of the exciton radius. Therefore, it can be predicted that the quantized energy levels can
be created in the TiO, quantum dots (QDs) [60].

36



Nanomaterials 2019, 9, 1269

Dye oo TIO:
a, Vo QD
O
Hot electrons _d
T T E-
LUMO
HOMO

Figure 3. Hot-electron injection from dyes to the quantized energy levels of TiO, quantum dots (QDs).

The efficient hot-electron extraction in OPVs has not yet been reported in literature, which is
probably due to the fact that the diffusion process is needed for the hot carriers to reach the region
of charge transfer radius [61,62]. For example, the hot electrons in poly(3-hexylthiophene-2,5,-diyl)
(P3HT) polymers is rapidly decayed from the excited state to the LUMO energy level due to the ultrafast
self-localization process (~100 fs) [2,43], which suppresses the hot-electron diffusion. This means that it
is possible to realize organic hot-carrier photovoltaics when the ultrafast self-localization process can be
reduced by increasing the delocalization quantum-assisted transport within long polymer chains [46].

The efficient hot-electron extraction in perovskite solar cells has not yet been discussed in literature.
However, the abnormal high Voc (=1.61 V) of inverted-type MAPbBr3 based solar cells is probably due
to the efficient hot-electron extraction from the MAPbBr; nano-crystals to the indene-Cgo-bisadduct
(ICBA) ETL [63]. In this study, the poly(3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS
(1:6 wt%)) thin film and ICBA thin film are used as the HTL and ETL, respectively. The Fermi level
of PEDOT:PSS thin film and the LUMO energy level of ICBA thin film are —5.1 eV [64,65]
and -3.9 eV [66,67], respectively, which results in a S.-Q limited Voc of 1.2 eV. The high Voc
of MAPbBr3; based solar cells means that the hot electrons have to be extracted by the LUMO+1 and/or
LUMO+2 of the ICBA thin film because the PEDOT:PSS thin film is a metal-like conductive polymer [68].
The photovoltaic performances of high-Voc perovskite based solar cells are listed in Table 2 [63,69,70].
The three types of perovskite solar cells both contain bromide elements in the active layer, which suggests
that the bromide-based perovskite thin films probably have longer hot-carrier lifetimes. In addition,
the long hot-carrier lifetime and diffusion length were observed in a MAPbI; perovskite thin film
by using transient absorbance spectroscopy [40], which means that the realization of high-performance
hot-carrier perovskite solar cells is possible.

Table 2. Photovoltaic performance of bromide-based perovskite solar cells.

Active Layer MAPDbBr; CsPbI,Br CsPbg97Tbg g3Br3
ETL/LUMO ICBA/-3.9 eV TiO,/—4.1 eV TiO,/—-4.1 eV
HTL/Er or HOMO PEDOT:PSS/-5.1eV  Spiro-OMe TAD/-5.2 eV NiOy/-5.1 eV
Voc (V) 1.61 ~1.3 1.57
Jsc (mA/cm?) 6.04 ~12 8.21
FF (%) 77.0 ~74 79.6
Ref. [63] [69] [70]

4. Hot-Carrier Extraction at a LAM/Hole Transport Layer (HTL) Interface

As we know that the bounded electrons are not excited from the valence band maximum (Eygy)
when the photon energy of the incident lightwaves is higher than the absorption bandgap of materials.
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Therefore, the hot-hole relaxation process has to be considered in order to realize the hot-carrier solar
cells. Figure 4 shows the hot-hole and hot-electron dynamics in the energy diagram. For example,
the hot-hole and hot-electron relaxation times of a MAPbI; thin film are 100-500 fs and 1-5 ps [71],
respectively, which means that it is more difficult to collect the hot holes in perovskite thin films
by using a hot-hole selective layer due to the sub-picosecond relaxation time. Fortunately, there is
experimental evidence of transient absorbance spectra to show that the hot holes in a CsPblj thin film
can be efficiently extracted by the capping layer of P3HT thin film within a few 100 fs [72]. However,
the hot-hole extraction process from the perovskite thin film to the P3HT thin film is not yet completely
understood. Further experiments are needed to demonstrate that the hot-hole extraction can increase
the Voc of perovskite solar cells.

Figure 4. Energy diagram of hot-hole and hot-electron relaxations.

The extraction efficiency of hot holes is also related to the carrier diffusion coefficient of perovskite
thin films because the hot holes have to diffuse into the region of the charge transfer radius
at the perovskite/HTL interface. According to the Einstein relation (D = ukpT/e), the carrier
diffusion coefficient (D) is proportional to the carrier mobility (i), where kgT is the thermal energy
and e is the electric charge. The carrier drift equation (u = et/m") shows that the carrier mobility is
proportional (inversely proportional) to the carrier relaxation time (effective mass), where tand 1 are
the carrier relaxation time and carrier effective mass, respectively. Therefore, the smaller hot-hole
effective mass corresponds to the longer hot-hole diffusion length and thereby results in the higher
extraction efficiency of hot holes. Interestingly, the hole mobility can be higher than the electron
mobility when the LAM is CsPbBr3 or CsPbCl3, which is due to the lower hole effective mass [73].
However, the propagation characteristics of hot holes are not yet completely understood.

5. Theoretical Point of View

The highest PCE of single-junction hot-carrier solar cells was theoretically predicted to be 66%
under one sun illumination [74]. Figure 5a shows the energy diagram of a single-junction hot-carrier
solar cell. In the single-junction solar cell, the high-energy and low-energy incident photons are
absorbed by the electrons in the deeper levels and in the shallower levels of the valence band,
respectively. When the electrons in the valence band are excited to the conduction band, the hot
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electrons in the higher energy levels and in the lower energy levels both have to be directly extracted
in order to avoid ultrafast potential loss. As to the hot holes, they also have to be directly extracted
in order to keep the original potential.

(a) Single-juction hot-carrier solar cells (b) Tanden (multi-junction) solar cells
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Figure 5. Energy diagrams. (a) Single-junction hot-carrier solar cell. (b) Tandem solar cell.

The concept of single-junction hot-carrier solar cells is similar to the tandem (multi-junction)
solar cells which has a highly theoretical PCE of 68% under one sun illumination [75]. Up to now,
the highest PCE of tandem solar cells is 39.2% under one sun illumination, which is significantly higher
than the highest PCE (29.1%) of single-junction GaAs solar cells [19]. When the different absorption
ranges in a single LAM are viewed as the individual materials with the different absorption bandgaps,
the energy diagram of a tandem solar cell can be plotted in Figure 5b. The PCE of tandem solar cells is
strongly related to the performance of the tunnel junctions [76] with an ultrafast carrier dynamic [77].
In single-junction hot-carrier solar cells, the double-barrier resonant tunneling structure was proposed
as the energy selective contact of hot carrier solar cells [78] due to the sub-picosecond carrier extraction
ability [79]. Therefore, it can be believed that the highly efficient single-junction hot-carrier solar cells
can be realized when the ultrafast carrier lifetimes of hot carriers in the LAM can be increased from
the sub-picosecond time scale to sub-nanosecond time scale.

In order to efficiently collect the hot carriers at the different energy levels, a multi-band ETL and
a multi-band HTL have to be used to extract the dispersive hot carriers under a broadband excitation.
T 5ashows the energy diagram of an ideal hot-carrier solar cell. The Ecpy of HTL (Eypym of ETL) has
to be higher (lower) than the E3 in the conduction band of ETL (E3 in the valence band of HTL) in order
to block the hot electrons (hot holes), which can help the collection of hot carriers. If the high-energy
hot carriers can be efficiently collected by the E3, the hot electrons (hot holes) have to freely transport
within the E3 of ETL (HTL) without the energy transitions from the Ej3 to the E, and/or E;. Fortunately,
the photo-excited carriers can be collected and transport in the quantized energy levels of Si-doped
quantum dots, which increases the Voc from 0.78 V to 0.91 V [80]. Therefore, it can be expected
that the hot electrons and hot holes can freely transport in the quantized energy levels of ETL and
HTL, respectively. In addition, n-type graphene quantum dots [81-83] and p-type graphene quantum
dots [84-86] might have the potential as the multi-band ETL and multi-band HTL of hot-carrier solar
cells, respectively.

In addition, a theoretical approach is used to calculate the J-V curves of single-junction solar cells
when the selective contacts are used to collect the hot carriers [87]. Their simulation results show that
the exVoc of hot-carrier solar cells can larger than the absorption bandgap of LAMs. For example,
exVoc of the GaAs solar cell is 1.85 eV which is larger than the absorption bandgap of crystalline GaAs.
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6. Experimental Challenges and Opportunities

Up to now, the LAMs of highly efficient perovskite solar cells were fabricated by using
solution-processed methods [26,28,88-91], which means that the defect density of LAMs remains high.
Although the shallow defects of perovskite thin films do not significantly influence the photovoltaic
performance [92,93], the formation of defects can increase the exciton binding energy and optical
phonon energy of perovskite thin films [51,94]. Therefore, the defect-mediated phononic properties
of perovskite thin films have to be investigated in order to understand how to realize hot-carrier
solar cells.

The grain size of solution-processed perovskite thin films can be increased from several
hundred nanometers to several micrometers by adding the small molecules [95] or with the solvent
annealing process [96]. The average crystal domain size of perovskite thin films is smaller than
averaged grain size, which indicates that the perovskite thin films are composed of multi-crystalline
grains [97]. It means that the residual stress in a multi-crystalline perovskite thin film [98]
can also influence the phononic properties, which might dominate the hot-carrier characteristics.
In other words, the defect-mediated phononic properties [99] and/or crystal distortion-mediated
phononic properties [100] have to be considered when the perovskite thin films are fabricated on
top of amorphous substrates or poly-crystalline substrates by using solution processes or thermal
evaporation methods. However, the preferred oriented perovskite thin films can be fabricated on top
of the single-crystalline substrates by using the spin-coating method [101], which was observed by
measuring the two-dimensional X-ray diffraction patterns.

Conceptually, the existences of defects and lattice distortions should decrease the hot-carrier
lifetimes in the LAMSs, which are predicted to impede the development of hot-carrier solar
cells. Therefore, the development of single-crystalline perovskite bulks plays an important step
for the realization of high-performance optoelectronic devices. Two years ago, the single-crystalline
perovskites were grown on top of various substrates, such as indium tin oxide (ITO), quartz and silicon
wafer, which were used as the X-ray detector [102]. The strategy is to modify the surface of the substrates
with a NH;3-Br-teminated self-assembling molecules monolayer, which provides a seeding layer to grow
the single-crystalline MAPbBr3. The long carrier lifetime of the single-crystalline MAPbBrj is 692 ns,
which indicates the low defect density. Therefore, the hot-carrier lifetimes of single-crystalline
perovskites can be expected to be longer than that of poly-crystalline perovskite thin films.

When the substrate (Au/p*-type wafer) is the anode side, the single-crystalline perovskite
has to be grown on top of a quantized HTL. Then, a quantized ETL has to be fabricated on top
of the single-crystalline perovskite. A transparent conductive oxide has to be deposited on top
of the device as the cathode electrode. Therefore, it can be imagined that the device architecture is
Au/p*-type wafer/quantized HTL/single-crystalline perovskite/quantized ETL/transparent conductive
cathode. The p*-type wafer has to be a large-bandgap material in order to block the hot electrons
from the single-crystalline perovskite. The quantized HTL and the quantized ETL can be a p-type
quantum well (QW) structure [103] and a double-barrier resonant-tunneling structure [78], respectively.
In addition, the transparent conductive cathode is used to block the hot holes from the single-crystalline
perovskite. The potential candidates as the p*-type substrate, HTL, ETL and transparent conductive
anode are listed in Table 3. The Au coated p*-type GaN, AIN or SiC wafer can be used as the anode
electrode. The epitaxial growth process of GaN/AIN QW [104] or AlGaN QDs [105] on top of the GaN
or AIN wafer is a mature technique by using metal organic chemical-vapor deposition (MOCVD) or
molecular beam epitaxy (MBE). However, the barrier high and physical size of the QW or QDs has
to be investigated and designed in order to be used as the quantized HTL for the collection of hot
holes. P-type graphene QDs can be produced by using microwave-assisted heating method [106] or
pulsed laser ablation method [107]. And, the p-type graphene QDs thin film can be deposited on top
of the p*-type wafer by using the spin-coating method. Although, the single-crystalline MAPbBr3 has
been demonstrated that can be grown on various substrates with a surface modification method [102].
The contact at the MAPbI3/HTL interface, which should strongly influence the collection efficiency

40



Nanomaterials 2019, 9, 1269

of hot holes, has not yet investigated. It is predicted that the [6,6]-phenyl-Cg;-butyric acid methyl ester
(PCBM)/bathocuproine (BCP) QW, ZnO QDs [108] or TiO, QDs [109] can be used to collect the hot
electrons from the single-crystalline perovskite. PCBM molecules can be dissolved in low-polarity
solvents, such as chlorobenzene and toluene, which can be directly spin-coated on top of MAPbI; thin
films. BCP molecules, ZnO QDs and TiO, QDs are usually dissolved in isopropanol (IPA) which is
a polar solvent. Therefore, the BCP, ZnO QDs or TiO, QDs thin film cannot be directly spin-coated
on top of MAPbIj; thin films. The contact at the hydrophobic ETL/hydrophilic MAPbI; interface can
be improved by slightly roughening the surface of MAPbI; thin film [91]. Then, the Al-doped ZnO,
Ga-doped ZnO or Al-Ga co-doped ZnO thin film can be used as the transparent conductive cathode
because of the metal-like electrical conductivity which can directly collect the hot electrons without
the additional potential loss. However, the high-quality transparent conductive cathodes are usually
deposited by using the radio-frequency magnetron sputtering method, which can damage the MAPbI3
thin film due to the excessive energy bombardment during the deposition process [110]. To resist
the excessive energy bombardment, an inorganic thin film has to be used as the buffer layer in between
the MAPbI; thin film and transparent conductive cathode [110].

Table 3. Potential candidates as the p*-type substrate, hole transport layer (HTL), electron transport
layer (ETL) and transparent conductive anode.

p*-Type Substrate HTL ETL Transparent Conductive Cathode
GaN GaN/AlGaN QW PCBM/BCP QW Al-doped ZnO
AIN AlGaN QDs Zn0O QDs Ga-doped ZnO
SiC p-type graphene QDs TiO, QDs Al-Ga co-doped ZnO

The realization of hot-carrier solar cells has to rely on the long-lived hot carriers in the active layer
and the efficient collections of hot carriers by the HTL and ETL. The hot-carrier lifetime and hot-carrier
diffusion length of crystalline perovskite thin films can be longer than 100 ps and 600 nm, respectively,
which indicates that the hot carriers are possibly collected without potential loss. However, the hot
carriers have to be rapidly collected before the ultrafast thermalization process, which means that
the collection times of hot carriers have to be faster than the hot-carrier lifetimes. For example,
the hot-carrier lifetime of the LAM and the hot-carrier collection time of a double-barrier resonant
tunneling structure can be 100 ps and 0.4ps, respectively. Furthermore, the hot-carrier collection
efficiency can be calculated by h = 1/t;/(1/t; + 1/t) [58], where t; and t, are hot-carrier collection time
and hot-carrier lifetime, respectively. Therefore, the calculated hot-carrier collection efficiency equals
t0 99.6%, which means that it is worthwhile to develop a double-barrier resonant tunneling structure as
the selective contact of hot-carrier perovskite solar cells. In this review, we suggest that the quantized
HTL and quantized ETL can be used to collect the dispersive hot holes and hot electrons, respectively.
The collection times of hot carriers will dominate the collection efficiency. Therefore, the barrier height
and physical size of the quantized HTL and quantized ETL has to be varied in order to decrease
the collection times of hot carriers. Conceptually, the collection times of hot carriers are also influenced
by the crystallinity (carrier mobility) of the HTL and ETL. Therefore, the formation of high-quality
quantized HTL, quantized ETL and perovskite thin film is necessary in order to realize hot-carrier
solar cells.

7. Conclusions

Recent progress in the understanding of the light-perovskite interactions shows that the realization
of highly efficient hot-carrier solar cells is possible because the long-lived hot polarons can be
formed and thereby delays the thermalization process. Conceptually, the extraction of hot electrons
and hot holes can increase the open-circuit voltage (Voc). The hot-electron injection was firstly
observed in the dye-sensitized solar cells, which significantly increased the Voc from 0.75 V to 0.93 V.
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The long-lived hot electrons in the organic fused thiophene-based dyes were observed by using
the femtosecond time-resolved photoluminescence technique.

The highest Voc of CH3NH;3PbBr3 solar cells is 1.61 V, which is far larger than the potential
difference (1.2 V) between the LUMO energy level of the electron transport layer (ICBA thin film)
and the Fermi level of the hole transport layer (PEDOT:PSS thin film). The abnormal high Voc
of perovskite solar cells can be explained due to the efficient collection of hot electrons by the LUMO+1
and/or LUMO+2 of the ICBA thin film. In addition, the P3HT polymer thin film was used as the hot-hole
selective contact layer, which was observed by using the femtosecond transient absorbance spectra.

To realize truly high-performance hot-carrier perovskite solar cells, it is necessary to simultaneously
collect the hot electrons and hot holes without the additional potential loss. We have proposed
a device architecture which might be used to achieve the desired power conversion efficiency.
The device architecture is Au/p*-type GaN wafer/quantized hole transport layer (QHTL)/crystalline
perovskite/quantized electron transport layer (QETL)/transparent conductive cathode. Ideally, the hot
holes and hot electrons in the crystalline perovskite have to be collected by the QHTL and QETL,
respectively. Therefore, it is necessaryto investigate the ultrafast energy transfer dynamics of hot
carriers from the crystalline perovskite to the QHTL and QETL by varying the barrier high and physical
size of the quantum wells or quantum dots.
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Solar Cells with Open Circuit Voltage Breaking 0.8 V
by Incorporating A Thin Layer of CdS Nanocrystal
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Abstract: Nanocrystal solar cells (NCs) allow for large scale solution processing under ambient conditions,
permitting a promising approach for low-cost photovoltaic products. Although an up to 10% power
conversion efficiency (PCE) has been realized with the development of device fabrication technologies,
the open circuit voltage (V) of CdTe NC solar cells has stagnated below 0.7 V, which is significantly lower
than most CdTe thin film solar cells fabricated by vacuum technology (around 0.8 V~0.9 V). To further
improve the NC solar cells’ performance, an enhancement in the V.. towards 0.8-1.0 V is urgently required.
Given the unique processing technologies and physical properties in CdTe NC, the design of an optimized
band alignment and improved junction quality are important issues to obtain efficient solar cells coupled
with high V.. In this work, an efficient method was developed to improve the performance and V. of
solution-processed CdTe nanocrystal/TiO, hetero-junction solar cells. A thin layer of solution-processed
CdS NC film (~5 nm) as introduced into CdTe NC/TiO; to construct hetero-junction solar cells with an
optimized band alignment and p-n junction quality, which resulted in a low dark current density and
reduced carrier recombination. As a result, devices with improved performance (5.16% compared to
2.63% for the control device) and a V, as high as 0.83 V were obtained; this V. value is a record for a
solution-processed CdTe NC solar cell.

Keywords: nanocrystal; CdTe; TiO,; CdS; solar cells; solution processed

1. Introduction

Since the first reported solution-processed CdTe nanocrystal solar cells (NCs) in 2005, they
have been rapidly developed due to their potential for next-generation photovoltaic products
(including NCs, quantum dots, polymers, Sb,Ses, and perovskite solar cells) at low cost, low material
consumption, and simple fabricating techniques [1-8]. During the past decade, intensive research
has been focused on preparing high-quality CdTe NC films to improve the performance of NC solar
cells [9-11]. Advances in CdTe NC thin film treatment and device architecture have led to a significant
increase in the performance of solar cells from 2.9% in 2005 to ~7% in 2011 [12]. Efficient CdTe NC
solar cells are prepared by using a planar p-n hetero-junction configuration. In this device structure,
carriers are mainly generated in the CdTe NC film and electrons are injected from the conducting band
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of the CdTe NC to an n type partner (such as CdSe, CdS, ZnO, or TiO; et al.), while the hole travels to
the back contact of the device. Nowadays, solution-processed CdTe NC solar cells mainly suffer from
a low open circuit voltage (V,): most CdTe NC solar cells have a V. between 0.5V and 0.7 V [13],
while these values are 0.8 V~0.9 V for CdTe thin film solar cells that have been prepared by the close
space sublimation (CSS) method [14], which limits further improvement in performance. The loss in
potential for CdTe NC solar cells is defined as Ejs = Eg — €V, where Eg is the bandgap of the CdTe
NC thin film (~1.45 eV). The value of E;, is greater than 0.7 eV for the CdTe NC solar cells, while this
value is below 0.4 eV for most perovskite or III-V group semiconductor solar cells [15,16]. According to
the Shockley-Queisser constraint, the minimum Ej is about 0.3 eV for CdTe NC solar cells and the
maximum theoretical V. with a bandgap of 1.45 eV is 1.15 eV [17]. The E,,; for CdTe NC solar cells can
be mainly attributed to the recombination existing in the p-n junction and the back contact, given that
the CdTe NC film has been prepared at optimized conditions. To obtain low resistance ohmic contacts
to CdTe thin films, a heavily doped region at the surface of the CdTe should be formed before back
contact formation via wet etching (using a bromine /methanol or phosphoric/nitric treatment) [18-20].
Unfortunately, the wet etching will result in the NC thin film being removed from the substrate or
device shunt, which was confirmed by Panthani et al. [21].

Another way to make good ohmic contacts to the CdTe NC film is by using metal/p*
semiconductor /metal oxide/organic hole transport materials with a high work function as a back
contact. Occasionally, Au is selected as the back contact for CdTe NC solar cells, and a Vi of 0.65 V can
be obtained [22] due to the low work function (5.1 eV for Au~5.5 eV for CdTe). Recently, Kurley et al.
demonstrated ohmic contacts could be realized by inserting transparent ZnTe:Cu, etched CdTe:Cu, or a
Te buffer layer between the CdTe and ITO (Indium Tin Oxide) [23]. Unfortunately, although as high
as 8.6% (without light soaking/current treatment) of the PCE coupled with a high fill factor (~60%)
and Jsc were attained in this case, the V,c was below 0.7 V, which limits the device’s performance
for further improvement. p-doping spiro-OMeTAD [24] or P3KT [25] have also been employed
as hole transport materials for the CdTe NC thin film’s back contact, and a high efficiency (~6%)
was obtained in optimized NC solar cells. Most recently, a novel crosslinkable conjugated polymer
poly(diphenylsilane-co-4-vinyl-triphenylamine) (Si-TPA) with high work function (5.38 eV) was
introduced successfully into solution-processed CdTe/CdSe (or CdS) NC solar cells with an inverted
structure of (ITO/ZnO/CdSe/CdTe/Si-TPA/Au); a PCE as high as 8.34% was obtained due to the
decreased carrier recombination and dipole effects [26]. Another important issue for increasing the Vo,
of CdTe NC solar cells is preparing a high-quality p-n junction and optimizing the band alignment of
the whole device. As the size of a CdTe NC is in the range of 1~0 nm, the n-type partner is expected
to have a similar size to obtain a homogeneous interface. In our previous work, we found that
using solution-processed CdS NC or CdSe NC to replace the widely used CBD-CdS (chemical bath
deposition CdS) as an n-type partner for CdTe NC solar cells improved V,. and performance due to
the high junction quality and reduced carrier recombination in the p/n junction [27,28]. Most recently,
we found that a higher V. (0.66-0.74 V) could be obtained in CdTe NC/TiO, heterojunction solar cells
by using Sb doped TiO, as the buffer layer due to the improved band alignment. However, the large
differences in crystal type (solution-processed TiO, has an anatase structure [29] while CdTe NC has
a zinc blende structure [30]) and lattice constant (0.948 nm for TiO; and 0.648 nm for CdTe) resulted
in low junction quality. On the contrary, when compared to TiO,, CdS had a lower lattice mismatch
with CdTe and a high-quality hetero-junction is expected by incorporating a CdS thin film, which
suppresses the leakage current due to the reduced defect density. In this paper, we developed an
efficient method to simultaneously enhance the V. and PCE of solution-processed CdTe NC/TiO,
solar cells by inserting a thin layer of CdS NC between the CdTe and TiO; film. The CdS NC possesses
a similar size and structure as that of CdTe NC, which can efficiently decrease the lattice mismatch
between CdTe and TiOy; in addition, CdS has suitable energy levels, which are well matched with
CdTe, therefore decreasing the energy loss and improving the V. of the device. The incorporation of a
CdS NC thin film optimizes the band alignment of the CdTe/TiO, junction and reduces the interface
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recombination. Compared to the control device (with the structure FTO(SnO;:F)/TiO,/CdTe/Au),
all of the devices with a CdS interlayer showed a significantly higher V. (0.72-0.83 V). A V, as high
as 0.83 V was obtained with an optimal thickness of the CdS NC film (3.74 nm), which is a record for a
solution-processed CdTe NC solar cell. When further optimizing the device fabrication conditions,
we achieved CdTe/TiO, NC solar cells that exhibited a Ji of 17.38 mA/cm?2, a V. of 0.73 V, an FF
(fill factor) of 40.67%, and a high PCE of 5.16%. This PCE value was almost two times higher than the
control device (with a PCE of 2.65%). As a simple fabrication process, we believe that this design holds
potential for efficient CdTe NC solar cells with a PCE of up to 10%.

2. Experiment Procedure

A TiO, sol-gel precursor was synthesized via a convenient method according to our previous
work [31]. In a typical process, 4.25 mL titanium n-butoxide, 3.75 mL ethanolamine, and 25 mL
ethyl alcohol were mixed and gently stirred in a 50 mL beaker for 2 h to form a transparent sol-gel.
Next, 5 mL of acetic acid in 5 mL of deionized water was gradually dropped into the mixture and
continuously stirred for 24 h. Finally, the mixture was transferred to the fume hood to accelerate the
condensation procedure. When the total volume of the mixture decreased to 15 mL, it was taken out for
the fabrication of TiO, thin film. The synthesis of the CdS NC and CdTe NC solutions was conducted
following methods published previously [23,28]. Transmission electron microscope (TEM) images of
the CdS and CdTe NC are presented in Figure S1a,b. The CdS NC showed a spherical morphology
while the CdTe NC showed a rod-shaped structure. The transmission spectrum of FTO/TiO,/CdS
with different thicknesses of CdS is shown in Figure S2. It is evident that the introduction of a thin
layer CdS NC film had little impact on the transmission of FTO/ TiO; (less than 10% decrease when
compared to the NC device without CdS NC film), which is prospective for increasing the spectrum
response in short wavelengths.

Solar cells with the configuration of FTO/TiO,/CdS/CdTe/Au were prepared by a simple
solution process under ambient conditions, as shown in Figure 1. A TiO; film with a thickness of 40 nm
was prepared by depositing a Ti>* precursor onto the FTO substrate and spin-casted at 2500 rpm for
15 s, then the substrate was annealed at 500 °C for 1 h to eliminate any organic solvent and form a
compact TiO; thin film. Several drops of the CdS NC solution with different concentrations (5 mg/mL,
10 mg/mL, 15 mg/mL, and 20 mg/mL) were then deposited onto the FTO/TiO, and spin-casted at
3000 rpm for 20 s. Following this, the substrate was transferred to a hot plate and annealed at 150 °C
for 10 minutes, then transferred to another hot plate and annealed at 380 °C for 30 min. One wash with
isopropanol was used to remove any impurities. The CdTe NCs were then deposited layer by layer
onto the FTO/TiO, /CdS substrate with a process described previously in [23]. Finally, several drops
of saturated CdCl, /methanol were put onto the FTO/TiO, /CdS/CdTe substrate and spin-casted at
1100 rpm for 20 s, then transferred onto a hot plate at 330-420 °C for 15 min. Sixty nanometers of Au
was deposited via thermal evaporation through a shadow mask with an active area of 0.16 cm? to
make the electrode contact.
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Figure 1. A schematic of the fabrication process of the NC solar cells.

The PCE of the NC solar cells were investigated under an illumination of 100 mW cm ™2 with an air
mass 1.5 (AM 1.5) solar simulator (Oriel model 91192), while the J-V characteristics were measured with a
Keithley 2400. The C-V (Capacity-Voltage) measurements were taken with an Autolab PGSTAT-30 equipped
with an impedance analyzer module. The external quantum efficiency (EQE) of the NC solar cell was
measured using Solar Cell Scan 100 (Zolix, Beijing, China). Atomic force microscopy (AFM) images were
obtained using a NanoScope NS3A system (Veeko, CA, USA). Transient photovoltage measurements (TPV)
were taken by using the OmniFluo system (Zolix, Beijing, China).

3. Results and Discussion

The cross-section scanning electron microscope (SEM) image of the optimal CdTe/TiO, NC
heterojunction solar cells is shown in Figure 2a. A high-temperature prepared TiO; thin film that was
compatible with the FTO substrate was selected as a buffer layer for electron collecting. Zinc-blende
CdS NC has a similar structure and size as CdTe NC and was deposited on the TiO, film. A gold
electrode was deposited onto the CdTe NC film to collect photo-generated holes. The introduction
of the CdS NC film was anticipated to decrease the lattice mismatch and interface defects between
the CdTe and TiO,. From the energy dispersive spectrum (EDS, Figure S3, supporting information),
the emergence of an S element implied that the CdS had been introduced into the NC solar cells.
The XRD pattern of the FTO/TiO, /CdTe and FTO/TiO, /CdS/CdTe thin films is presented in Figure S4;
peaks for the zinc blende CdS were found when the CdS NC film was introduced. The band alignment
of the FTO, TiO,, CdS, CdTe, and Au is presented in Figure 2b. In this device architecture, light passes
through the FTO, TiO,, then CdS, and is absorbed by the CdTe NC active layer. The photon-generated
carriers are separated by the built-in field of CdTe/TiO,. Electrons are injected from the conducting
band of CdTe to CdS then TiO,, and collected by the FTO electrode, while the hole transfers from
the valence band of CdTe to the gold electrode. To investigate the morphology changes of the TiO,
thin film after the deposition of the CdS thin layer, atomic force microscopy (AFM) was used to
characterize the surface images of FTO/TiO,/CdS with different thicknesses of CdS NC. As shown
in Figure 2c—f, a smooth surface was observed in the case of FTO/TiO,/CdS with the thin CdS NC
film (0.78 nm, Figure 2d). The TiO, film was totally covered with the CdS NC film when the CdS
NC thickness was increased to 3.74 nm (Figure 2e). When the thickness of the CdS NC film reached
9.51 nm, although the TiO, was totally covered by the CdS NC film, the surface was very undulating.
It was noted that the root mean squares were 3.01 nm, 4.00 nm, 13.80 nm, and 13.90 nm for a CdS NC
thickness increase from 0 to 9.51 nm, respectively. A smooth CdS NC surface is essential to enhance the
physical contact between CdS and CdTe and decrease interfacial recombination, leading to improved
device performance.
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Figure 2. (a) Cross-section SEM image of the NC solar cells; (b) Energy levels of FTO, TiO,, CdS, CdTe,
and Au; () AFM images of FTO/TiO, without CdS; AFM images of FTO/TiO, with CdS; (d) 0.78 nm
CdS NC; (e) 3.74 nm CdS NC; and (f) 9.51 nm CdS NC.

To decrease the interface defects between CdTe and TiO,, a thin layer of CdS NC was deposited
onto the TiO; film with different thicknesses via a solution process. It was reported in our previous
works that an optimal annealing temperature for the CdTe NC/TiO, heterojunction was around
400 °C [32]. Figure 3a presents the current density vs. voltage (J-V) curves of the devices with CdS
(3.74 nm) under air mass 1.5 G (AM 1.5 G) illumination, and the detailed parameters are summarized
in Table 1. The NC solar cell with a CdS NC interlayer showed a V. 0f 0.83 V, a J;c of 16.02 mA/ cm?,
and a fill factor (FF) of 30.46%, resulting in a PCE of 4.05%; NC solar cells without the CdS NC
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interlayer only showed a V. 0of 0.69 V, a Jsc of 12.32 mA/ cm?, and an FF of 31.17%, leading to a PCE
of 2.65%. Therefore, the PCE observed from the NC solar cells with a CdS NC interlayer showed a
52.8% improvement when compared to devices without the CdS NC interlayer. The parallel resistance
(Rgh) of the NC solar cells was found to be slightly improved after inserting the CdS NC film, which
implies a decreasing carrier recombination for CdS NC devices (Table 1). From the external quantum
efficiency (EQE) spectrum (Figure 3b), one can see that the CdS NC interlayer device had a higher
photon-to-electron conversion efficiency over the whole wavelength; when they were integrated,
current densities of 15.99 mA/cm? and 12.30 mA/cm? were predicted, respectively, which were
consistent with our J-V curves (Figure 3a). It is interesting that the NC devices with a CdS NC
interlayer had a drastically improved V. (0.83 V for the CdS NC device, 0.69 V for the control
device), demonstrating the advantage of the CdS NC interlayer. Figure 3c shows the V. of efficient
CdTe NC solar cells with the different device structures (the device parameters are summarized in
Table 2) that have been reported in recent years. Most devices showed a V. below 0.7 V, which was
significantly lower than the devices fabricated in this work. This high V. value, to the best of our
knowledge, is the highest V,. reported for solution-processed CdTe NC solar cells with different
structures. The V. obtained in this work was 13-40% higher than that of the conventional CdTe-ZnO
NCs solar cells and ~18% higher than that of the inverted CdTe-TiO, NCs solar cells previously
reported. The annealing temperature and thickness of the CdS NC film evidently has an influence on
the junction quality of the NC solar cells. To investigate the annealing temperature on the performance
of the devices, all devices with a 3.74 nm CdS NC interlayer were fabricated at the same conditions
except for the final annealing procedure. As shown in Figure 3d (the J-V curves are presented in
Supporting Information Figure S2, while the parameters are summarized in Table 1), the PCE increased
linearly with an annealing temperature from 330 °C to 400 °C, then dropped when the annealing
temperature was further increased to 420 °C. It was noted that all the devices showed a V. up t0 0.7 V,
and devices annealed at 390 °C /400 °C showed the highest V,, surpassing 0.8 V (0.82 V/0.83 V). It is
well known that a TiO, thin film prepared by the decomposition of a Ti** precursor shows a porous
structure, which is of benefit for separating the hole/electron pair in the case of dye sensitization
solar cells [33]. However, a planar heterojunction is expected for thin film solar cells as a reduced
interface area. We anticipated that the incorporation of CdS NC on top of a TiO; thin film would fill
the hole of the TiO, film and permit the formation of a smooth and compact CdTe NC film on top of it.
Furthermore, when compared to TiO,, the CdS NC had a similar size and structure to that of CdTe NC,
and therefore a high junction quality was attained in this case due to decreased defects and reduced
nonradiative recombination in the interface. On the other hand, due to the low band offset between
CdTe and CdS, a high V,c was expected once the junction quality was improved (improving annealing
temperature resulted in a higher junction quality). Further increases of the annealing temperature up
to 400 °C may result in the oxidation of CdTe or pin-holes in the CdTe NC thin film, and therefore low
device performances will be obtained in this case. It was also found that with increases in annealing
temperature from 330 °C to 400 °C, the Rs decreased from 142.7 Q-ecm 2 to ~100 Q-cm 2, while
Rgp, decreased from 400 Q-cm 2 to ~150 Q-cm 2. We speculated that with the increase in annealing
temperature, the NC may grow larger, therefore resulting in a low Rs. However, as the annealing
is conducted under ambient conditions, the surface of CdTe may oxidize, forming CdO at high
temperatures, which could increase the series resistance (Rs) of the NC solar cells. On the other hand,
aggressive CdCl, treatment at higher temperatures may lead to the formation of some pinholes, which
will decrease the Ry, of the NC solar cells. In CdS thickness experiments, the thickness varied from
0.78 to0 9.51 nm, whereas for TiO,, the CdTe was fixed at 40 nm and 400 nm with the same structure
(FTO/TiO,/CdS/CdTe/Au). The PCEs with different CdS NC thicknesses are presented in Figure 3e
(the J-V curves for different CdS NC thicknesses under light are provided in Supporting Information
Figure S5, while the detailed photovoltaic parameters are summarized in Table 1). It was evident that
the PCEs of the NC solar cells with different thicknesses of CdS were higher than those without a
CdS NC interlayer. The PCEs of the NC solar cells increased with a CdS NC from 0 to 2.23 nm, then
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degraded when the CdS NC thickness exceeded 2.23 nm. The best device was obtained in the case of
a 2.23 nm CdS NC interlayer, which showed the following of merits: a Jsc of 17.38 mA/ cm?, a V. of
0.73 'V, an FF of 40.67%, and a PCE of 5.16%. The best PCE value was almost one time higher than the
control device. It was noted that, although a high PCE was obtained in the 2.23 nm CdS NC device,
the V. was significantly lower than that of the 3.74 nm CdS NC device. We anticipated that the built-in
field was weak for devices with a too-thin CdS thickness due to the inadequate coverage of the TiO,
film. The V. value was proportional to the built-in field in the NC solar cells. With an increase in the
CdS NC thickness, the built-in field of the NC solar cells increased and a high V,,c was expected in
this case, which conformed to our experiment results. However, with the increase in the CdS NC film
thickness, the Rs of the NC solar cells increased, which may affect the J;. and FF of the NC solar cells.
Furthermore, the junction quality of CdTe/CdS/TiO; also had significant effects on the FF and the
efficiency of the NC solar cells. One of the major issues for solution-processed NC solar cells is device
stability. We examined the stability of NC solar cells without a CdS NC interlayer under ambient
operating conditions. In this device configuration, the stability of the NC solar cells is mainly related
to the CdTe/TiO; interface, the CdTe NC active layer, and the back contact. A device with a CdS NC
interlayer maintained 96.7% of its PCE after being placed at ambient conditions (Figure 3f) for 30 days.
In contrast, the control device only maintained 79.2% of its initial efficiency. We speculated that the
introduction of a CdS NC interlayer restrains the diffusion of defects on the surface of the CdTe NC,
therefore improving the stability of the NC solar cells.

Table 1. Summary of the photovoltaic parameters of the NC solar cells prepared under different conditions.

Annealing Temperature (°C) CdS Layer Thickness (nm) Vo, (V) Jsc (mA/cm?) FF (%) PCE(%) Rs(Q-em™?) Ry, (Q-em™2?)

400 0 0.69 12.32 31.17 2.65 96.7 149.1
330 3.74 0.71 6.88 29.07 142 1427 408.0
350 3.74 0.71 12.67 26.01 2.34 96.1 101.4
380 3.74 0.75 14.66 30.56 3.36 101.7 2284
390 3.74 0.82 15.61 30.62 3.92 103.0 135.8
400 3.74 0.83 16.02 30.46 4.05 108.8 163.4
420 3.74 0.71 9.11 24.89 1.61 1484 157.8
400 0.78 0.73 14.56 31.24 3.32 93.0 103.9
400 2.23 0.73 17.38 40.67 5.16 51.9 268.3
400 9.51 0.72 11.78 20.28 172 126.8 544

Table 2. Summary of the V. obtained in efficient CdTe NC solar cells in the literature.

Device Architecture Voc (V) Jsc (mA/cm?) FF (%) AM 1.5G Efficiency (%) Ref.
ITO/CdTe/CdSe/Ca/Al 0.45 13.2 49 29 [1]
ITO/CdTe/Al 0.50 4.1 51 1.1 9]
ITO/CdTe/ZnO/ Al 0.59 20.7 56 6.9 [12]
ITO/CdTe/In:ZnO/Al 0.68 25.8 71 123 [21]
ITO/CdTe/ZnO/Al 0.69 25.5 64.7 11.3 [5]
ITO/ZnO/CdSe/CdTe/Au 0.65 15.28 58.5 5.81 [22]
ITO/TiO,/CdTe/spiro-OMeTAD/Au 0.71 15.82 452 5.16 [25]
ITO/ZnO/CdSe/CdSe:CdTe/CdTe/Au  0.60 21.06 495 6.25 [23]
ITO/(N,Hs5),CdTe, /CdTe/ZnO:In/Al  0.73 24.6 71 12.7 [24]
FTO/Zn0O/Sb:TiO, /CdTe/Au 0.74 11.16 30.13 2.49 [32]
ITO/ZnO/CdS/CdTe/Si-TPA/Au 0.67 20.58 52.76 7.27 [27]
FTO/TiO,/CdS/CdTe/Au 0.83 16.02 30.5 4.05 This Work
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Figure 3. (a) J-V characteristics of the NC solar cells with/without a CdS (3.74 nm) NC interlayer
in a structure of FTO/TiO,/CdS (with/without)/CdTe/Au. The J-V curves were measured under
100 mW-cm~2 AM 1.5 G illumination, which were corrected by a calibrated Si solar cell. Corresponding (b)
external quantum efficiency (EQE) spectrum; (¢) Summary of the V. of efficient CdTe NC solar cells
reported in the literature; NC solar cells with (d) different annealing temperatures and (e) different
thicknesses of CdS NC film; and (f) The stabilized PCEs of NC solar cells with/without a CdS NC interlayer.

To gain more insight into the performance improvement in NC solar cells with a CdS NC interlayer,
we characterized the J-V curves under dark. As shown in Figure 4a, the current at the reversed bias
from a device with a CdS NC interlayer was almost one order lower than that from a device without
a CdS NC interlayer. The low leakage current implied that the CdS NC interlayer could decrease
the CdTe/TiO; interface defects and carrier recombination, resulting in a significant improvement
in device performance. The built-in potential (V};) of the NC solar cells was mainly determined by
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the p-n junction between the CdTe and n-type partner. Compared to TiO,, CdS had a lower lattice
mismatch with CdTe and a lower band offset; therefore, a higher V,. was expected in devices with
a CdS NC interlayer, which agreed well to our experimental results. Capacitance-voltage curves
(measured at a constant frequency of 1000 Hz) were carried out to investigate the built-in field of NC
solar cells with/without a CdS NC interlayer. The C~2 with voltage (V) plotted is shown in Figure 4b.
According to the Mott-Schottky equation [34],

c 2= #(V = V) 1)

A2qegeN, Y

where A is the active area (0.16 cm?); ¢ is the relative dielectric constant of CdTe (10.6); g is the vacuum
permittivity; and Ny is the net acceptor concentration. The Vj; was extracted at a forward bias from
the interception of the fitted line with the x axis. A higher V},; (0.82 V) for devices with a CdS NC
interlayer was observed, while this value was 0.72 V for devices without a CdS NC interlayer, which
agreed well with their J-V curves, as shown in Figure 3a. The N4 of NC solar cells calculated from
the above formula was ~101° /cm?®. Altering the annealing temperature or using a different structure
did not have a significant effect on the N, value. To further investigate the effects of the CdS NC
interlayer on the recombination process of the NC solar cells, the transient photovoltage (TPV) was
used to measure the charge recombination in the NC solar cells with/without a CdS NC interlayer.
In the case of TPV measurement, a steady state equilibrium was obtained when the NC solar cells
were placed under a white light bias and an additional number of charges were generated by applying
another weak laser pulse. As shown in Figure 4c, the charge recombination was characterized by
tracking the transient voltage associated with the perturbations in charge population. The charge
recombination times for NC devices with/without a CdS NC interlayer were 2.96 us and 1.26 us,
respectively, which implied a lower charge recombination rate in the CdS NC interlayer device when
compared to devices without a CdS NC interlayer. The roll-over of |-V at high annealing temperatures
(400 °C or above, Figure 3a, Figures S4 and S6), which was also found in our previous work, was also
noteworthy [32]. The roll-over mainly originated from the non-ohmic contact between the CdTe and
Au, which can be mainly attributed to the large resistance present in the surface of the CdTe NC
thin film. We speculated that CdO formed on the surface of the CdTe NC film at high annealing
temperatures under ambient conditions. As CdO is an n-type semiconductor material, the device
showed a 1n(TiO;)-p(CdTe)-n(CdO) structure, so a |-V curve with roll-over was very likely to be
obtained in this case. Pin-holes that formed in some parts of the NC thin film (due to the large inner
stress in NC thin film at high temperature) or the diffusion of CdCl, across the whole NC thin film
may also result in device shunt at high annealing temperatures. In this case, a low FF is likely to be
obtained. In order to improve the contact quality, we also fabricated an NC device with a MoOyx/Au
back contact or devices that were ozone etched before the Au electrode was deposited. The J-V curves
for the devices with the structure FTO/TiO,/CdS/CdTe/MoOy (5 nm)/Au and the devices with
different ozone etching times are presented in the Supporting Information Figure S7a,b, while the
photovoltaic parameters are summarized in Table S1. Unfortunately, all of these attempts may result in
devices shunting, or the degradation of the device performance. Further work should be carried out to
eliminate the roll over to improve the performance of the NC solar cells.
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Figure 4. (a) J-V curves of the NC solar cells with/without a CdS thin film under dark;
(b) Mott-Schottky curves in dark conditions measured at a constant frequency of 1000 Hz for the NC
solar cell device with/without a CdS interlayer; and (c) Transient photovoltage measurements of the
NC solar cells with/without a CdS interlayer.

4. Conclusions

In conclusion, we fabricated efficient CdTe NC/TiO; heterojunction solar cells through a simple
layer by layer sintering solution process. The introduction of a thin layer of CdS NC between the
CdTe and TiO; resulted in optimized band alignment and reduced the interface defects. Compared to
the control devices, drastic improvements in V,. and PCE were observed for the devices with a CdS
NC interlayer. A V. as high as 0.83 V was attained by optimizing the thickness of the CdS NC,
which was the highest record for solution-processed CdTe NC solar cells. After carefully optimizing
the fabrication parameters, we obtained a device with a PCE of 5.16%, showing a 94.7% increase
when compared to the control device. Our work here provides a new way to improve the V. and
performance of CdTe NC solar cells.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2079-4991/8/8/614/s1,
Figure S1: TEM images of as prepared (a) CdS and (b) CdTe nanocrystal, Figure S2: Transmission spectrum of
FTO/TiO,/CdS with different thickness of CdS NC film, Figure S3: EDS obtained on the cross-section of CdTe
NC solar cells with configuration of FTO/TiO,/CdS/CdTe/ Au, Figure S4: J-V characteristic of NC solar cells with
different annealing temperatures (all devices with 3.74 nm CdS interlayer), Figure S5: XRD pattern of FTO/TiO, and
FTO/TiO,/CdS, Figure S6: |-V characteristic of NC solar cells with different thicknesses of CdS NC film (all devices
annealing at 400°C), Figure S7: (a) -V curves for NC solar cells with/without MoOx buffer layer (b) J-V curves for
NCs solar cells with different ozone etching times, Table S1: Summarized photovoltaic parameters from Figure S4.
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Abstract: Due to the low temperature fabrication process and reduced hysteresis effect, inverted
p-i-n structured perovskite solar cells (PSCs) with the PEDOT:PSS as the hole transporting layer
and PCBM as the electron transporting layer have attracted considerable attention. However,
the energy barrier at the interface between the PCBM layer and the metal electrode, which is
due to an energy level mismatch, limits the electron extraction ability. In this work, an inorganic
aluminum-doped zinc oxide (AZO) interlayer is inserted between the PCBM layer and the metal
electrode so that electrons can be collected efficiently by the electrode. It is shown that with the
help of the PCBM/AZO bilayer, the power conversion efficiency of PSCs is significantly improved,
with negligible hysteresis and improved device stability. The UPS measurement shows that the
AZOQ interlayer can effectively decrease the energy offset between PCBM and the metal electrode.
The steady state photoluminescence, time-resolved photoluminescence, transient photocurrent,
and transient photovoltage measurements show that the PSCs with the AZO interlayer have a longer
radiative carrier recombination lifetime and more efficient charge extraction efficiency. Moreover,
the introduction of the AZO interlayer could protect the underlying perovskite, and thus, greatly
improve device stability.

Keywords: perovskite solar cells; aluminum-doped zinc oxide (AZO); electron transporting
bilayer; stability

1. Introduction

Despite uncertainties regarding device stability and the usage of lead, metal halide perovskite
solar cells (PSCs) have attracted increasing attention from both academia and industry due to
their unprecedented properties, such as high absorption coefficients, long charge carrier diffusion
lengths, and solution processing approach, since their first use as the active layer for photoelectron
chemical cells in 2009 [1,2]. In the past few years, the power conversion efficiency (PCE) of PSCs
has been rising dramatically, from 3.8% [3] to present values which are higher than 23% [4]. So far,
two main device architectures have been used to fabricate PSCs. One is named the n-i-p structure,
which usually involves depositing the perovskite material onto transparent substrates covered
with a compact TiO, electron transport layer (ETL) and an optional mesoporous TiO, (or Al,O3)
scaffold layer [5,6]. The other is named the p-i-n structure, which involves depositing the perovskite
material onto transparent substrates which are covered with a hole transport layer (HTL), such as
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the poly(3,4-ethylenedioxythiophene):polystyrene sulfonic acid (PEDOT:PSS) [7,8]. High temperature
annealing is usually necessary for the n-i-p structure to attaim high quality TiO, layers compared to
the p-i-n structure, which could increase the production cost, and prevent its use in flexible substrates
and multi-junction device architectures. As an alternative approach, the p-i-n structure is being used
in this paper with PEDOT:PSS as the HTL and [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) as
the ETL, due to the low temperature fabrication process and reduced hysteresis effects [7,8].

In order to improve the PCE of p-i-n PSCs, many film growth methods such as the one step
method [8], two step sequential deposition method [9-11], and the mixed-solvent-vapor annealing
method [7] have been developed to achieve a highly uniform, dense, and pin-hole free perovskite
films, which can yield more electron-hole pairs upon illumination with light, and thereby reduce the
energy loss induced by recombination. With the continuous quality improvement of perovskite films,
another issue in regard to interfaces in the PSCs is becoming more and more important, i.e., the p-i-n
structure requires that the ETL be deposited on top of the perovskite layer. PCBM as a typical ETL
is usually used in this structure. However, if the cathode electrode (Ag, Al) is evaporated onto the
PCBM layer directly, there is always an energy barrier at the interface between the PCBM layer and the
metal electrode due to the energy level mismatch [12]. Such a PCBM/metal electrode is not optimized
for the electron extraction [12]. Therefore, in order to improve the device performance, a method of
interface engineering between the PCBM layer and the metal electrode whereby additional layers are
inserted has been proposed. In the past few years, some attempts have been proposed to improve
the electron extraction properties between the PCBM layer and the metal electrode. For example, by
inserting the interlayer of LiF between PCBM and electrode, Seo et al. achieved a PSC with a PCE
of 14.1% for a unit cell and 8.7% for the module [13]. By using the polyethylenimine ethoxylated
(PEIE) interlayer between the PCBM and electrode, Yang et al. demonstrated a high performance
planar heterojunction PSC with a PCE of 14.82% [12]. By inserting the Ca between the PCBM and
electrode, Chiang et al. achieved the best PCE, 16.31% [14]. By using the Cgp and bathocuproine
(BCP) interface modified layer, an optimal PCE of 17.9% was obtained [15]. By inserting PFN
(poly [(9,9-bis(30-(N,N-dimethylamino)propyl)-2,7-fluorence)-alt-2,7-(9,9-dioct ylfluorene)]) interlayer
between the PCBM and electrode, You et al. got an improved PCE of 17.1% [16]. All of these have
shown that inserting the interlayer between the PCBM and electrode is an effective way to improve
device performance. However, the interlayer materials such as the low workfunction metal (Ca) or
organic materials are usually not stable enough. Thus, other interface materials are required. There are
many n-type metal oxides such as zinc oxide (ZnO) [17,18], titanium oxide (TiOx) [19,20], and tin oxide
(SnOy) [21-23], which has a low work function, and improves the electron extraction ability when
used as the interlayer. However, in order to achieve good material quality, these metal oxides usually
require a high temperature process, which is not suitable for the p-i-n structure in PSCs because the
high process temperature will destroy the underlying perovskite materials. Thus, the means by which
a high quality metal oxide may be obtained at a low temperature becomes important for the p-i-n
structure in PSCs.

In this work, we adopt a room temperature solution processed Al-doped ZnO (AZO) as the
interlayer between the PCBM and Ag electrode to improve device performance. AZO is a wide bandgap
material with beneficial properties such as low workfunciton, high electron mobility, high optical
transparency, and low-cost [24]. By using the AZO interlayer, the fabricated PSC shows an improved
performance with low hysteresis and enhanced device stability. By comparing to devices without
the AZO interlayer, it was found that the PSC with the AZO interlayer has a longer radiative carrier
recombination lifetime. This may be attributed to the reduction of the energy mismatch between
the PCBM layer and Ag electrode by introducing the AZO interlayer, which improved the electron
extraction ability. By using the PCBM/AZO bilayer, a PSC with a short current density (Jsc) of
22.82 mA /cm?, an open circuit voltage (Voc) of 0.99 V, a fill factor (FF) of 71.68%, and PCE of 16.18%
was achieved. Moreover, the AZO interlayer can improve the stability of the device, with the PCE of
the best device remaining 86.41% of its initial value after storing the device for over 720 h.
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2. Materials and Methods

2.1. Materials

All solvents and reagents, Aluminum-doped zinc oxide nanoparticle ink (AZO, 2.5 wt.%,
Sigma-Aldrich, Saint Louis, MI, USA), Methylammonium iodide (MAI, 99.8%, Dyesol, Queanbeyan,
Australia), Formamidinium iodide (FAI, 99.8%, Dyesol, Queanbeyan, Australia), Lead iodide (Pbl,,
99.999%, Sigma-Aldrich, Saint Louis, MI, USA), Lead chloride (PbCl,, 99.999%, Sigma-Aldrich,
Saint Louis, MI, USA), Phenyl-C61-butyric acid methyl ester (PCBM, 98%, Nano-c, Westwood, MA,
USA), Poly(34-ethy-lenedioxythiophene) Poly(styrenesulfonate) (PEDOT: PSS, Clevios PVP Al 4083,
Hanau, Germany), N,N’-Dimethylformamide (DMF, 99.8%, Aladdin, Beijing, China), Chlorobenzene
(CB, 99.8%, Sigma-Aldrich, Saint Louis, MI, USA), and Isopropanol (IPA, 99.5%, Sigma-Aldrich, Saint
Louis, MI, USA), unless stated otherwise, are used as received without further purification.

2.2. Film Formation and Device Fabrication

The planer PSCs were fabricated on pre-patterned ITO glass substrates (10 () per square, around
2 x 2.5 cm? in size, Zhuhai Kaivo, Zhuhai, China). The patterned ITO glass substrates were sequentially
ultrasonic cleaned with 5% decon-90 solution, de-ionized water, acetone, de-ionized water, alcohol at
50 °C for 20 min, respectively. Then the ITO substrates were dried with nitrogen and cleaned in a UV
ozone oven for 30 min. A thin layer of PEDOT:PSS was spin-coated on the substrates at 7000 rpm for
45 s, and annealed at 150 °C for 15 min. After that, the substrates were transferred into a nitrogen-filled
glovebox. To make a uniform perovskite layer, a perovskite precursor solution consisting of 1.36 M Pbl,
and 0.24 M PbCl;, in the solvent of DMF (named PbX; solution) was stirred for 2 h at 75 °C, and 70 mg
MAT and 30 mg FAI were dissolved in the solvent of IPA for the late use. Around 60 uL PbX, precursor
solution pre-heated to 75 °C was transferred by pipettes to the PEDOT:PSS covered ITO substrates.
Briefly, the spin coating process was programmed to run at 3000 rpm for 45 s. Then MAI and FAI
mixed solution was spin-coated on top of the dried PbX; layer at room temperature at 3000 rpm for
45 s. All of the films were thermally annealed on the hotplate at 100 °C for 10 min. Next, a layer of
PCBM (20 mg/mL in chlorobenzene) was spin-coated on the top of the perovskite layer at 2000 rpm
for 45 s. After that, the AZO solution (8 mg/mL in IPA) was spin-coated on the top of the PCBM layer
at 6000 rpm for 45 s, and the thickness of AZO film is about 90 nm measured by Stylus Profiler (Bruker
Dektak XT, Bremen, Germany). The devices were finished by thermally evaporated 100 nm Ag. All the

devices had an effective area of 7 mm?.

2.3. Device Characterization

The morphologies of the perovskite layers were measured by scanning electron microscopy (SEM)
(JSM-7800F, JEOL Ltd., Tokyo, Japan) and atomic force microscopy (AFM) (Agilent 5500, Santa Clara,
CA, USA). X-ray diffraction (XRD) test was conducted on X’ Pert Pro XRD (Bruker Optics, Ettlingen,
Germany) and the samples were prepared as the same process of device fabrication. UPS measurements
were acquired with a VG ESCA 220i-XL system (VG Instruments, Manchester, UK). The UV source was
a He discharge lamp with a photon energy of 21.2 eV. The UV-visible absorption spectra were recorded
with an UV-visible spectrophotometer (Perkin-Elmer Lambda 950, Waltham, MA, USA). Photovoltaic
performances were measured by using a Keithley 2400 source meter (Tektronix, Inc., Beaverton, OR,
USA) under simulated sunlight from XES-70S1 solar simulator (SEN-EI Electric. Co. Ltd, Osaka,
Japan) matching the AM 1.5 G standard with an intensity of 100 mW /cm?. The system was calibrated
against a NREL certified reference solar cell. Incident photo-to-current conversion efficiencies (IPCEs)
of PSCs were measured by the solar cell quantum efficiency measurement system (SCS10-X150, Zolix
instrument. Co. Ltd, Beijing, China). Transient photocurrent measurement was performed with a
system excited by a 532 nm (1000 Hz, 3.2 ns) pulse laser. Transient photovoltage measurement was
performed with the same system excited by a 405 nm (50 Hz, 20 ms) pulse laser. A digital oscilloscope
(Tektronix, D4105, Beaverton, OR, USA) was used to record the photocurrent or photovoltage decay
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process with a sampling resistor of 50 () or 1 M(), respectively. The thickness of AZO film was
measured by Stylus Profiler (Bruker Dektak XT, Bremen, Germany). All measurements of the solar
cells were performed under ambient atmosphere at room temperature without encapsulation.

3. Results and Discussion

The device structure in this work is shown in Figure 1a, where the PEDOT:PSS and PCBM act as
the HTL and ETL, respectively. Here an inverted planar heterojunction structure is used instead of the
conventional structure due to its advantages as mentioned earlier. AZO is inserted between the PCBM
layer and Ag electrode to decrease the energy mismatch between them, so that the carrier collection
may be efficiently improved. Figure 1b shows the schematic band diagram of this work with/without
AZO. The energy level mismatch between PCBM and Ag electrode could lead to inefficient carrier
transport. One of the methods to enhance the performance of the p-i-n PSCs is interface engineering.
It is expected that the AZO interlayer with excellent photoelectric properties can reduce the work
function of metal electrode [25,26], so that the carriers can be efficiently collected by the Ag electrode,
as shown in Figure 1b.

a

Glass/ITO

Figure 1. (a) Schematic structure of the MA( 7FA( 3Pbls Cly devices in this study: ITO/PEDOT:PSS/
MA( 7FA( 3Pbl; (Cly /PCBM/AZO/Ag. (b) The energy level diagram of the p-i-n solar cell. The energy
levels of ITO, the bandgap of PEDOT:PSS, and the bandgap of PCBM were referenced from the previous
report [12]. The workfunction of AZO was measured by UPS as stated in the following.

High quality perovskite material is the key to achieving a high performance PSC. In order to
create a uniform and smooth perovskite film, a mixed-solvent-vapor annealing technique is used here,
as in the previous report [7]. After spin-coated the MAI and FAI mixed solution, the perovskite films
were put on top of a hot plate and covered by a glass petri dish. 40 uL of IPA:DMF (100:1 v/v) solvent
was added in the petri dish around the substrates during the thermal annealing process so that the
solvent vapor could react with the perovskite film. Figure S1 reveals the surface morphology of the
fabricated perovskite film on the top of the ITO/PEDOT:PSS layer. It is obvious that the perovskite
film is uniform and smooth with the grain size approximately 300-500 nm.

Figure 2a presents the champion current density-voltage (J-V) curves of devices with/without the
AZOQ interlayer, and Table 1 shows the corresponding device parameters. The champion device with
the AZO interlayer achieves a PCE of 16.19%, with a Jsc of 22.82 mA / cm?, a Voc of 0.99 V and a FF
of 71.68%. Compared with this device, the device without the AZO interlayer gives a PCE of 14.80%,
with a Jsc of 22.18 mA /cm?, a Voc of 0.94 V and a FF of 71.02%. The device performance with the AZO
interlayer is much higher than that without the AZO layer. The higher Jsc, Voc and FF values for the
device with the AZO interlayer are supposed to be mainly caused by the suitable work function and
efficient charge extraction with the insertion of the AZO layer. Jsc of the devices is also checked by
the IPCE spectra, as shown in Figure 2b. It can be seen that the Jsc of the devices integrated from the
IPCE spectra matches well with those obtained from J-V measurements. The high IPCE value for the
device with the AZO interlayer should be related with the excellent charge transport in the interface
of PCBM/AZO bilayer. Figure S2 reveals the J-V curves of PSCs with/without the AZO interlayer
measured via both forward and reverse bias sweeps. (Forward scan: from a negative bias —0.2 V to
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a positive bias 1.1 V, and reverse scan: from a positive bias 1.1 V to a negative bias —0.2 V). It was
observed that the PSC with the AZO interlayer shows the neglect photocurrent hysteresis. On the other
hand, the PSC without the AZO interlayer shows an obvious photocurrent hysteresis. The hysteresis
effect in J-V measurements is one of the most challenging issues for PSCs. It has been shown that
it is related to the accumulation of the interface [27]. The neglect photocurrent hysteresis for the
device with the AZO interlayer means that there is negligible accumulation at the interface, and thus,
better carrier extraction ability. Furthermore, the stabilized PCEs at the maximum power output point
were examined, as shown in Figure 2c. The steady-state PCEs are measured to be 15.65% and 13.85%
for the devices with/without the AZO interlayer, respectively. They are close to the values obtained
from light J-V curves, indicating the reliability of the -V curve measurement. Both the hysteresis
measurement and the stead-state measurement show that the device with the AZO interlayer has the
best performance, which is consistent with the PCE measurement shown in Figure 2a. This may be
attributed to the fact that with the insertion of the AZO interlayer between the PCBM layer and Ag
electrode, a bilayer with excellent charge transport efficiency will be formed.
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Figure 2. (a) Best performed J-V characteristics of PSCs with/without the AZO interlayer measured
under 100 mW/cm? AM 1.5G illumination. (b) IPCE curves and integrated current density of PSCs
with/without the AZO interlayer. (c) Steady output characteristics of PSCs with/without the AZO
interlayer. (d) Statistics result of PCE for PSCs with/without the AZO interlayer.

Table 1. Photovoltaic performances of PSCs under AM 1.5G illumination (100 mW /cm?).

Jsc (mA/cm?) Voc (V) FF (%) PCE (%)
AZO 22.82 0.99 71.68 16.19
Control device 22.18 0.94 71.02 14.75

To confirm the above, the statistic results for the device parameters are summarized in Table S1,
Figure 2d and Figure S3a—c. PSCs with the AZO interlayer exhibit a promising average PCE of
14.89% with an average Jsc of 20.99 mA /cm?, an average Voc of 0.97 V and an average FF of 73.34%,
outperforming the devices without the AZO interlayer, where an average PCE of 13.42% is achieved
(the average Jsc, Voc and FF were 22.35 mA /cm?, 0.95 V and 63.60% respectively). The parameters of
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Voc and FF display significant enhancement, indicating the beneficial role of the AZO interlayer with
enhanced charge extraction ability.

It is supposed that the PCBM/AZO bilayer could lower the energy barrier between the Ag
electrode and the active layer; then, the electron extraction from the active layer to Ag electrode is
facilitated. To verify this supposition, UPS measurement was carried out. Figure 3a shows the UPS
spectra of Ag electrode, Ag/AZO and ITO/PEDOT:PSS/perovskite to investigate how the energy
levels shift. The UPS measurement shows that the work function of Ag is 4.6 eV. After depositing
AZO on Ag, there is an obvious shift toward lower work function of 4.05. Figure 3a reveals that the
Fermi level (Eg) of the perovskite film on the ITO/PEDOT:PSS substrate is 3.2 eV, and the energy
difference between the valance band maximum and Ef is 1.9 eV. We also measured the absorption of
ITO/PEDOT:PSS/perovskite/PCBM (as shown in Figure 3b); this indicated that the energy gap of
the perovskite is 1.58 eV. Therefore, we can obtain that the conduction band minimum of perovskite
film in this work is 3.52 eV. The energy band of PCBM is referenced from the previous report [7] with
the conduction band minimum of 4.20 eV and valance band maximum of 6.0 eV. It is obvious that
the introduction of the AZO interface layer could decrease the energy level mismatch between PCBM
layer and Ag electrode. Thus, electrons produced in the perovskite film could be collected by the Ag
electrode more efficiently, which is consistent with the better performance of the device with the AZO
interface layer.
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Figure 3. (a) UPS measurements of Ag electrode, Ag/AZO and ITO/PEDOT:PSS/perovskite. (b) The
optical absorption spectra of ITO/PEDOT:PSS/perovskite/PCBM and ITO/PEDOT:PSS/perovskite/
PCBM/AZO. inset: the corresponding bandgap of perovskite film. It is noted that the corresponding
optical bandgap is about 1.58 eV. (¢) XRD patterns of ITO/PEDOT:PSS/perovskite/PCBM and
ITO/PEDOT:PSS/ perovskite/PCBM/AZO.

Figure 3b shows the UV-vis spectra of ITO/PEDOT:PSS/perovskite/PCBM and ITO/PEDOT:PSS/
perovskite/PCBM/AZO. It is obvious that at between 400 and 500 nm wavelengths, the absorbance of
the device with AZO is lower than the device without AZO, which matches with the result of IPCE. The
result of UV-vis measurement also indicates that the layers of AZO have minimal influence on the light
absorption of the perovskite layer between 500 and 800 nm wavelengths. Because the absorbance of
AZO layer is very weak and that of ITO/PEDOT:PSS /perovskite/PCBM is very strong, the absorbance
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of AZQO has a little effect on the whole device. The XRD of ITO/PEDOT:PSS/perovskite/PCBM and
ITO/PEDOT:PSS/perovskite/ PCBM/AZO were also be measured, in order to observe the influence of
AZO layer on the perovskite film. As shown in Figure 3¢, diffraction peaks at the XRD patterns around
14.17°, 28.52°, and 31.98° are assigned to the (110), (220), and (310) lattice planes of the tetragonal
perovskite structure, respectively. The peak at 12.70° is associated with the (100) crystal plane of Pbl,.
The XRD patterns with/without AZO are similar; this demonstrates that the influence of AZO layer to
perovskite layer is negligible. Thus, we can conclude that the improved performance of the device
with the AZO interlayer is mainly induced by the improved electron extraction ability instead of the
improved absorption or crystal quality.

The ITO/PEDOT:PSS/perovskite, ITO/PEDOT:PSS/perovskite/PCBM and ITO/PEDOT:PSS/
perovskite/PCBM/AZO film morphologies and surface textures were also investigated by SEM.
It is shown that with the method of mix-solvent-vapor annealing, a high uniform and smooth
perovskite film was achieved as shown in Figure S1. Figure 54 shows the top-view SEM images
of ITO/PEDOT:PSS/perovskite/PCBM and ITO/PEDOT:PSS/perovskite/ PCBM/AZO. It is observed
that with the PCBM or PCBM/AZO bilayer deposited on perovskite film their SEM images are breezing.
However, the grain size and surface textures are unchanged. This demonstrates that the influence of
AZO layer to perovskite layer is negligible, which is consistent with the result of the UV-vis and XRD
which we measured above.

Figure 4a shows the steady-state photoluminescence (PL) spectra of the ITO/PEDOT:PSS/
perovskite/PCBM layer with/without the AZO interlayer. The perovskite films were deposited
on the glass/ITO/PEDOT:PSS substrates under the same experimental conditions. The excitation light
wavelength is 700 nm and the PL emission is collected from the PCBM or PCBM/AZO side. To protect
the samples during the measurement, the device was sealed by spin-coating a layer of insulating
polymer (PMMA). When the sample has the AZO layer, it could be clearly observed that the peak
intensity at 783 nm decreased, which demonstrates that the charge transfer from the perovskite to the
ETL is more efficient. This indicates a suppressed non-radiative recombination with the optimized
PCBM/AZO bilayer; this is consistent with the obtained UPS results and J-V characteristics discussed
above. Figure 4b shows the TRPL behaviors for the sample with/without AZO layer. It is obvious
that the sample with the AZO interlayer has a shorter lifespan, and that the sample without the AZO
interlayer has a longer one. The lifespan for the sample without the AZO interlayer is around 239.08 ns;
this is reduced to 201.84 ns when the AZO interlayer is inserted between the PCBM layer and the Ag
electrode. This shows that the photogenerated charge carriers could be efficiently transported to the
AZO layer and collected by the Ag electrode. All of these results indicate that efficient electron transfer
occurs with the PCBM/AZO bilayer, which is necessary for efficient charge extraction and collection
in PSCs, and corresponds with the higher performance and neglect photocurrent hysteresis for devices
with the PCBM/AZO bilayer.
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Figure 4. (a) Steady-state PL spectra and (b) Time-resolved PL spectra of perovskite/PCBM
with/without the AZO layer. (c) Transient photocurrent and (d) transient photovoltage measurements
of solar cells with/without the AZO interlayer.

The transient photocurrent and photovoltage measurements of PSCs were further performed
to verify these results. Figure 4c shows the transient photocurrent of PSCs prepared with/without
the AZO interlayer, measured at the short circuit condition. It was found that the device with the
AZQ interlayer has faster extraction (467.58 ns) than the device without the AZO interlayer (648.25 ns),
indicating that the device former possesses much more efficient charge extraction and charge transport
properties. Hence, the Voc and FF are enhanced. The transient photovoltage is used to determine the
charge recombination lifetime, as shown in Figure 4d. The charge recombination lifetime of the device
with the AZO interlayer increases to 0.41 ms, compared to that without the AZO interlayer (0.27 ms),
indicating that the charge recombination is efficiently suppressed with the introduction of the AZO
interlayer. These transient photocurrent and photovoltage measurement results are consistent with the
PL measurement results.

Finally, we studied the stability of the device by storing it for 720 h. As shown in Figure 5 and
Figure S5a—c, the device with the AZO interlayer exhibits remarkable PCE stability, retaining 86.41% of
its initial value even after storing for over 720 h. The Jsc remained almost unchanged, with a slightly
decreased FF value. The Voc has a small increase in the first 100 h, and stays around 1.00 V in the
following measurement, while for the device without the AZO interlayer, the PCE decreases quickly
to 60.14% of its initial value for the same storage condition and duration, which is mainly caused by
the decreased FF and Jsc. These results suggest that the PSC with the PCBM/AZO bilayer exhibits
better stability.
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Figure 5. Stability of unencapsulated PSCs with/without the AZO interlayer.
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4. Conclusions

In conclusion, we have demonstrated a stable and efficient p-i-n structure PSC with a PCBM/AZO
electron transporting bilayer. The insertion of the AZO interlayer could greatly improve the
performance of PSCs; the best-performing device exhibits a PCE of 16.18% with a Jsc of 22.82 mA/ cm?,
a Voc of 0.99 V, and a FF 71.68%. The UPS measurement shows that the AZO interlayer can decrease
the energy offset between PCBM and metal electrode. The measurements of PL, TRPL, transient
photocurrent, and transient photovoltage show that the PSC with the AZO interlayer has a longer
radiative carrier recombination lifetime, and more efficient charge extraction efficiency. In addition,
the PSC with the AZO interlayer shows an improved stability.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/8/9/720/s1,
Figure S1: Top-view SEM image of the surface morphology of perovskite, Figure S2: (a) J-V curves in forward
and reverse scans of PSCs with AZO, (b) J-V curves in forward and reverse scans of PSCs without AZO,
Figure S3: Statistics results of Jsc (a) Voc (b) and FF (c) for PSCs with/without AZO, Figure S4: SEM graphs of (a)
ITO/PEDOT:PSS/perovskite/PCBM and (b) ITO/PEDOT:PSS/ perovskite/PCBM/AZO, Figure S5: Stability of
(@) Jsc (b) Voc and (c) FF for unencapsulated devices with/without AZO, Table S1: Statistical results of perovskite
solar cells under AM 1.5G illumination (100 mW /cm?). The standard deviation results are derived from 12
perovskite solar cells.
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Abstract: Despite the outstanding features of high transmittance and low sheet resistance from
silver nanowire (Ag NW) based transparent electrodes, their applications in perovskite solar cells
(PVSCs) as window electrodes encounter significant obstacles due to the stability issue brought by
the corrosion of halogen species from perovskite layer. In this study, we used large size graphene
oxide (LGO) sheets as the protective barrier for bottom Ag NW nano-network. Contributed by the
LGO with average size of 60 pum, less GO sheet was necessary for forming the fully covered protective
barrier with fewer cracks, which consequently improved the optical transparency and anticorrosive
ability of the composite electrode compared to the one from relatively small size GO. Our experiments
demonstrated the composite electrode of Ag NW/LGO. The glass substrate exhibited transmittance
of 83.8% and 81.8% at 550 nm before and after partial reduction, which maintained 98.4% and 95.1%
average transmittance (AVT) of the pristine Ag NW electrode. Meanwhile, we utilized the steady hot
airflow to assist the fast solvent evaporation and the uniform GO film formation on Ag NW electrode.
Before the application of composite electrode in organic-inorganic hybrid perovskite solar cells, the
operational stability of composite electrodes from different sizes of GO with perovskite film fabricated
on top were characterized under continuing external bias and light irradiation. Experimental results
indicate that the Ag NW electrode protected by LGO could maintain original resistance for more
than 45 h. Finally, the PVSC fabricated on Ag NW/LGO based composite electrode yielded a power
conversion efficiency (PCE) of 9.62%, i.e., nearly 85% of that of the reference device fabricated on the
commercial indium-tin oxide (ITO) glass. Our proposed low temperature and solution processed
bottom electrode with improved optical transparency and operational stability can serve as the very
beginning layer of optoelectronic devices, to promote the development of low cost and large area
fabrication perovskite solar cells.

Keywords: Ag nanowires; graphene oxide; perovskite solar cell; transparent bottom electrode

1. Introduction

Organic-inorganic hybrid perovskite has been demonstrated as a promising candidate of light
absorber because of its excellent properties for photovoltaic devices. The power conversion efficiency
(PCE) has achieved over 23% since it was first introduced in 2009 with PCE of 3.8% [1-7]. With
the increase in efficiency and potential commercial value, researchers have paid more attention to
controlling the cost of preparation, by avoiding the use of high energy consuming instruments and
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adopting low temperature and solution processed methods for each layer. For example, the low
temperature and solution processed interfacial layers, including electron [8-14] and hole [15-19]
transporting layers, have been intensively studied to improve the efficiency of PVSCs. Carbon based
materials, such as carbon paste [20,21], carbon nanotubes [22-25] and graphene [26], have also been
used as top electrodes in PVSCs to replace conventional top metal electrodes formed by thermal
evaporation, to reduce the cost of device fabrication and improve the stability of device simultaneously.
Besides, metal nanowire electrode through spray-coating or spin-coating method is another favored
candidate of top electrode for semi-transparent PVSCs [27,28].

For the bottom electrode of PVSCs, the most commonly used transparent conductive electrodes at
present are indium-tin oxide (ITO) and fluorine-doped tin oxide (FTO) films fabricated by evaporation
or sputtering in high vacuum environment, which however have the following problems. First, due to
the large amount of electrical energy consumption and machine loss during the preparation process,
the fabrication cost of ITO and FTO is relatively high. Second, the indium element required for
ITO is a rare element. The rising of its price could be predicted in the long-term. Third, the metal
oxide electrode has natural brittleness. The optoelectronic device based on this type of electrode will
be greatly limited in flexibility and folding characteristics. As a result, several candidate materials
have been investigated as bottom electrode to replace ITO or FTO, such as carbon nanotubes [29],
graphene [30,31], conductive polymers [32] and metal nanowires [33-36]. Among these materials,
silver nanowire (Ag NW) network is regarded as the most promising candidate because of the low
sheet resistance and high transmittance. Moreover, silver nanowires have excellent flexibility, making
them suitable for flexible optoelectronic device. However, the application of silver nanowire as bottom
electrode to perovskite solar cells has encountered various obstacles, especially the chemical stability
upon the perovskite materials because the halide species released from the perovskite layer will easily
penetrate through the conventional interfacial layer, corrode the bottom silver nanowires, and thus
lead to degradation of the electrical conduction [37-39].

To address the chemical stability issue, various attempts have been made to protect the bottom
silver nanowire electrode. For instance, Han et al. [38] proposed a dense fluorine-doped ZnO (FZO)
layer deposited on the surface of Ag NWs by pulsed laser deposition (PLD) to enhance the corrosion
resistance of the electrode and ensure the conductivity of the electrode, achieving a PCE of 3.29%
from perovskite device. Kim et al. [39] demonstrated a sandwich protection structure of ITO/Ag
NW/ITO by successive-spin-coating method and annealing at 250 °C to enhance the conductivity of
the composite electrode, resulting in a PCE of 8.44% from PVSC. Based on the sandwich protection
structure, Lee et al. [37] proposed using amorphous Al-doped zinc oxide (AZO) instead of ITO as a
protective layer for the purpose of reducing the use of indium and achieved a PCE of 13.93% from PVSC.
In addition, our previous research [40] reported an anti-corrosive film composed of self-assembled
graphene oxide (GO) flakes on a silver nano-network under ambient conditions, which can effectively
prevent halide corrosion against the Ag NWs, and finally revealed a PCE of 9.23% by optimizing the
amount of graphene oxide and reducing agent.

We demonstrated the formation of fully covered film composed of large size graphene oxide
sheets (LGO) as the protective barrier for bottom Ag NW nano-network through utilizing a time-saving
strategy of steady hot airflow, which is beneficial for the film formation with good uniformity. We
found that the anti-corrosive abilities of the composite Ag NW electrodes from large size GO sheets
were significantly enhanced compared to those composited from small size GO sheets. They were
experimentally demonstrated by characterizing the resistance of composite electrode under continuing
external bias and light irradiation. Importantly, the composite electrode of Ag NW /LGO after partially
reduction showed an excellent optical transmittance, reaching 81.8% at 550 nm and maintaining 95.1%
average transmittance (AVT) of the pristine Ag NW electrode. Finally, the PVSC fabricated with Ag
NW/LGO based composite electrode demonstrated a power conversion efficiency (PCE) of 9.62%,
corresponding to nearly 85% of the efficiency from reference device on commercial ITO glass.
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2. Materials and Methods

2.1. Materials

Graphene oxide powder was purchased from Anhui Lianruan Education Technology Co., Ltd. (Hefei,
China). ITO glasses were purchased from YINGKOU OPV TECH NEW ENERGY Co., Ltd. (Yingkou,
China). Poly(3 4-ethylenedioxythiophene):poly(styrene sulfonate) PEDOT:PSS (Heraeus Clevios PVP Al
4083), Lead (II) iodide(Pbl,, >99.99%) and 2,9-dimethyl-4,7-diphenyl-1,10-Phenanthroline (BCP, >99%)
were purchased from Xi’an Polymer Light Technology Corp. (Xian, China). Methylammonium iodide
(MAI, 99%) was purchased from Greatcell Solar PTY Ltd. (Queanbeyan, Australia). [6,6]-Phenyl-C61-
butyric acid methyl ester (PCBM, >99.5%) was purchased from Luminescence Technology Corp.
(Shanghai, China). Dimethyl sulfoxide (DMSO, anhydrous, >99.9%), chlorobenzene (anhydrous,
99.8%) and 2-Propanol (anhydrous, 99.5%) were purchased from Sigma-Aldrich Co. LLC. (Shanghai,
China). y-Butyrolactone (GBL, anhydrous, 99.9%) was purchased from Shanghai Aladdin Biochemical
Technology Co., Ltd. (Shanghai, China). Ethanol, acetone and sodium borohydride were purchased
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). All chemicals were used without
further purification.

2.2. Preparation of Large Size GO

Large size GO sheets were prepared using a centrifugal classification method according to
previous report [41]. Briefly, appropriate amount of GO powder was taken for preparing an aqueous
dispersion with a concentration of 2 mg/mL, which was stirred for 24 h. After centrifugation at
5000 rpm for 30 min, the bottom solution (about 30% in volume) was kept and diluted to 2 mg/mL for
the next cycle of centrifugation. After repeating the above process seven times, the gel at bottom was
collected and used for investigations in this study.

2.3. Preparation of Ag NW/RLGO Composite Electrodes

The glass substrates were cleaned ultrasonically with acetone, deionized water and ethanol for
15 min in sequence, and then dried with Ny, followed by UV /ozone treatment for 15 min. The pristine
Ag NW dispersion was diluted to 1.3 mg/mL before use. Highly conductive Ag NW transparent
electrodes were fabricated by spin-coating the Ag NW dispersion at 2500 rpm for 30 s and annealing
at 150 °C for 10 min in air. According to our previous research [40], 32 umol NaBH,4 were added to
2.5 mL LGO aqueous dispersion (0.25 mg/mL). Then, the dispersion was kept for 12 h for the partial
reduction of LGO. Fifty microliters of partially-reduced LGO dispersion (RLGO) were dropped onto
the Ag NW transparent electrode with area of 2.89 cm?, allowing the liquid to disperse onto the entire
substrate uniformly. Finally, the substrate was dried under a steady hot airflow, which could greatly
speed up the evaporation of the solution. The “steady hot air flow” was achieved by a commercial
adjustable electric hair dryer (FH6618, FLYCO, Shanghai, China) through carefully controlling wind
and power.

2.4. Preparation of Perovskite Solar Cells on Ag NW/RLGO Composite Electrodes

For the fabrication of perovskite solar cells, the transparent electrodes of Ag NW/RLGO and
commercial ITO glass were used. The Ag NW/RLGO composite transparent electrodes were prepared
as described above. The control ITO substrates were ultrasonically cleaned with detergent, deionized
water, acetone, and ethanol for 15 min in sequence. To prepare hole transport layer, the as-received
PEDOT:PSS solution was spin-coated on the transparent electrodes at a speed of 2000 rpm for 30 s
and annealed on a hotplate at 125 °C for 10 min. The samples were then transferred to a glove-box
after cooling to room temperature. The perovskite MAPDbI; films were fabricated on the substrates
according to a previously reported method [42]. Generally, Pbl, and MAI with 1:1 ratio were mixed in
the mixing solvent of GBL and DMSO (volume ratio = 7:3) to form the precursor with a concentration
of 1.2 M. The mixture solution was stirred at 60 °C overnight before use. The perovskite films were
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fabricated by a successive two step spin-coating process of 1000 rpm for 10 s and 4000 rpm for 30 s.
During the second step of spin-coating, 150 uL of toluene were quickly dropped on the substrate,
which was then annealed on a hotplate at 100 °C for 10 min. The PCBM layer was deposited on the
as-formed perovskite film by spin-coating its chlorobenzene solution (17 mg/mL) at 2000 rpm for 30 s,
followed by annealing at 100 °C for 10 min. Subsequently, a thin BCP film, used as buffer layer, was
deposited by spin-coating its saturated solution at 3000 rpm for 60 s. Finally, the device was completed
by thermal evaporation of 150 nm thick Ag cathode under 3.0 x 10~ Pa.

2.5. Characterizations

The surface morphology and cross section of the as-prepared samples were examined by
field-emission scanning electron microscope (FE-SEM, Zeiss Ultra Plus, Oberkochen, German). GO
sheets were measured by optical microscope (XJP-107JX, Pudan Optical Instrument Co., Ltd., Shanghai,
China). The diffused transmission spectra of the transparent electrodes were obtained from a UV-vis
spectrophotometer (UV2600, Shimadzu, Tokyo, Japan) with an integrating sphere. The sheet resistances
of the electrodes were measured using a four-point probe system with a current source-meter (Keithley
2400, Tektronix, Beaverton, OR, USA). To characterize the resistance variation of composite electrode
before and after device fabrication, two electrical contacts were formed on the two sides of the electrode
using silver paste and a digital multimeter (DT9206, FLUKE Corporation, Elite, WA USA) was used
for resistance measurement. The photocurrent density—voltage (J-V) characteristics of all devices were
analyzed using an AM1.5G solar simulator (Oriel Sol3A, Newport Corporation, Irvine, CA, USA)
and Keithley 2400 sourcemeter (Beaverton, OR, USA), scanning from —0.1 to 1.2 V at a scan rate of
0.1 Vs~L. The IPCE (Newport Corporation, Irvine, CA, USA) system was employed to study the
quantum efficiency of the solar cells.

3. Results and Discussion

In our previous research [40], we demonstrated that Ag NWs underneath perovskite layer was
severely corroded after the formation of perovskite film, which is the most critical issue that hinders
their application in PVSCs as bottom electrode. To solve the chemical instability and improve the
optical transparency, we used a fully-covered film composed of LGO sheets on silver nanowire
electrode as an anti-corrosive barrier. As depicted in Figure 1, three different GO sheets with average
sizes of 60 pm, 30 pm and 3 um were successfully separated by a centrifugal classification method.
The obtained GO sheets were diluted to an appropriate concentration, dropped on clean silicon wafer
with a 300 nm SiO; layer, and then characterized by optical microscope. In Figure 1, we can clearly
observe that most GO sheets were thin and well classified, which was beneficial to the transmittance
of Ag NW /GO composite electrodes and our later research. Figure 1b,d,f shows the size distributions
of the three different GO sheets.
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Figure 1. (a,c,e) The optical microscope images of 60 pm, 30 pm and 3 pm GO sheets, respectively;and
(b,d,f) the size distributions of 60 um, 30 um and 3 um GO sheets, respectively.

It is also worth mentioning our strategy of forming fully-covered GO film on Ag NW substrate.
Our previous method of forming the GO film was obtained through self-assembly and the solvent was
dried naturally under ambient condition, which was very time consuming and not suitable for large
area film fabrication. Here, a rapid GO film formation approach was tested by using the steady hot
airflow for the drying of the solvent. We believe this strategy is compatible with roll-to-roll technology.
The preparation procedure of the composite electrode is shown in Figure 2a. To illuminate the difference
from two approaches for the formation of composite electrode, a relatively high concentration of GO
solution (0.5 mg/mL) was used. Figure 2b shows the photo of Ag NW/LGO composite electrodes
that were prepared by the two methods with the large area of 6.25 cm?. Sample 1 was prepared by
a conventional method, in which water was evaporated naturally. Sample 2 was prepared with the
assistance of a steady hot airflow, as indicated in Figure 2a. The preparation of Sample 1 was time
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consuming and resulted in non-uniform film formation, as indicated in Figure 2b. However, with
the assistance of steady hot airflow, a flat and uniform GO film could be rapidly fabricated, and the
preparation process of the Ag NW/LGO composite was efficient and suitable for large-scale fabrication.

a

' Steady hot airflow

~ N N
~ N N
N N N

o)~  — L —

Figure 2. (a) Schematic representation of the Ag NW/LGO composite electrode fabrication process;
and (b) photos of Ag NW/LGO composite electrodes fabricated from relatively high concentration of
LGO solution (0.5 mg/mL) on the area of 6.25 cm? using two different methods.

To evaluate the anticorrosive effect of the film made of different size of GO sheets, the same
volumes of GO aqueous solution with a constant concentration of 0.25 mg/mL were dropped on three
identical Ag NW electrodes and allowed to dry under a steady hot airflow, as discussed above. Two
electrical contacts using silver paste were formed on the two sides of the electrode to measure its
resistance variation before and after device fabrication. PEDOT:PSS layer, perovskite (MAPbI3) layer
and PCBM layer were fabricated on the composite electrodes in sequence. The control sample of Ag
NW electrode without GO was also prepared following the same procedure. The resistance variations
of the Ag NW/GO composite electrodes were measured in a glove-box filled with N, (O, <0.1 ppm,
H,0 <0.1 ppm) after device fabrication. As illustrated in Figure 3a, the resistances of all composite
electrodes remained stable for the first 10 h, including the control sample. This was because of the
glove-box, in which water and oxygen content were low. The process of decomposition of perovskite
layer was relatively slow. Meanwhile, the corrosion of halide species against silver nanowires was
also a gradual process in such condition. Over time, the resistance of the control electrode changed
dramatically, by exhibiting more than 100 times the original resistance during 8 h. This result directly
reflected the severe corrosion of the silver nano-network underneath the perovskite film. In contrast,
the resistances of the electrodes protected by GO sheets increased slowly, and the resistance increasing
rates decreased as the sizes of GO sheets increased. The inset in Figure 3a clearly indicates that the Ag
NW electrode protected by 60 um GO sheets showed an excellent chemical stability, which can keep
stable with negligible variation for 24 h. In addition, we also measured the resistance of the Ag NW
electrode protected by 60 pm GO sheets under continuous 0.8 V bias and light irradiation (0.5 sun),
as shown in Figure 3b. The result clearly demonstrates that, even under continuous electricity and
irradiation, the composite electrode was almost unaffected and maintained a stable resistance, proving
the outstanding protective effect of large size GO sheets.
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Figure 3. (a) The resistance variation of the Ag NW electrodes protected by different sizes of GO sheets
(40 uL, 0.25 mg/mL) before and after the fabrication of perovskite devices: and (b) the resistance of
the Ag NW electrode protected by 60 um GO sheets under continuous 0.8 V bias and light irradiation
(0.5 sun).

To illuminate the enhanced stability of the composite electrode of Ag NW /LGO against perovskite
layer, the electrode was characterized by SEM. As evidenced by the SEM images from the silver
nano-network coated with 60 um GO sheets (Figure 4), the silver nanowires were widely covered by
single graphene oxide sheet, which acted as anti-corrosive barrier against halide ions from perovskite.
Since the average length of the silver nanowires was about 30 um, it is easy to understand that a larger
area of GO sheet can protect more silver nanowires from corrosion. In other words, less GO would
be necessary to fully cover the same area of Ag NW electrode than one composed of small-sized GO
sheets, as schematically depicted in Figure 5. Due to the physical stacking of the GO sheets, it is also
reasonable to believe that the penetration of halide species through the cracks indicated by the dotted
lines formed between GO sheets could still happen and caused the deterioration of the electrode.
Therefore, the gradual increase of the resistance of electrode composited by 30 um and 3 um GO sheets
after the fabrication of perovskite layer could be attributed to the formation of more cracks or defects
in the anticorrosive film. Stacking more GO sheets on the electrode to block the cracks with additional
GO layers might be an efficient method to prevent such penetration; however, this would be harmful
to the optical transparency and electrical conductivity of transparent electrode. Solar cells fabricated
on the composite electrode based on that strategy would be difficult to optimize to achieve good
performance. It should also be noted that, even though the combination of metal nanowire electrode
and single- or double-layer graphene in CVD method being able to obtain the best optical, electrical
and stability properties, the hydrophobic feature of the film would add difficulty to the fabrication of
the charge transporting layer and perovskite film. Therefore, relatively large GO sheets with average
size of 60 pum were used for demonstration.

W7/ 0w A

VVAN/iTaa [ /i J/

Figure 4. (a) Large-scale; and (b) enlarged SEM images of silver nano-network under the protection of
60 um GO sheets. The red arrows inside indicate the crinkles of GO.
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Figure 5. Schematic of Ag NW electrodes protected by: (a) large GO sheets; and (b) small GO sheets.

Even though the reduced stacking layer from large size GO sheets helped decrease the vertical
resistance between bottom Ag NW electrode and charge transporting layer fabricated above, the
lateral resistance of GO was poor due to the high degree of oxidation. Partially-reduced LGO was still
essential to improve the lateral conductivity, which could help the efficient collection of photo-induced
carriers generated at the position away from the metal nanowires. Hence, an appropriate amount
of NaBHy was added into the pristine LGO solution as a reducing agent to enhance the electrical
conductivity of LGO film. More details are shown in Experimental Section 2.3. To characterize the
optical property of the composite transparent electrodes, diffused transmission spectra of the silver
nano-network electrodes coated with 40 uL of LGO (average size of 60 um) solution with and without
partial reduction by optimal amounts of NaBHy4 are shown in Figure 6. The spectra indicated the
composite electrodes of Ag NW/LGO and Ag NW/RLGO including the glass substrate exhibited
transmittances of 83.8% and 81.8%, respectively, at the wavelength of 550 nm. Contributed by the size
effect of GO sheet, as discussed above, the quantity of GO sheets forming the anticorrosive film on the
electrode surface could be reduced. The optical loss of bare silver nanowire electrode brought by the
addition of 60 pm LGO and 60 pm RLGO were minimized to 1.6% and 4.6% of average transmittance
(AVT), respectively, at the spectral range of 400-800 nm.
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Figure 6. Diffused transmission spectra of silver nano-network electrodes and the network electrode
coated by the same amount of 60 pm LGO sheets with and without chemical reduction, and the
commercial ITO substrate. The inset is the performance parameters of these samples.
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Based on the excellent chemical stability and transmittance of the Ag NW/LGO composite
electrodes, we further evaluated the transparent electrodes for perovskite solar cell applications. To
fabricate PVSCs based on the Ag NW nano-network transparent electrodes protected by anti-corrosive
LGO film, PEDOT:PSS, MAPBI3;, PCBM and BCP were deposited as hole transport layer (HTL),
absorber layer, electron transport layer (ETL) and buffer layer, respectively. The devices were finally
finished after thermal evaporation of the silver counter electrode. The schematic diagram and cross
section SEM image are shown in Figure 7a,b. The control devices of perovskite solar cells on commercial
ITO electrode were also fabricated for reference. More details on device fabrication can be found in
Experiment Section 2.4.
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Figure 7. (a) Schematic illustration of the perovskite solar cell structure on an Ag NW/LGO composite
electrode; and (b) cross-sectional SEM image of the perovskite solar cell fabricated on Ag NW/LGO
composite electrode.

The current density—voltage (J-V) curves of PVSCs fabricated on ITO glass, the pristine Ag NW
electrode without GO and the composite electrode of Ag NW nano-network with 60 um LGO sheets
are shown in Figure 8a, and the performance parameters are summarized in Table 1. The performance
of PVSCs was obtained under 1 sun illumination (AM 1.5G, 100 mW /cm?) irradiated from the bottom
electrode side covered with a black shadow mask. The perovskite solar cell using the Ag NW/RLGO
electrode showed an open circuit voltage (Voc) of 0.87 V, short-circuit current (Jsc) of 15.43 mA/ cm?,
fill factor (FF) of 70.9%, and PCE of 9.62%. The incident photon-to-electron conversion efficiency (IPCE)
of the device based on the composite electrode is shown in Figure 8b. The calculated Jsc from the IPCE
spectrum is 15.23 mA/ cm?, which is consistent with the value of 15.43 mA /cm? from the J-V curve.
Figure 8c exhibits the -V hysteresis characteristics of the cells based on the optimized Ag NW/RLGO
composite electrode using a dwell time of 10 ms for both forward (Jsc to Voc) and backward (Voc
to Jsc) scan directions. The detailed hysteresis performance parameters are summarized in Table 2.
As shown in Table 2, a PCE of 9.62% was achieved in the backward scan, whereas the PCE value
was 9.08% in the forward scan. The little hysteresis phenomenon might be due to the coating of the
PCBM layer [43,44]. The stabilized photocurrent and PCE at the maximum power output point (MPP)
under AM1.5 sun illumination are shown in Figure 8d, which exhibited stabilized photocurrent of
12.72 mA/cm? and PCE of 9.35% at 0.76 V under 400 s continuing light irradiation, agreeing well
with the value measured from J-V curves (Figure 8c). As illustrated in Table 1, the Jsc value from
Ag NW/RLGO composite electrode accounted for 95% of the value of reference device, which was
consistent with the optical transparency ratio of the composite electrode and ITO glass, indicating
their qualification of optical transparency and electrical conductivity for transparent bottom electrode.
The slight decrease of the FF value from the Ag NW/RLGO composite electrode-based device could
be attributed to relative larger surface roughness of the composite electrode. Even though the coating
of GO and PEDOT:PSS layers could improve the smoothness of bare silver nanowire electrode, the
surface of composite electrode in large scale was still worse than the ITO film possessing nanometer
surface roughness. The additional GO layer and thick PEDOT:PSS layer slightly affected the charge
transferring between the composite electrode and perovskite layer, as evidenced by the slight increase
of the serial resistance in Table 1. Nevertheless, a PCE of 9.62% was achieved, which corresponded to
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nearly 85% of that of the reference device with an ITO electrode, indicating that it is suitable to use
our Ag NW/RLGO based electrode for PVSCs. More importantly, our Ag NW composite electrode
protected by large size GO sheets exhibited superior chemical stability over those that are pristine
or protected by small size GO sheets, and maintained 95.1% average transmittance of pristine Ag
NW electrode. Furthermore, the fast GO film formation method, which was assisted by steady hot
airflow, was beneficial to large scale fabrication technology. Future optimization on the surface of
composite electrode and perovskite film quality on the composite electrode would undoubtedly boost
the efficiency of the devices.
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Figure 8. (a) ]-V curves of the PVSC fabricated on the Ag NW nano-network electrode protected
by 60 um LGO sheets. Data from commercial ITO glass and Ag NW electrode without GO are also
presented. (b) IPCE performances of the devices fabricated on the nano-composite electrode and
ITO substrate. The blue and red solid lines indicate the integrated current of the ITO-based and
composite electrode based devices, respectively. (c) J-V curves of the PVSC fabricated on the Ag NW
nano-network electrode protected by 60 um LGO sheets measured under forward and backward bias
scanning. (d) Steady photocurrent (blue) and PCE (red) under 1 sun illumination of the Ag NW/RLGO
based PVSC.
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Table 1. Summarized photovoltaic parameters of PVSC devices based on Ag NW/RLGO composite
electrodes, control ITO substrates and pristine Ag NW electrodes without GO.

Samples Voc (V) Jsc (mA/cm?) FF (%) PCE (%) Rs (2 cm?)
Ag NW/RLGO 0.87 15.43 70.9 9.62 98.85
Average 0.86 = 0.01 14.82 + 0.59 69.7 + 4.2 8.89 + 0.67 96.79 + 24.61
ITO 0.87 16.23 80 11.34 54.49
Average 0.87 + 0.02 15.98 =+ 0.62 781415 10.87 4 0.35 61.54 + 11.42
Ag NW without GO 0.04185 0.000026 30.66 512 x 1077 1.38 x 108
Average 0.037 £0.009  (21.25.4) x 10°° 2741 +2.1 (348 +127) x 107 (1.58 4 0.19) x 108

Table 2. Photovoltaic parameters of PVSC devices based on Ag NW/RLGO composite electrodes
scanned forward and scanned backward.

Samples Vo (V) Jsc (mA/cm?) FF (%) PCE (%)
Forward 0.86 15.08 69.8 9.08
Backward 0.87 15.43 70.9 9.62

4. Conclusions

In summary, different sizes of GO sheets from a centrifugal classification method were used and
compared for the formation of fully-covered barrier on silver nanowire electrode with the assistance of
steady hot airflow. Experimental results show that the size of GO sheet played an important role in
preventing the corrosion of halogen species. By employing large size GO sheets, the anti-corrosive
ability of Ag NW/LGO composite electrodes were significantly improved compared to those with
small size GO sheets, as proven by monitoring the resistance variation under external bias and light
illumination. Moreover, the Ag NW/RLGO composite electrode exhibited excellent transmittance of
81.8% at 550 nm and maintained 95.1% average transmittance (AVT) of the pristine Ag NW electrode.
Consequently, the PVSCs fabricated on the Ag NW/RLGO based composite electrodes achieved
a power conversion efficiency (PCE) of 9.62%, i.e., nearly 85% of the PCE from the solar cell on
commercial ITO. These results clearly demonstrate the potential of Ag NW/RLGO composite as
window electrode for PVSCs, which would be beneficial to large-scale low-temperature fabrication
and future commercialization of PVSCs.
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Abstract: Silicon carbide (SiC) has been widely used for electronic radiation detectors and atomic
battery sensors. However, the physical properties of SiC exposure to high-dose irradiation as well
as its related electrical responses are not yet well understood. Meanwhile, the current research
in this field are generally focused on electrical properties and defects formation, which are not
suitable to explain the intrinsic response of irradiation effect since defect itself is not easy to
characterize, and it is complex to determine whether it comes from the raw material or exists
only upon irradiation. Therefore, a more straightforward quantification of irradiation effect is needed
to establish the direct correlation between irradiation-induced current and the radiation fluence.
This work reports the on-line electrical properties of 4H-SiC Schottky barrier diodes (SBDs) under
high-dose electron irradiation and employs in situ noise diagnostic analysis to demonstrate the
correlation of irradiation-induced defects and microscopic electronic properties. It is found that the
electron beam has a strong radiation destructive effect on 4H-SiC SBDs. The on-line electron-induced
current and noise information reveal a self-healing like procedure, in which the internal defects of
the devices are likely to be annealed at room temperature and devices” performance is restored to
some extent.

Keywords: electron irradiation; room temperature self-healing; noise; electron-induced current;
-V curve

1. Introduction

Silicon carbide (SiC) is an ideal material for high-frequency, high-power, and high-temperature
devices due to its strong hardness, excellent thermal/mechanical stability, high-thermal conductivity,
and controlled electrical properties [1,2]. With the advance of state-of-the-art growth and epitaxy
techniques in the past decade, a variety of high-quality SiC-based structures and devices have been
fabricated [1], making them very competitive toward third-generation wide-gap semiconductors. Thus,
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SiC-based structures have recently regained significant attention in advanced device applications.
Furthermore, owing to its large intrinsic fundamental band gap (up to 3.26 eV [3]), SiC is not suitable
to visible and infrared light stimulation or irradiation, and their radiation resistance is stronger than
that of the conventional semiconductors (such as Si-based materials); therefore, SiC-based diodes
are very promising candidates to replace silicon devices for atomic battery light sensors, nuclear cell
photosensors [4,5], or particle detectors [6,7].

Required by long-term exposure applications, the radiation resistance and durability of SiC diodes
(as radiation detectors and atomic battery light sensors) are very critical and have been subjected
to extensive research. For particle detector applications, the detectivity and radiation resistance
of SiC diodes were studied under gamma ray [7,8], proton [7,8], neutron [9], electron [8,10], and
X-ray [6] irradiations. The results indicated that the electrical properties of radiated SiC diodes
and their radiation resistance depended on types, energies, flux, fluence, and the absorbed dose of
irradiated particles. It was found that when the total dose of 32-MeV proton was 8.5 x 10'? cm™2
and the total absorbed dose of 1.25-MeV y-ray was 1000 kGy (Air), the electrical properties of 6H-5iC
diodes were basically unchanged [7]. Within the range of 1-10 Gy absorbed dose, the radiation
damage to 4H-SiC diodes caused by 22-MeV electron and 6-MeV X-ray photon beams hardly affected
the radiation-induced current [6]. When the neutron fluence exceeded 5.7 x 10'© cm~2, the charge
collection efficiency of the 4H-SiC diode started to drop [9]. For atomic battery light sensor applications,
electrons were an important radiation source [4]; thus, many studies had focused on the ability of
4H-SiC diodes’ resistance to electron irradiation. For example, Eiting et al. studied the radiation
resistance of 4H-SiC p-i-n junction betavoltaic irradiated with 8.5 GBq **P source with an average
beta decay energy of 77 keV, and found that the devices did not experience degradation under
the irradiation of 3P source for four half-lives of *P source, thus demonstrating a good electron
radiation resistance [4]. Chandrashekhar et al. experimentally studied the devices’ radiation resistance
performance under the 1 mCi ®®*Ni B-radiation source for ten days, and the results suggested such
irradiation conditions did not cause the degradation of 4H-SiC diodes [5].

In practical applications for both radiation detectors and atomic battery light sensors in many
extreme conditions, such as nuclear, aerospace, military, and astrophysics, the total expected irradiation
dose is normally enormous. However, the most common research of experimental or theoretical study
on SiC electron radiation resistance is still relatively low; for example, the largest total 8.2-MeV
electron fluence ever reported is 9.48 x 10'* cm~2 [8,10]. Large fluence of electron irradiation is not
only common in the radiation detection experiments, but also critical in the integrated design of the
next-generation atomic battery, and thus deserves further study.

Moreover, the general principle of particle detector and atomic battery light sensor is based on
induced-current generation (by radiation of electrons, neutrons, photons, and heavy ions) and detection
(of the induced-voltage signals in diodes). The previous research were mostly focused on the correlation
between the internal defects of SiC materials (or devices) and their electrical parameters under electron
irradiation, such as relationship between defect levels and I-V as well as C-V characteristic curves [5,8].
However, this apparent relationship is not suitable to explain the intrinsic response of irradiation effect,
since defects are not easy to characterize and it is complex to distinguish whether the defects come
from the raw material or exists only upon irradiation. Therefore, a more straightforward quantification
of irradiation effect is greatly needed to establish the direct correlation between irradiation-induced
current and the radiation fluence.

For this purpose, low-frequency noise information, especially 1/f noise, can be used as a
characterization means for the sensitive detection of internal defects in electronic materials [11]
and devices [12,13]. This method in principle can also be utilized to characterize radiation damage to
electronic devices [12]. Under the beam radiation, the internal defects and the structural damage will
lead to the increase of low-frequency noise power spectral density Sy [14,15]. For example, Babcock
et al. [16] studied the radiation resistance of Ultra High Vacuum/Chemical Vapor Deposition SiGe
heterojunction bipolar transistor (HBT) irradiated by ®°Co y-ray and found that the increase of the
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total absorbed dose resulted in the performance degradation of the SiGe HBT. The current gain g
was decreased with the increase of absorbed dose, and the internal defects were increased, while the
noise information Sy increased in the low-frequency range, as compared with that before irradiation.
Therefore, the 1/f noise can be used as a tool to characterize the defects in materials and devices, and
correlate the defects with devices performance.

Here, we reported the study of electron-induced current and radiation resistance of SiC Schottky
barrier diodes (SBDs) under high-fluence electron irradiation as well as an in situ noise diagnostics
for defect-electrical property analysis. Through on-line electron-induced current, I-V curve, noise
information, and SBDs’ radiation resistance to the environment of electron irradiation had been
analyzed, and a self-driven healing process was observed at room temperature, which led to some
extent of electrical performance recovery.

2. Materials and Methods

2.1. 4H-SiC SBDs Samples and Irradiation Experimental Conditions

The epitaxial 4H-SiC SBDs used in this experiment were provided by State Key Laboratory of
Wide-Band Gap Semiconductor Power Electronics located at Nanjing, China. Its structure is shown in
Figure 1a, where the photosensitive area of SBDs is 3 mm x 3 mm and the voltage-withstand range
is —100 to 100 V. The 4H-SiC SBDs were 4H-SiC epilayers grown by chemical vapor deposition on
SiC substrates of 360 mm thickness, with nitrogen doped with a net doping density of 1 x 10! cm—3
and micropipe density of 1 micropipe cm~2. The buffer was n-type, 1 um thick, with a net free
carrier concentration of 1 x 10 em 3. The epilayer was n-type, 12 um thick, with a net free carrier
concentration of 3 x 10’5 cm~3. The ohmic contact was obtained by deposition of a 1000-A-thick layer
of Ni and a 3-um-thick layer of Au. The Schottky contact was obtained by radio frequency magneton
sputtering of a 1000-A-thick layer of Ni at room temperature. In order to reduce the influence of
environment on the device, $iO; of 1000 A thickness and SizNy of 1000 A thickness were grown on Ni
by sputtering method.

Au, electrode ( +) e Au, electrode ( +)

Si;N, dielectric layer, 1000 A N; Schottky contact
SiO, dielectric layer, 1000 A o 00000000
Ni Schottky tact, 1000 A 00000000
= = =+ interface
4H-SiC, 12 pm, Np=3X 10% cm3 Dfptle‘hzn‘re‘gl:li i
4H-SiC, 1 pm, N = 1X10® cm3
Ny~ BIRItEi211:
=
4H-SiC substrate, 360 pm 00000000
Np =1X108 ¢m3 00000 0OCO
1 micropipe em2 ® hole
~ 4H-SiC @ electron
Ni Ohmic contact, 1000 A v
(@) (b)

Figure 1. (a) The schematic diagram of Silicon carbide (SiC) Schottky barrier diodes (SBDs) and (b) the
principle of electron-induced current generation under irradiation.

Electron beam irradiation experiments were performed on the electron accelerator of Sichuan
Forever Holding Co., Ltd, located at Mianyang, China. The electron energy was 1.8 MeV, the electron
flux was 9.62 x 102 cm~2 571, and the total electron fluence was 9.05 x 107 cm 2. In order to avoid
overheating of SiC SBDs during electron beam irradiation, the bottom of the irradiated metal platform
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was continuously cooled with water, and meanwhile, the temperature of the SiC SBDs was monitored
by a thermocouple and controlled at a constant temperature of 25 °C. The home-made real-time on-line
current test system was used to monitor and record the changes of the electron-induced current of
SiC SBDs during irradiation and 30 min after electron irradiation. Then the devices were kept at
room temperature (25 °C) for 72 h without heating. The devices performance tended to decrease
with the increasing electron fluence, but it was not certain whether the devices were disabled or
not. In the case of reverse breakdown, the devices would be disabled completely, and the reverse
breakdown state can be regarded as the worst-case state of devices performance. The devices were
reverse biased to breakdown at 200 V voltage by Keithley 6517B high impedance/electrometer located
at Mianyang, China toward the end of the experiment, and the damage of the device after irradiation
was evaluated when the devices performance at reverse breakdown state was considered as the
worst-case state. The I-V curves and noise information of SiC SBDs before and after electron beam
irradiation, room-temperature self-healing, and reverse breakdown were measured by Keithley 2635
sourcemeter and the self-developed noise parameter test system located at Mianyang, China.

2.2. The Electron-Induced Current Test

When subjected to radiations of electron beam, y-ray, and neutron, current can be induced in SBDs
due to the ionization effect within Schottky barrier junctions, which is shown in Figure 1b. The principle
of the electron-induced current can be understood by taking the electrons as an example—1.8 MeV
electrons penetrate the SBDs completely. The n-type 4H-SiC material of the Schottky barrier junction
was irradiated by incident electrons with an energy larger than the material’s fundamental electronic
band gap; thus electron-hole pairs would be generated in n-type 4H-SiC material. The Fermi lever
in the Ni Schottky contact was less than the Fermi lever in the n-type 4H-SiC material; therefore, the
average energy of electrons in the n-type 4H-SiC material was greater than the average energy of
those in the Ni Schottky contact. The difference in the average electron energy can be expected to
transfer electrons from the n-type 4H-SiC material to the Ni Schottky contact until the average electron
energies were equal. While the holes can only stay in n-type 4H-SiC material, the electrons were pulled
toward the Ni Schottky contact. As a result, the width of the depletion region became narrower, and
the contact potential difference decreased. The incident electron energy was converted into electrical
energy. Once the external circuit was short-circuited, current could flow through the Schottky barrier
junction. In this way, the separation of the electron-hole pairs can be achieved, and the induced
current Ip, whose direction was from the Ni Schottky contact to the n-type 4H-SiC material through the
Schottky barrier junction, can be produced. The current equation of Schottky barrier junction under
electron beam irradiation is

I=Ip(eU/*¥T —1) —Ip 1)

where [ and Ij are the current flowing through the Schottky barrier junction and the reverse saturation
current, respectively; e, U, and T stand for the electron charge, the applied voltage, and temperature,
respectively; and k is Boltzmann constant (k = 1.38 x 1078 K1),

When the applied voltage U is 0 V, the Formula (1) becomes

I=—Ip. @)

In this study, the open-circuit induced current of SiC SBDs has been tested by a real-time on-line
current test system, as shown in Figure 2a. This test system consisted of the fixtures, low-loss
cables, 10-channel scanning card, data interface, Keithley 6517B high impedance/electrometer, and
self-compiled control software (installed in the control computer). The fixtures were used to fix SiC
SBDs and transmit current signals to low-loss cables. The 10-channel scanning card was installed
at the rear panel of Keithley 6517B high impedance/electrometer and they were used to capture
multiple electron-induced currents. The self-compiled control software was used to control and record
current data detected by Keithley 6517B high impedance/electrometer in real time. The system can
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achieve a 10-channel real-time signal acquisition with the current and voltage accuracies of each signal
acquisition reaching way up to 1 fA and 1 nV, respectively.

6517B high impedance

w datainterface || control software
e ——]

o [ % -

E 0.

photovoltaic cell
(ﬂ) and the fixtures

| Low noise electrical source |

\’l 1

b .

( ) Adapters and Low BoRe
amplifiers

samples

electromagnetism shield box

Figure 2. The illustration for (a) real-time on-line current test system and (b) test system for noise
parameters.

2.3. Noise Information Test

In this study, the changes of noise information before and after irradiation of SiC SBDs have
been tested by using the noise parameter test system. The noise parameter test system consists of
low-noise bias, adapter, Stanford Research Systems SR560 voltage amplifier, acquisition card, and
XD3020 [17] noise analysis software with the system bandwidth being 0-10° Hz, the background
noise being <4 nV//Hz (@1 kHz), and the signal magnification capability being 10°-10%, as shown in
Figure 2b.

The noise of the diode was typically composed of two or three components of shot noise, 1/f
noise, and generation-recombination noise (G-R noise). The noise power spectral density (S) can be
written as: B

S(fl=A+ I ®)
where A is the shot noise amplitude, B, the 1/f noise amplitude, and the exponents of - is usually
taken to be unity.

In this work, based on the noise spectrum information of SiC SBDs, the electron irradiation effects
of SiC SBDs were studied by using the parameter information in Equation (3). The damage degree of
the device had been determined according to the change of noise power spectral density before and
after irradiation and room-temperature self-healing.

2.4. I-V Curve Test

The current-voltage (I-V) curve of a semiconductor device contained the electrical information of
dark current as well as break-over voltage. The real-time on-line electron-induced current and I-V
characteristics can characterize the device to some extent. The I-V curve with voltage range of —100
to 2.5 V before and after irradiation of SiC SBDs had been measured with Keithley 2635 sourcemeter
in this work. The damage degree of the device had been determined according to the change of I-V
curve before and after irradiation and room-temperature self-healing.

3. Results and Discussion

3.1. High-Dose Electron Irradiation

Figure 3 shows the real-time curves of the open-circuit electron-induced current in SiC SBDs. It can
be seen that when the energy of electrons was 1.8 MeV, and the electron flux was 9.62 x 102 cm =2 571,
a current of 1.27 x 107> A was induced due to the ionization effect. However, as the electron fluence

89



Nanomaterials 2019, 9, 194

further increased, the electron-induced current of the device decreased continuously. When the electron
fluence reached 1 x 10'® cm~2, the current decreased to 1.24 x 107> A, accounting for only a decrease
of 2.36%, which was consistent with the results reported by Nava et al. with the total electron fluence
being 9.48 x 10" cm 2 [8,10]. SiC SBDs can be considered as sufficient to resist the irradiation of
electrons with a fluence under 1 x 10'® em~2. However, with a further increase of electron fluence,
the electron-induced current of SiC SBDs began to decrease sharply, particularly when the electron
fluence was <3 x 1017 cm—2. When the electron fluence was 1 x 10! cm—2, the current decreased
t01.03 x 1075 A, showing a decrease of 18.90%. When the electron fluence was 1 x 107 em 2, the
current decreased to 5.00 x 107° A, accounting for a decrease of 60.63%. At the end of irradiation,
the total electron fluence reached 9.05 x 107 cm~2 and the current became 1.82 x 107¢ A, showing
a decrease of 85.70%. It was noteworthy that when the electron fluence was >3.87 x 10!7 cm~2, the
electron-induced current fluctuation of SiC SBDs increased sharply and the current fluctuation could

reach up to 86%.
o
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Figure 3. The real-time changing profiles of the induced current with electron fluence.

When SiC SBDs were irradiated by high dose of electrons, a large number of defects would be
generated inside the silica layer [18], silicon carbid layer [19-22], and the interfaces [23,24] between
the metal and silicon carbide. These defects would produce a removal effect [25,26] on charge carriers
at 1.8 MeV electron irradiation, leading to the decrease of current.

Hemmingsson et al. studied the deep level defects in electron-irradiated 4H-SiC epitaxial
layers grown by chemical vapor deposition using deep level transient spectroscopy (DLTS). The
measurements performed on electron-irradiated p-n junctions in the temperature range 100-750 K
revealed both electron and hole traps with thermal ionization energies ranging from 0.35 to 1.65 eV [27],
which led to the deterioration of device performance. Iwamoto et al. investigated the formation and
evolution of defects in 4H-SiC Schottky barrier diodes and correlated with the SBDs’ performances [28].
The SBDs were irradiated with 1 MeV electrons to a fluence of 1.00 x 10> cm~2. Current-voltage,
capacitance-voltage, and DLTS measurements were used to study the effect of defects on the SBDs
performance. It was found that the DLTS defect levels (EH;, EH3, and Z; /) were very likely to be
partly responsible for the charge collection efficiency reduction after electron irradiation. EH; and EHj
were related to carbon interstitials and Z; ;, was related to carbon vacancies. DLTS study on n-type
4H-SiC (0001) epilayers also showed that the carrier lifetime in an n-type 4H-SiC epilayer, measured
by differential microwave photoconductance decay, had been significantly improved from 0.73 us
(as-grown) to 1.62 us (after oxidation, 1300 °C) as the Z; /, and EHg /7 centers had been reduced from
(0.3-2) x 10" cm 3 to below the detection limit (1 x 10 em~3) by thermal oxidation of epilayers at
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1150-1300 °C [29]. Based on the above results, we suggested that the current fluctuation might due to
the increasing defects in the devices, such as interstitials and vacancies. These defects led to a slower
and less stable carrier motion, which resulted in current fluctuation.

Figure 4 shows the I-V curves (including reverse breakdown region) of SiC SBDs before and
after irradiation. From Figure 4b, it can be seen that the reserve current of SiC SBDs before irradiation
increases with the increase of reserve bias, showing typical diode characteristics. For the 2-h irradiation
sample, the forward current of the device dropped sharply from 2.39 x 107> A (before irradiation)
t02.06 x 1078 A ata voltage of 2.5 V, while the absolute value of the reverse dark current further
increased (Figure 2b). When the voltage became —100 V, the current was —8.76 x 107 A, showing
a serious degradation of the device characteristics. At the reverse breakdown of the device, the I-V
curve of the device had been tested. It was found that the forward current was further reduced
compared to the case of 2 h after irradiation. When the voltage became 2.5V, the current dropped to
1.42 x 1079 A, while the voltage became —100 V, the current was —1.3 x 109 A, which was similar to
the I-V characteristics of the resistance. The electron capture levels had been proved to be induced
by the electron irradiation, and it would drastically influence the resistance in the bulk crystal and
the Schottky barrier of SiC SBDs [30]. Under 2 MeV electron irradiation, the Schottky barrier was
found to decrease and the resistance of the bulk crystal was found to increase with the electron fluence,
leading to the decrease of the forward current. The Schottky barrier of SiC SBDs decreased from
1.25 eV (pre-irradiation) to 1.17 eV (post-irradiation, 1.00 x 107 cm~2). The decrease of the barrier
height was thus responsible for the increase of the reverse current. On the other hand, the increase
of electron-induced defects in passivation layers was expected to result in the increase of the reverse
leakage [31,32]. In this work, the I-V curves (2 h after electron irradiation) exhibited similar behavior.
The SiC SBDs could be considered as the resistance since the barrier height disappeared and the bulk
crystal resistance increased further after the SiC SBDs were reverse biased to breakdown. The I-V
curves (reverse breakdown) of SiC SBDs were similar to the I-V characteristics of the resistance.

(@) (b)
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—=—2 h after electron irradiation

']_[)'6 E —A—reverse breakdown -2)(]0_7 |
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s 10° < -4x107 -
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Figure 4. The I-V curves for SiC SBDs before and after electron beam irradiation. (a) The foward bias
region and (b) the reverse bias region.

Besides the electrical properties (electron-induced current and I-V curves), the noise information
of SiC SBDs also reflects the internal defect states before and after irradiation and the reverse
breakdown, as shown in Figure 5a. It can be seen that in the frequency range of 10?> Hz to 10° Hz,
the noise power spectral density, Sy, exhibited a clear dependence on the electron irridation, with Sy
(reverse breakdown) > Sy (2 h after irradiation) > Sy (pre-irradiation). Ziel et al. [33] proposed that
under small fluence irradiation, induced current was mainly contributed by two components: (1) the
current Tpe?4/kT due to the injection of electrons from the semiconductor into the metal and (2) Iy due

91



Nanomaterials 2019, 9, 194

to the injection of electrons from the metal into the semiconductor. Both currents contained carriers that
pass independently and randomly through the junction barrier, thereby showing as pure intermediate
frequency shot noise. In this work, the shot noise of current SiC SBDs was in the frequency range of
10? to 10° Hz.

-13 - (a)

10
—=— pre-irradiation
——2 h after electron irradiation
——4 h after electron irradiation
——4.5 h after electron irradiation
1 0-14 —— 72 h after electron irradiation
,’: ——reverse breakdown
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10
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Figure 5. The noise power spectral densities of SiC SBDs. (a) Before and after electron beam irradiation
and in a reverse breakdown state; (b) the low-frequency noise curve within 72 h after electron
irradiation; and (c) the changing profiles of the low-frequency noise amplitude within 72 h after

electron irradiation.
The current noise power spectral density (Sy) of SBDs’ shot noise is [34]
S = 26([ + 2[0) 4)

The SBDs resistance can be obtained by Equation (1)

au kT
R=S1 % e+ 1) ©)

The voltage noise power spectral density Sy is

2(kT)2(1 + 21o)

e(I+Ip)? ©

A=5Sy =8 xR>=

The current [ is
_ 2ne

t
where R stands for the diode resistance, 1 and f are the carrier concentration and time for drifting
through the barrier, respectively.
When I > Iy, Equation (6) can be simplified as

I 7)

Sy~ =2 ®)
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As the current decreased, n decreased, which made Sy to increase according to Equation (8),
thus leading to Sy (2 h after irradiation) > Sy (pre-irradiation). When SiC SBDs first experienced
the electron beam irradiation and then subjected to reverse breakdown, a large number of defects
would be produced inside SiC SBDs, which made the noise power spectral density of SiC SBDs to
further increase compared with SBDs that only irradiated by electrons, therefore showing Sy (reverse
breakdown) > Sy (2 h after irradiation).

3.2. Room-Temperature Self-Healing

As shown in Figure 5a, the noise spectra of SiC SBDs before and after irradiation as well as in
reverse breakdown state are 1/f noise in the frequency range of 10° to 10> Hz. 1/f noise had an
extrinsic origin that arose from defects [35]. The defects of electronic origin lying in the gap acted
as electron traps leading to both mobility and carrier density fluctuations. In the frequency range of
10° to 102 Hz, Sy reached the minimum before irradiation, while reached the maximum at 2 h after
electron irradiation, and Sy even was greater than that of the reverse breakdown. However, if the SiC
SBDs were left alone for 72 h after electron irradiation at room temperature, their Sy could become
lower than that of Sy at reverse breakdown state, showing a significant decrease. The observed Sy (2 h
after irradiation) > Sy (72 h after irradiation) was partially due to the fact that part of the defects were
rapidly annealed at room temperature; thus, the effect of carrier removal was weakened, leading to the
increase of carrier concentration. According to Hooge’s equation [36], the relationship between Sy and
carrier concentration # are given by Equation (9).

B [L92]

Sv(f) = [ ©)
where ap stands for the Hooge parameter. The Sy corresponding to 1/f noise was inversely
proportional to the carrier concentration inside the device. As carrier concentration increased,
Sy decreased.

The noise power spectra at 2 h and 72 h after irradiation (shown in Figure 5a) cannot clearly reflect
the annealing effect of the internal defects in SiC SBDs at room temperature. Therefore, at 72 h after
irradiation exposure, we have carried out the tracking measurement on the low-frequency noise of
SiC SBDs irradiated by electron beam at room temperature, which is shown in Figure 5b. It can be
clearly seen that in the frequency range of 10°~102 Hz, the noise power spectral density of SiC SBDs
decreased with time, and the observable frequency range of 1/f noise gradually decreased. At2h
after irradiation, 1/f noise can be observed in the frequency range of 1-100 Hz; at 4 h after irradiation
exposure, 1/f noise can be observed in the frequency range of 1-30 Hz; and at 72 h after irradiation
exposure, 1/f noise frequency further decreased into 1-6 Hz, while 1/f noise will be annihilated by
shot noise above these frequency ranges.

The temporal variation of 1/f noise amplitude of the SiC SBDs irradiated by electrons can be
calculated by Equation (9), and the results are shown in Figure 5c, where the 1/f noise amplitude B
decreases exponentially with time ¢, and this relationship is further well fitted by Equation (10).

B =7.81x10"18¢ /081 4 250 x 10715 (10)

where the unit of B is V2-Hz !, the unit of  is s.

Then the declining rate is
”;—lf = —9.64 x 10713 1/081 (11)
At 4.5 h after irradiation, B declined sharply, while the declining rate decreased with the increase
of time, and the declining rate followed Equation (11). At 72 h after irradiation, the declining rate
tended to be constant. The value of B decreased from 6.75 x 1014 V2.Hz~! (2 h after irradiation) to

2.05 x 1071% V2.Hz~! (72 h after irradiation), accounting for 96.96% decrease.
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Figure 5b,c shows that the internal defects of the SiC SBDs continuously decrease at room
temperature, weakening the removal effects of the defects on carriers. Back in 1966, Fischerrr et al. [37]
had systematically investigated the temperature annealing of traps produced by 6-88 MeV electron
irradiation in n-type Ge. In their experiment, the electron irradiation temperature was 85 K, and
it was found that some traps disappeared when the temperature increased to near 200 K, thereby,
leading to an increase of the carrier concentration. In 2009, Messina et al. [38] found that a significant
portion of E/, centers, which induced in amorphous silica at room temperature by y-irradiation up to
79 kGy, spontaneously decayed after the end of irradiation. In 1984, Yamaguchi et al. [39] found that
effective room-temperature self-healing of radiation-induced defects in both p-type and n-type InP
after electron irradiation leading to the recovery of InP solar cell properties. Besides Ge, amorphous
silica, and InP solar cell, room-temperature self-healing of radiation-induced defects were also shown
in Si-based devices [25,40-43], as reported by Pease et al. Pease et al. [25] found the normalized change
in reciprocal resistivity in the drain to source (A1/Rps) of Si-based power Metal-Oxide-Semiconductor
Field-Effect Transistors degraded between 2 and 10% (most less than 5%) over a period of 24 h after
room-temperature proton and neutron irradiation. These phenomena suggested that the internal
defects generated inside the semiconductor material under irradiation can be annealed and annihilated
below room temperature. However, as far as the room-temperature annealing of SiC materials is
concerned, currently there is still not enough experimental evidences to demonstrate that some defects
of SiC materials can be annealed after electron irradiation at room temperature. In this work, we used
low-frequency noise to show that electron irradiation can produce the defects in SiC devices and these
induced defects can be further annealed at room temperature. Assuming only electron irradiation
and ay remained constant, regardless of the amount of electron irradiation, part of internal defects
in SiC material at 72 h after irradiation can be calculated to decrease by 3.04% as compared with the
same internal defects at 2 h after irradiation. Since 1/f noise cannot be directly used to differentiate
the types of defects, it is impossible to know what kinds of defects are annealed at room temperature.
However, this property can still be used to characterize the declining trend of internal defects with
time after electron irradiation via the noise information, and this method is also applicable for the
defects characterization in other semiconductor materials and devices.

Furthermore, noise characterization were used to demonstrate that the SiC SBDs after
electron irradiation have undergone an unexpected self-annealing or relaxation process at room
temperature, thereby, reducing the induced defects while increasing the carrier concentration. Such
room-temperature annealing was consistent with the on-line electron-induced current curve after
irradiation and vice versa. As shown in Figure 6, the data collected by the on-line current-voltage test
system shows that the electron-induced current of the device does not decrease to the background level
within 19 min after the exposure to electron irradiation, but instead presents a linear increasing profile
with the current rising from 1071 to 1077 A. This phenomenon suggested that within 19 min after the
irradiation, the device was subjected to a room-temperature annealing or relaxation, curing some of
the internal defects, and recovering the electrical performance to a certain level. This phenomenon
was also consistent with the I-V characteristics of the SiC SBDs, demonstrating that although the
performance of the SiC SBDs was greatly lowered after the exposure to 9.05 x 10'7 cm~2 electron
irradiation, this type of semiconductor device can still recover its electrical properties to some extent
under this unexpected self-annealing mechanism.
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Figure 6. The real-time electron-induced current curve of SiC SBDs after the end of exposure to electron
beam irradiation.

4. Conclusions

The electrical performance of SiC SBDs irradiated by high-dose, high-energy (1.8 MeV) electron
beam had been investigated in this work. It was found that electron beam had a strong radiation
destructive effect on 4H-SiC SBDs. Their electrical performance was greatly reduced when exposed to
high-energy electron beam with a fluence as high as 9.05 x 10!7 cm~2, the electron-induced current
reduced by 85.70%, and the device characteristics degraded seriously. The on-line electron-induced
current and noise information revealed a self-healing like procedure, in which the internal defects of
the devices were likely to be annealed at room temperature and devices performance was restored
to some extent. Although the mechanism of this self-healing is under investigation, the high-dose
irradiation and noise diagnostics study reported here can provide useful information for designing
next-generation atomic battery and detectors for extreme environment applications.

5. Patents

Guixia Yang, Yuanlong Pang, Fansong Zeng, et al. Low-noise bias device, the Chinese patent of
invention, patent number: ZL 201510729381.1.
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Abstract: Incorporating additives into organic halide perovskite solar cells is the typical approach to
improve power conversion efficiency. In this paper, a methyl-ammonium lead iodide (CH3;NH3Pbl;,
MAPDbI3) organic perovskite film was fabricated using a two-step sequential process on top of
the poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) hole-transporting layer.
Experimentally, water and potassium halides (KCl, KBr, and KI) were incorporated into the Pbl,
precursor solution. With only 2 vol% water, the cell efficiency was effectively improved. Without
water, the addition of all of the three potassium halides unanimously degraded the performance
of the solar cells, although the crystallinity was improved. Co-doping with KI and water showed
a pronounced improvement in crystallinity and the elimination of carrier traps, yielding a power
conversion efficiency (PCE) of 13.9%, which was approximately 60% higher than the pristine reference
cell. The effect of metal halide and water co-doping in the Pbl, layer on the performance of organic
perovskite solar cells was studied. Raman and Fourier transform infrared spectroscopies indicated that
a Pbl,-dimethylformamide-water related adduct was formed upon co-doping. Photoluminescence
enhancement was observed due to the co-doping of KI and water, indicating the defect density was
reduced. Finally, the co-doping process was recommended for developing high-performance organic
halide perovskite solar cells.

Keywords: perovskite solar cells; water doping; potassium halide doping

1. Introduction

The first report on lead halide organic perovskites for photovoltaic applications was published
in 2009 [1]. Kojima et al. used methylammonium lead iodide (CH3NH3Pbl3, MAPbI3) to replace
organic dyes in dye-sensitized solar cells (DSSCs), where mesoporous titanium oxide (TiO,) and a
liquid electrolyte were used, achieving a power conversion efficiency (PCE) of 3.8%. Recently, the best
solar cell efficiency achieved was 22%, giving perovskites a reasonable chance to reach commercial
competiveness [2]. PCE of the MAPbI3-based solar cell has been close to 20% in both mesoporous
structure devices [3] as well as in planar heterojunction architectures [4]. High temperature annealing
(>400 °C) is required to crystallize the TiO; layers used in mesoporous-type solar cells. Compared
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to the high-temperature processing of mesoporous solar cells, the planar heterojunction perovskite
photovoltaics has the advantage of a low-temperature (100 °C) solution process, and, therefore, can be
adopted in the roll-to-roll production of flexible devices [5].

One key aspect that affects the performance of planar heterojunction perovskite solar cells is the
quality of the organic perovskite film, which is determined by the thermodynamics and the growth
kinetics of the film [6-8]. Solution-processed perovskite films usually have abundant defects when
compared to single-crystal samples. The introduction of additives into the perovskite precursor
solution was reported to be an effective way to prepare a high quality perovskite film with fewer
defects, leading to enhanced device performance [4,9-11]. Potassium halides were wildly used as
additives in the perovskite precursor solutions adopted for solar cell research [12-14]. Potassium
halide-doped perovskite solar cells that have a record PCE of more than 20%, without I-V hysteresis,
have been constructed [13,15]. Potassium halides were found to significantly facilitate the crystal
growth of perovskite films and ameliorate the perovskite morphology, resulting in a reduced density in
trap states and enhanced device performance [13,16]. However, it is not easy to form a homogeneous
organic precursor by adding considerable amounts of potassium halide salts due to its restricted
solubility in some organic solvent used for organic perovskite processing, which limits the application
of potassium halides as additives. Water is a good solvent for potassium halide salts. Additionally,
water additives have been reported to enhance the property of a two-step processed MAPbI; [17,18].
Water additives changed the characteristics of dimethylformamide (DMF), which is a general solvent
for Pbly, thus helping to make a homogeneous Pbl, solution. A smooth and dense Pbl, film was
fabricated by adding a small amount of water into the Pbl, precursor with DMF, and then a high-quality
MAPDI; was obtained after the methylammonium iodide (MAI) conversion. Therefore, water was
considered to be a suitable candidate for a co-doping additive for potassium halides during the MAPbI3
solution process.

However, it is challenging to deposit high-quality organic perovskite films on PEDOT:PSS, which is
wildly used as the hole-transporting material in planar heterojunction perovskite solar cells. To obtain
a homogeneous film structure on top of an organic surface, such as the PEDOT:PSS film, through a
simple-solution process is not easy for an ionic material (such as MAPbI;3) [17]. Compared to MAPbI3,
Pblj is less polar and, therefore, can easily form a continuous film on the PEDOT:PSS surface. Therefore,
the two-step sequential process (Pbl, layer + MAI conversion) is an appropriate way to fabricate a
perovskite film when PEDOT:PSS is used as the hole-transporting layer [17]. However, very few studies
have reported the effects of water or potassium halide additives on two-step processed perovskite solar
cells [19]. According to this report, the alkali metal halides (KCl, NaCl, and LiCl) were incorporated
with the Pbl, layer and chelated with Pb?* ions, enhancing the crystal growth of Pbl, films that,
in turn, improved the crystallinity of the perovskite films and their photovoltaic properties. However,
to the best of our knowledge, no report has investigated the performance of a planar heterojunction
perovskite device by considering their interactive effects by using both water and potassium halides.

In this work, we proposed an effective way to enhance the efficiency of the MAPbIz-based
perovskite device through the co-doping of water and potassium halides (KI, KBr, and KCl) during the
Pbl, deposition process. Systematic studies of the effects of water and potassium halides co-doping
on the thin film and device were investigated and discussed. To construct a planar heterojunction
perovskite solar cell, a two-step process was employed to fabricate the MAPbI; film. Pbl, was first
deposited on PEDOT:PSS film, then the MAI was spin-coated on the Pbl; layer, followed by thermal
annealing. Water and potassium halides were added into the Pbl, precursor solution to elucidate their
influence on the performance of perovskite solar cells. As a result, the PCE of devices made from these
additive-enhanced perovskites increased from 8.8% (based on pristine perovskite) to 13.9%.
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2. Materials and Methods

2.1. Chemicals

Lead (II) iodide (Pblp, 99.9985%), potassium iodide (KI, 99.995%), and potassium chloride
(KCl, 99.997%) were purchased from Alfa Aesar. Anhydrous N,N-dimethylformide (DME, 99.8%),
2-propanol (IPA, 99.5%), and chlorobenzene (CB, 99.8%) were purchased from Sigma-Aldrich (Saint
Louis, MO, USA). Potassium bromide (KBr, IR spectroscopic) was purchased from Honeywell
(Morristown, NJ, USA). Ultra-pure wa ter (Resistivity > 18.2 MQ-cm at 25 °C, Baker Analyzed
LC/MS Reagent) was purchased from ].T. Baker (Radnor, PA, USA). Poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS), methylammonium iodide (MAI, >98%), bathocuproine (BCP,
>99.5%), and phenyl-C61-butyric acid methyl ester (PCgBM, >99.5%) were purchased from Uni-onward
(New Taipei City, Taiwan). All materials were used as received.

2.2. Device Fabrication

The fabrication process of the referenced standard perovskite solar cell (Ref) was as follows:
patterned ITO-coated (indium tin oxide) glass substrates were cleaned ultrasonically in acetone and
isopropanol for 10 min, and then dried in an oven for 15 min at 110 °C. After a UV-ozone treatment of
30 min, the substrates were transferred into a N»-filled glovebox. Filtered PEDOT:PSS was spin-coated
at 2000 rpm onto the ITO substrate and baked on a hot plate at 110 °C for 10 min. The Pbl, precursor
was prepared by dissolving Pbl, in the DMF solvent (370 mg/mL) and heated to 70 °C on a hot plate.
Following this, the hot Pbl,-DMF precursor was spin-coated on top of the PEDOT:PSS layer and baked
on a hot plate at 90 °C for 10 min. The MAI (45 mg/mL in IPA) precursor was spin-coated on the
crystalline Pbl, layer and annealed at 110 °C for 1 h to form the MAPbI; perovskite. After annealing
for 20 min, the pure IPA solution was spun on the MAPbI; layer to wash out redundant MAI, and then
the annealing process continued for 40 min. The PC4;BM (20 mg/mL in CB) was spin-coated on the
perovskite. BCP of 10 nm and Al of 150 nm were sequentially evaporated on the top with a deposition
rate of 0.4 A/s and 3-5 A/s, respectively. For the co-doping samples, H,O with a 1, 2, or 3 volume
percent, and potassium halide of various concentrations were added into the Pbl,- DMF solution.
The water added into the precursor was ultra-pure water.

2.3. Characterizations

The crystallinity of the MAPbI; film was examined by X-ray Diffraction (XRD) with ultraX 18
(Tokyo, Japan). The microstructure of the films was characterized by high resolution scanning
electron microscope (HR-SEM) SU8000 (HITACHI, Tokyo, Japan). The electrical analysis was
performed by E5270B Precision IV Analyzer (Keysight, Santa Rosa, CA, USA) under AM 1.5 G
illumination. The absorption analysis was performed by UV-vis-NIR spectrophotometer U-4100
(HITACHI, Tokyo, Japan). The photoluminescence (PL) was performed by Jobin Yvon LabRAM HR
micro-Raman system (HORIBA, Kyoto, Japan) and the excitation laser wavelength was set to 532 nm.
The Fourier transform infrared spectroscopies (FTIRs) were performed by Nicolet FTIR instrument
(Thermo Fisher Scientific, Waltham, MA, USA). The Raman spectroscopy was performed by Raman
microscope (Renishaw, Wotton-under-Edge, UK). The depth profiles were performed by Auger Electron
Spectroscopy MICROLAB 350 (Thermo Fisher Scientific, Waltham, MA, USA).

3. Results and Discussion

The photovoltaic properties of the devices (structure: glass/ITO/PEDOT:PSS/MAPbI3/PCs BM/
BCP/Al) were investigated. Figure 1 displays the photocurrent density—voltage (J-V) curves of the
perovskite solar cells prepared with and without the incorporation of water and potassium halide
additives in the Pbl,-DMF precursor. The concentration of each cell was at the optimal conditions for
cell properties. Table 1 lists the corresponding cell parameters. The cell performance was measured
using an aperture metal mask of 2.2 mm x 3.2 mm to a device active area of 2 mm X 3 mm. The PCE of

101



Nanomaterials 2019, 9, 666

device that was prepared using the 2 vol% water-doped Pbl, precursor increased from 8.8% (without
water) to 12.0% with a short-circuit current density (Jsc) of 22.5 mA-cm™~2, an open-circuit voltage (Voc)
of 0.9V, and a fill factor (FF) of 59.2%. The photovoltaic performance, as a function of the water content,
is illustrated in Figure S1, and the corresponding photovoltaic parameters are listed in Table S1. It was
found that the PCE of devices that were prepared using a water content below 3 vol% were improved,
and that the best performance was achieved by adding 2 vol% water in Pbl,. The Voc and FF increased
slightly, and the Jsc increased markedly by increasing the water content to 2 vol%, resulting in the
best PCE. Further increasing the water content to 3 vol% degraded the cell property. It has been
reported that a planar heterojunction solar cell based on a high-quality perovskite film has a power
conversion efficiency of 18% with a remarkably high FF value of 0.85 [17]. The study indicated that
adding small amounts of water into the Pbl,-DMF precursor made the solution more uniform, forming
a smooth Pbl, film on top of the PEDOT:PSS, with high crystallinity and large crystalline domains.
The perovskite film fabricated from the high-quality Pbl, film was highly pure and dense, without
any pinhole. Our research showed similar observations. Water addition improved the morphology
and crystallinity of the Pbl, films, as revealed in the SEM images (Figure S2). Moreover, the thickness
of the Pbl, films increased with the content of water. The thickness was 156, 192, 189, and 194 nm
for 0, 1,2, and 3 vol% water incorporated Pbl; films, respectively. Figure S3 shows the MAPbI; films
fabricated from the water-doped Pbl, films. The grain size of all of the three water-incorporated films,
Figure S3b—d, was larger than the film without water (Figure S3a). It has been observed that a rapid
crystallization of organo-halide perovskites into the expected tetragonal cell for MAPbI3 occurred on
exposure to small amounts of moisture [20]. You et al. have proposed a growth mode via thermal
annealing of the perovskite precursor film in a humid environment (e.g., ambient air) to greatly improve
the film quality, grain size, carrier mobility, and lifetime [21]. They indicated that, due to the strong
hydroscopic nature of MAI, exposing the perovskite precursor to moisture during film formation could
result in the accumulation of moisture within grain boundaries, inducing grain boundary creep and,
subsequently, merging adjacent grains together. In addition, moisture could also provide an aqueous
environment to enhance the diffusion length of the precursor ions, further promoting perovskite grain
growth. The Pbl, films fabricated by the water-containing precursor possibly retained residual water
or a water-related function group, which helped perovskite grain growth, until the deposition of MAI.

0 — T T T T 17
Ref + 2 vol% water ,'

= K| (4mg/mL) + 2 vol% water 7

-4 } |——KBr(1mg/mL) + 2 vol% water )

= KC|(2mg/mL) + 2 vol% water ;l
I
8} === Ref "o s i
=== K| (1mg/mL) L

- = = KBr(1mg/mL) St
- = = KCI(1mg/mL)

Current Density (mA/cm?)

4 i |- ] PO Y | - |- 1 P | A L | |
0.00.1020.30405060.70.8091.0
Voltage (Volt)

Figure 1. Photocurrent density—voltage (J-V) curves of perovskite solar cells prepared without and
with water and/or potassium halide additives under their optimized concentrations.
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Table 1. The corresponding photovoltaic parameters of devices in Figure 1.

Samples Voc (V) Jsc (mA/em?) FF PCE (%) Rgy (Q-cm?)  Rg (Q-em?)
Ref 0.79 +0.03 19.7 + 1.4 563+16  88=+11 340 + 99 72407
KI (1 mg/mL) 0.99 +0.02 151 +0.8 501+15  75+06 262 + 40 88+16
KBr (1 mg/mL) 0.79 +0.05 19.8 +3.9 522+48 82425 220 + 70 11.7 £33
KCI (1 mg/mL) 0.96 +0.03 160+ 1.0 524+21  80+06 337 + 137 125+ 1.8
Ref + water 0.90 = 0.01 25+13 592+06  120+06 168 + 40 36+0.1
KI (4 mg/mL) + water 097 + 0.01 213412 67.0+22  139+07 555 + 39 55+0.7
KBr (1 mg/mL) + water  0.85 + 0.04 221+1.0 634+£19 11912 264 + 46 38+03
KCI (2 mg/mL) + water ~ 0.97 + 0.01 21016 62808 128+12 1217106 47403

Conversely, the PCE of photovoltaic devices fabricated by the Pbl,-DMF precursor with potassium
halides (KI, KBr, and KCl) as the only additives became worse. As displayed in Figure 1, the PCE
deteriorated from 8.8% for pristine MAPDbI; to 7.5%, 8.2%, and 8.0%, by adding 1 mg/mL KI, KBr,
and KCI, respectively. For KCl- and KI-doped samples, the degradation of PCE was caused by the
decrease in the Jsc and the fill factor, while for KBr-doped samples, only the fill factor decreased.
Figure S4 illustrates the changes in photovoltaic performance of the potassium halide-doped devices
as a function of the amount of potassium halide added. Notably, the devices were further improved by
incorporating potassium halide into the water-Pbl,-DMF precursor. By co-doping with 2 vol% water
and potassium halides, the PCE was improved from 8.8% (pristine perovskite) to 13.9% (4 mg/mL
KI), 11.9% (1 mg/mL KBr) and 12.8% (2 mg/mL KCl). The changes in the photovoltaic performance
of the water and potassium halide co-doped devices as a function of the potassium halide additives
is also illustrated in Figure 2. The performance of devices was enhanced by adding KI or KCI into
the 2 vol% water-doped Pbl,-DMF precursor, while KBr-doped devices had inferior properties than
those without KBr. Using 4 mg/mL KI as the additive provided the best performance of the device.
Figure S4 further plots the cell parameters as functions of the content of the potassium halides for
devices prepared by Pbl, without water; all of the cell parameters degraded and Table S2 lists the
corresponding photovoltaic parameters of the devices.

=11 §23 75 S

210[(@) ul E),[(B) 701(c) F1af(d)

B " 2y ; 565 i AT

09Ty z y-i— 14| 2 Y S2a TS —

Soal ¥ 820p “E- 601" — e RL

Sos} =} [ripes ' 1 10

S07 g6 E50 S

Qos —u—Kl w/water §12 —m—KIl w/ water 45 —u—K| w/ water §6 —s—KIl w/ water

%05 —n—KBrw/water | 3 g —=—KBrw/ water | 40 —n—KBrw/ water] & , —n—KBr w/ water
) —u—KCl w/ water | & —m—KClw/ water { 35 —m—KClw/ water ] —m—KCl w/ water

i o
0'40123456789101112_@40123456789101112 300123456789101112(3]20123456789101112
Doping Concentration (mg/mL) % Doping Concentration (mg/mL) Doping Concentration (mg/mL) o Doping Concentration (mg/mL)

Figure 2. The changes in (a) Voc; (b) Jsc; (¢) FE (fill factor); (d) power conversion efficiency (PCE) of
the potassium halide-doped devices with 2 vol% water co-doping as a function of doping amounts of
KI, KBr, and KCL.

Figure 3 shows comprehensive XRD analyses of the potassium halides-doped Pbl, and MAPbI3
films with and without water incorporated with Pbl,. The Pbl, and MAPbI; films were deposited
on ITO/PEDOT:PSS. Without water, the XRD intensity increased markedly for all the KCl-, KBr-,
and KI-doped Pbl, films (Figure 3a). However, the XRD of the MAPbI; films prepared on the
potassium-doped Pbl, were similar to that without doping (Figure 3c). Water incorporation increased
the XRD intensity of Pbl, but did not affect the XRD intensity of the perovskite film (Figure 3a,c).
Co-doping of water and potassium halide increased the XRD intensity of both the Pbl, and MAPbI;
significantly (Figure 3b,d). The increase in the XRD intensity was also accompanied by an increase in
the grain size.
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Figure 3. X-ray Diffraction (XRD) of Pbl, prepared by incorporating (a) KCl, KBr, and KI (without
water) and (b) KCl, KBr, and KI with water additives. XRD of MAPbI3 on Pbl, prepared using the
same conditions as (a) and (b) are shown in (c) and (d), respectively.

Figure 4 shows the top-view and cross-section SEM images of the Pbl, films that were co-doped
with 2 vol% water and potassium halides (KI: 4 mg/mL, KBr: 1 mg/mL, and KCl: 2 mg/mL). The film
thickness was unchanged by the potassium halides, but the surface coverage was improved and the
grain size was enlarged, which agreed with the XRD observation. Figure 5 displays the SEM images of
the co-doped films. Adding potassium halides (especially KI and KBr) to the 2 vol% water-incorporated
Pbl, precursor enhanced MAPDbI; grain growth, which was denser with higher continuity, allowing for
effective charge generation and dissociation in perovskite films. Such a highly continuous and large
grain structure was also beneficial for carriers to transport through the film.

Figure 4. Plane and cross-section scanning electron microscope (SEM) images, respectively, of Pbl,
prepared with (a,e) 2% water, (b,f) 2% water + KI (4 mg/mL) (c,g) 2% water + KBr (1 mg/mL), and (d,h)
2% water + KCl (2 mg/mL). (Scale bar = 500 nm).

Figure 5. Plane and cross-section SEM images, respectively, of MAPbI; on Pbl, with (a,e) 2% water,

(b,f) 2% water + KI (4 mg/mL) (c,g) 2% water + KBr (1 mg/mL), and (d,h) 2% water + KCI (2 mg/mL).
(Scale bar = 500 nm).
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To exploit the effect of co-doping water and potassium halides in the Pbl, layer, the Fourier
transform infrared spectroscopy and Raman spectroscopy were adopted, as shown in Figure 6. The Pbl,
films were prepared on Si/PEDOT:PSS because glass absorbs the IR light. In Figure 6a, characteristic
peaks related to the C=O stretching were found around 1715 cem~1[22]. According to the literature,
the C=0 vibration shifts to lower frequency around 1650 cm™~! for DMF, which forms Lewis adducts
due to the reaction of the Pbl, layer [23,24]. In our sample, the C=O stretching was found to be
blue-shifted, which might be caused by the formation of a Pbl,-DMF-H,O adduct by incorporating
water through a Lewis acid-base reaction. The other possibility was that the Pbl,-DMF precursor
reacted with the PEDOT:PSS under-layer because of the incorporation of water by partially dissolving
the PEDOT:PSS near the Pbl,/PEDOT:PSS interface. A similar observation has been reported by
Winther et al. [25]. Figure 6b shows the Raman spectra of the Pbl; layer with or without potassium
halides and water. Si-related signals were found at 521 cm™" (Si-Si LO), 940, and 987 cm™~! (Si-OH) [26].
Notably, the O-H and C-H stretching of PEDOT split into two peaks at 2865 and 2945 cm™!, owing to
the incorporation of metal halides and water, particularly for KBr- and KCl-doping [27]. Evidence
from FTIR and Raman spectroscopies indicated that the doping of water and potassium halides could
form some new adducts and change the interfacial chemistry near the Pbl,/PEDOT:PSS.

-------- Ref - Ref +2 V(’Jl% water ) - Ref ' . Réf +2 V0|°I/o water '
L (a) Kl (Img/mL) ——KI (4mg/mL) + 2 vol% water (b) -KI (1mg/mL) ——KI (4mg/mL) + 2 vol% water
- KBr(1mg/mL) —— KBr(1mg/mL) + 2 vol% water L -KBr(1mg/mL) —— KBr(1mg/mL) + 2 vol% water |
—3Si ----KCI(1mg/mL) —— KCI(2mg/mL) + 2 vol% water | ~ —Si -KCI(1mg/mL) —— KCI(2mg/mL) + 2 vol% water
—~ d S .
o =
(9}
2 £
5 c
e o}
o 1S
[}
= ©
1 ) s ) s " I I I T T
1800 1600 1400 1200 1000 800 500 1000 1500 2000 2500 3000 3500 4000
Wavenumber (cm") Raman Shift (cm")

Figure 6. (a) Fourier transform infrared (FTIR) and (b) Raman spectroscopies of Pbl, films doped using
potassium halides with and without water.

Figure 7 displays the absorption spectra (Figure 7a) and PL spectra (Figure 7b,c) of the perovskite-
glass structures prepared on the Pbl, layers that were doped with water, potassium halides,
and potassium halides and water co-dopants. In the visible region (470-800 nm), the absorbance
of the MAPbI; on Pbl, prepared with the co-doped potassium halides and water, increased,
indicating improved crystallinity. With potassium-only additives, the absorbance of MAPbI; decreased.
The PL-quenching effect of KBr-doping was observed (Figure 7b), while PL enhancement was found in
the KI- and KCl-doped films. The steady-state photoluminescence (PL) was an effective way to detect
the trap states within the perovskite layer. The higher PL intensity indicated fewer traps or defects
within the films and improved crystallinity. Figure 7c shows the PL spectra of the co-doped water
and potassium halides for MAPbI; films. The PL intensity of the perovskite films obviously increased
by co-doping, except for the KBr-doped film. In particular, the PL intensity of the co-doped KI and
water increased by five times. Therefore, it was concluded that the co-doping of water and potassium
halides increased the grain size of MAPbI; and eliminated radiative defects that contributed to the
strong PL response.
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Figure 7. (a) Absorption spectra and (b,c) photoluminescence (PL) spectra of perovskite films prepared
using Pbl, with different potassium halide and water additives. The samples were measured with this
structure: glass/ITO/PEDOT:PSS/MAPDI3/PCq BM.

Auger electron spectroscopy (AES) was used to investigate the elementary depth distribution of
the full device structure using KI and 2 vol% water co-doping, as shown in Figure 8. The potassium
signal was found to be uniformly distributed across the perovskite and penetrated into the PEDOT:PSS.
It has been reported that KI can provide an extra I-ion source that affects the coordination with Pb?*
and compensates for the I vacancy [15]. Therefore, in addition to the positive effect due to water- and
potassium halides-induced grain growth, the enhancement of PL intensity can be associated with
the passivation of the K* cation and halide anions on the grain boundaries of perovskite film [15,16]
and the perovskite interface, thus, reducing the trapped states. In other words, the addition of
potassium halides and water improved the quality of the perovskite by reducing the traps and
interfacial radiative recombination centers, allowing for effective charge generation and collection.
Such a highly continuous and large grain structure was also beneficial for carriers to transport through
the film. This improvement reduced series resistance (Rs) and increased shunt resistance (Rgpy),
improving the Jsc, FE, and V¢ as observed in Table 1. Some studies partially attributed good
photovoltaic performance to a significant absorption improvement because the use of additives led to a
denser perovskite film with less pinholes [14,28]. However, our research results showed water and/or
potassium halide additives only slightly enhanced the absorption of perovskite. The pristine MAPbIj,
prepared by our process, exhibited a compact microstructure with pure tetragonal structure phases,
and the absorption effect was considered to be minor. It is worth noting that the KBr additive was
harmful to the device, where even its physical properties, shown in Figures 3-5, seemed as good as KI.
We attributed this to the possible formation of a small amount of MAPbBr3 through the incorporation
of Br even though no secondary phase was found in the XRD spectra. The existence of MAPbBr3
within the MAPDI; film may cause an energy barrier and inhibit charge transport from the perovskite
layer to the ITO [12].
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Figure 8. Auger electron spectroscopy (AES) depth profile of MAPbI3 prepared on PEDOT:PSS coated
ITO (indium tin oxide) glass.
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However, incorporation of potassium halides had little influence on the microstructure of the
perovskite without any water additive. As shown in Figure S5, the surface morphology and the
cross-section images of the films were similar, regardless of the types of potassium halides. The grain
size was unchanged by the potassium halide additives, which is in agreement with the unchanged
XRD FWHM (full width at half maximum) observation shown in Figure 3. The additive effect of
each potassium halide can be clearly observed in Figures S6-58. To conclude, the potassium halides
had positive influences on the film quality and the device, only if they were co-doped with the water
additive. Without water, the potassium halide additive made the solution more inhomogeneous,
worsening the film properties. Because the solubility of potassium halides in Pbl,-DMF was low,
they were unevenly dispersed within the solution without water, forming an inhomogeneous film.
The different optimal concentration of each potassium halide for the photovoltaic properties was
influenced by their solubility.

4. Conclusions

In conclusion, a way to improve the perovskite solar cells (structure: glass/ITO/PEDOT:PSS/
MAPbI3/PCq1 BM/BCP/Al) was proposed by co-doping water and potassium halides in the Pbl, layer,
which was coated on the PEDOT:PSS layer based in a two-step sequential process. When only
potassium halides were added to Pbly, the PCE of the devices became worse, while the PCE of the
devices prepared using the 2 vol% water-doped Pbl, precursor increased from 8.8% (without water)
to 12.0%. By co-doping with the 2 vol% water and a potassium halide, the PCE was improved
from 8.8% (pristine perovskite) to 13.9% (4 mg/mL KI), 11.9% (1 mg/mL KBr), and 12.8% (2 mg/mL
KCl). XRD results showed that the incorporation of water and a potassium halide improved the
crystallinity and enlarged the grain size. SEM images showed that the grain of Pbl, became coarse
and continuous upon co-doping. FTIR spectra showed characteristic peaks, related to C=O stretching,
around 1715 cm™!, which was probably caused by the formation of a Pbl,-DMF-H,0 adduct or an
interfacial reaction near the Pbl,/PEDOT:PSS interface. Raman spectra revealed that O-H and C-H
stretching of PEDOT split into two peaks at 2865 and 2945 cm™!, owing to metal halides and water
incorporation. Obvious PL enhancement was caused by the co-doping of water and KI, reducing the
defect density. Together with the AES observations, it was found that KI distributed uniformly within
the perovskite layer and penetrated into the PEDOT:PSS layer, which suggested that the elimination of
the defects in the film and interface upon KI doping was one of the reasons to improve the KI-water
co-doped solar cell.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/5/666/s1:
Figure S1: The tendency of photovoltaic performance of the water-doped devices as a function of water amount;
Table S1: The corresponding photovoltaic parameters of devices in Figure S1; Figure S2: SEM morphology and
cross-section of Pbl, films with (a,e) 0%, (b,f) 1%, (c,g) 2%, and (d,h) 3% water; Figure S3: SEM morphology of
perovskite films prepared by Pbl, with (a) 0%, (b) 1%, (c) 2%, and (d) 3% water; Figure S4: The (a) Voc; (b) Jsc;
(c) FF; (d) PCE of the potassium halide-doped devices as a function of doping amounts of KI, KBr and KCI;
Table S2: The corresponding photovoltaic parameters of devices in Figure S4 and Figure 2; Figure S5: The SEM
cross-sectional images of the potassium halide-doped MAPDI; films (without water additive), (a) ref, (b) 1 mg/mL
KL (c) 1 mg/mL KBr, and (d) 1 mg/mL KCI; Figure S6: SEM surface morphology of the perovskite films with
different KI and water additives in the Pbl, layer; Figure S7: SEM surface morphology of the perovskite films with
different KBr and water additives in the Pbl; layer; and Figure S8: SEM surface morphology of the perovskite
films with different KCI and water additives in the Pbl, layer.
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Abstract: Indium thin oxide (ITO)-free planar perovskite solar cells (PSCs) were fabricated at a low
temperature (150 °C) in this work based on the transparent electrode of photolithography processed
nickel/gold (Ni/Au) mesh and the high conductivity polymer, PH1000. Ultrathin Au was introduced to
increase the conductivity of metal mesh, and the optimal hexagonal Ni (30 nm)/Au (10 nm) mesh (line
width of 5 pm) shows a transmittance close to 80% in the visible light region and a sheet resistance lower
than 16.9 ()/sq. The conductive polymer PH1000 not only smooths the raised surface of the metal mesh
but also enhances the charge collection ability of metal mesh. The fabricated PSCs have the typical
planar structure (glass/Ni-Au mesh/PHlOOO/PEDOT:PSS/MAYFA],beIXCl3,X/PCBM/BCP/Ag) and
the champion PSC (0.09 cm?) obtains a power conversion efficiency (PCE) of 13.88%, negligible current
hysteresis, steady current density and PCE outputs, and good process repeatability. Its photovoltaic
performance and stability are comparable to the reference PSC based on the ITO electrodes
(PCE = 15.70%), which demonstrates that the Ni/Au mesh transparent electrodes are a promising ITO
alternative to fabricate efficient PSCs. The relatively lower performance of Ni/Au based PSC results
from the relatively slower charge extraction and stronger charge recombination than the ITO based
PSC. Further, we tried to fabricate the large area (1 cm?) device and achieve a PCE over 6% with
negligible hysteresis and steady current density and PCE outputs. The improvements of perovskite
film quality and interface modification should be an effective approach to further enhance the device
performance of Ni/Au based PSCs, and the Ni/Au mesh electrode may find wider applications in
PSCs and flexible devices.

Keywords: metal mesh; transparent electrode; photolithography; perovskite solar cell; large-area
solar cell

1. Introduction

Organic-inorganic hybrid perovskites solar cells (PSCs) have attracted more and more attention
due to their advantages of low fabrication cost, light weight, solution processability, tunable light
absorption range, bipolar transport properties, large-area manufacturing, and compatibility to both
rigid and flexible substrates. Their rapid progress of increased power conversion efficiency (PCEs) from
3.8% to 23.32% and improved stability indicate many potential applications, including in photovoltaic
plants, photovoltaic curtains, building integrated photovoltaic materials, wearable electronics devices,
and even space power systems [1-10]. And the efficient bottom transparent electrode is primary and
crucial to meeting these versatile applications. Nowadays, transparent conductive oxides, such as the
indium thin oxide (ITO) is the most commonly used transparent electrode in PSCs. However, ITO
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prices are becoming more and more expensive because of the rising cost of indium. On the other hand,
the ITO shows a relatively large sheet resistance, brittleness, and poor mechanical robustness [11,12].
There will be cracks on ITO surface at a bending radius (<10 mm) against repeated bending, which
will further decrease its conductivity and degrade the device performance, making it incompatible
with low-cost technology, such as roll-to-roll printing [13].

To overcome the drawbacks of ITO, many alternatives have been developed with good electrical
and optical properties, such as graphene [14,15], carbon nanotubes [16], metal nanowires [17,18],
transparent conducting oxide nanocrystal [19], conducting polymer [20,21] ultrathin metal films [21-24],
and metal-mesh transparent conductive electrodes (TCEs) [25,26]. Among the alternatives, metal
meshes have excellent ductility and can be easily fabricated by mature evaporation process, which is
more suitable for large-area device production. Metal-mesh TCEs are highly bendable as well, and
silver metal-mesh TCEs have been successfully used to fabricate organic solar cells, PSCs, and flexible
devices [5,27]. More importantly, the conductivity and transmittance of metal mesh can be adjusted by
structure parameters such as the metal-grid pitch, line width, and film thickness. And there are many
ways to achieve size-tunable metal-mesh TCEs, such as laser sintering of nanoparticle ink, lithographic
patterning, grain boundary lithography, nanoimprint lithography, and photolithography [28-31].
Photolithography is a standard fabrication process in semiconductor devices and integrated circuits,
which determines their feature size (<7 nm) and operation performance. It is believed that the
photolithography process provides more precise control of the shape and size of the objects it creates
and can create patterns over an entire surface cost-effectively [32]. In addition, the photolithography
related processes are low-temperature technology and compatible to large area substrate (18 inches) or
flexible substrates. Therefore, photolithography is a promising process to prepare highly consistent
metal mesh for transparent electrode and solar cell applications [33-35].

We have proved in our previous work [36] that the adhesion of Ag on a glass substrate is relatively
poorer than that of Ni, and Ni mesh processed by photolithography has been successfully used to
fabricate PSCs, but the device performance (PCE = 5.74%) should be further improved. In this work, we
optimize the thickness and shape of Nimeshes, Auis used to increase the conductivity of metal mesh, the
high conductivity polymer PH1000 is employed to smooth the raised surface of metal mesh and enhance
the charge collection ability of metal mesh, the optimized two-step MAyFA; PbI(Cl;.« perovskite is
used as the light absorber, and the fabricated ITO free PSCs have a structure of Glass/hexagonal Ni
(30 nm)-Au (10 nm) mesh/PH1OOO/PEDOT:PSS/MAYFAl_beIXCl3_X/PCBM/BCP/Ag. The champion
PSC (0.09 cm?) obtains a PCE of 13.88%, negligible current hysteresis, steady current density and PCE
outputs, good repeatability and storing stability. Further, we tried to fabricate the large area (1 cm?)
devices under the same process, and achieve a PCE over 6% with negligible hysteresis and stable
steady-state outputs. The comparable performance to the ITO based reference PSC demonstrates that
the Ni/Au mesh transparent electrodes are a promising ITO alternative to fabricate efficient PSCs.

2. Materials and Methods

2.1. Materials

All materials and reagents, Methylammonium iodide (MAI, 99.8%, Dyesol, Queanbeyan,
Australia), Formamidinium iodide (FAIL, 99.8%, Dyesol, Queanbeyan, Australia), Lead iodide (Pbl,,
99.999%, Sigma-Aldrich, Saint Louis, MI, USA), Lead chloride (PbCl,, 99.999%, Sigma-Aldrich,
Saint Louis, MI, USA), Phenyl-Cg;-butyric acid methyl ester (PCBM, 98%, Nano-C, Westwood,
MA, USA), Poly(3,4-ethy-lenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS, Clevios PVP Al
4083, Heraeus, Hanau, Germany), high conductivity polymer PH1000 (Clevios PH1000, Heraeus,
Hanau, Germany), N,N’-Dimethylformamide (DMF, 99.8%, Aladdin, Beijing, China), Chlorobenzene
(CB, 99.8%, Sigma-Aldrich, Saint Louis, MI, USA), Bathocuproine (BCP, 96%, Sigma-Aldrich, Saint
Louis, MI, USA) Isopropanol (IPA, 99.5%, Sigma-Aldrich, Saint Louis, MI, USA), photoresist (AZ6112,
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Ruicai, Suzhou, China), and developing solution (2.38%, NMD-3, Ruicai, Suzhou, China), were used as
received without further purification.

2.2. Metal Mesh Preparation

Firstly, glass substrates (2 x 2.5 cm?) were ultrasonically cleaned in deionized (DI) water, acetone,
ethyl alcohol, and DI water for 20 min, respectively. Secondly, the nitrogen gun was used to dry the
substrates, and spin-coat the positive photoresist on substrates by two-steps of 500 rpm for 5s and
4000 rpm for 30 s with the acceleration of 4000 rpm/s, followed by baking on a hot plate at 100 °C for
90 s to cure the photoresist. Thirdly, the substrates were naturally cooled and exposed for 2.3 s under a
shadow mask and then developed for 60 s in the developing solution. Then, the samples were rinsed
in flowing DI water and dried by nitrogen gun. Fourthly, an optical microscope was employed to
check the defined patterns and the samples were transferred into the E-beam evaporation system and
nickel/gold (Ni/Au) mesh of x nm/10 nm were deposited under a pressure below 5 x 1074 Pa. After
the metal mesh deposition, the samples were immersed in the acetone solution and lifted off by a low
power ultrasonic bath for several ten seconds. The completed metal-mesh show a line width of 5 pm,
and the active areas of 0.09 mm? and 1 cm?.

2.3. PSCs Preparation and Characterization

At first, the prepared metal-mesh substrates were UV-ozone treated by 15 min, and the high
conductive polymer PH 1000 were spin-coated on the metal mesh at 1000 rpm for 60 s and annealed on
a hotplate at 150 °C for 15 min. Secondly, the PEDOT:PSS was spin-coated at 6000 rpm for 45 s and
150 °C annealing for 15 min. Thirdly, the MAyFA;_yPbLCl;_y precursor solution was prepared by
mixing Pbl,, PbCl, that was dissolved in DMF solution, and stirred for 2 h at 75 °C, the solution was
then spin coated onto the PEDOT/PSS layer at 3000 rpm for 45 s; Mixing FAI, MAI in the solvent of
DME, stirring at room temperature until completely dissolved, then spin coated it onto the Pbl,/PbCl,
layer at 3000 rpm for 45 s; after thermally annealing at 100 °C for 10 min the perovskite layer was
formed. Fourthly, the PCBM (20 mg/mL in CB) was spin-coated on the perovskite layer at 2000 rpm
for 40s, and the BCP (0.5 mg/mL in IPA) was spin-coated on the PCBM at 6000 rpm for 45s. Finally,
the Ag (100 nm) electrode was thermally evaporated under a shadow mask and the fabricated devices
(seeing Figures S1 and S2 in Supporting Information) have an active area of 0.09 cm? and 1 cm?. As a
reference, the ITO based PSCs, ITO/PEDOT:PSS/Perovskite/PCBM/BCP/Ag, were also fabricated under
the same process conditions.

The current density-voltage (J-V) characteristics were measured with a source measurement
unit of Keithley 2400 and simulated AM1.5 G sun light (100 mW/cm?, SEN-EI Electric. Co. Ltd,
XES-300T1, Osaka, Japan). The incident photo-to-current conversion efficiency (IPCE) was measured
by the quantum efficiency measurement system (SCS10-X150, Zolix instrument. Co. Ltd, Beijing,
ChinaZolix Instrument. Co. Ltd). The four-point-probe system was utilized to measure the sheet
resistance of electrodes. The UV-visible spectrophotometer (Perkin-Elmer Lambda 950, Waltham, MA,
USA) was used to characterize the transmittance spectra of different samples. The film morphology
was characterized by a JSM-7800F extreme-resolution analytical field emission scanning electron
microscope (SEM) (JEOL Ltd., Tokyo, Japan) and atomic force microscopy (AFM) (Agilent 5500, Santa
Clara, CA, USA). Electrochemical impedance spectroscopy (EIS) measurements were performed on an
electrochemical workstation (CHI600E, Shanghai Chenhua, Shanghai, China) with a 10 mV amplitude
perturbation and frequencies between 100 Hz and 1 MHz. M-S plots were recorded on the same
system under AC excitation amplitude of 30 mV at a frequency of 5 kHz. Transient photocurrent (TPC)
measurement was performed with a system excited by a 532 nm (1000 Hz, 3.2 ns) pulse laser. Transient
photovoltage (TPV) measurement was performed with the same system excited by a 405 nm (50 Hz,
20 ms) pulse laser. A digital oscilloscope (Tektronix, D4105, Beaverton, OR, USA) was used to record
the photocurrent or photovoltage decay process with a sampling resistor of 50 () or 1 M(), respectively.
All the measurements were performed under ambient atmosphere at room temperature.
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3. Results and Discussion

The geometry of ITO-free planar PSCs with an inverted structure based on a metal mesh transparent
electrode is shown in Figure 1. Here, the two-step solution processed MAyFA;_yPbICl;_x perovskite
layer is chosen as the light absorber; the PEDOT:PSS and PCBM act as the hole and electron transport
layers (HTL and ETL), respectively; the BCP is further used to modify the electron collection at the
PCBM/Ag interface. In particular, to obtain optimal metal mesh with high transmittance and low
resistance, the photolithography process was chosen to precisely define the line width and space
between metal lines. Two curial interfaces related to the metal mesh were designed to improve the
properties of Ni/Au transparent electrode, then the corresponding performance of ITO-free PSCs with
small and large active areas are discussed as follows.

(a)PEDOT : PSS (b)PbL,/PbCl, (c)MAI/FAI

e Annealing r:_c, = mmb &

Ag (e)BCP (d)PCBM
PCBM

- & —— r‘_—= =

| N
PH1000
Metal grids
Glass

Figure 1. Process of indium thin oxide (ITO)-free perovskite solar cells (PSCs) based on a metal mesh

transparent electrode.

3.1. Optimization of Ni/Au Mesh Transparent Electrode

There are two curial interfaces introduced by the metal mesh, including the metal/substrate and
metal/HTL interfaces. First, the good adhesion of metal mesh on substrate is necessary to fabricate the
PSCs. Although the silver material possesses the lowest resistivity, it has been found in our previous
work [36] that the adhesion of Ag mesh on glass substrates is relatively weak, and the mesh is easily
damaged in the lift-off process, thus the Ni mesh is chosen to fabricate PSCs. However, the relatively
low conductivity of Ni limits the improvement of device performance. In this work, an ultrathin Au is
introduced to enhance the conductivity of Ni, and the shape and thickness of Ni/Au mesh has been
further optimized. On the other hand, as the PEDOT:PSS HTLs (about 10 nm) is prepared by solution
coating, the film quality is highly related to the smoothness of the underlying layer. Considering the
thickness of the Ni/Au metal mesh has exceeded 50 nm, the high conductivity PHIO00 (about 100 nm)
is deposited to smooth the raised surface of the metal mesh, and simultaneously enhance the hole
collection ability of Ni/Au electrode. It is noted that the PH1000 only causes a little loss of transmittance
in the visible region [5], therefore the Ni/Au/PH1000 electrode is selected in the ITO-free PSCs.

Figure 2a provides the transmittance of spectra of Ni/Au mesh (square, hexagon) and ITO on glass,
and the glass substrate. It can be seen that the glass shows the highest transmittance at over 90% in
300 nm to 850 nm, the commercial ITO coated glass substrate possesses an average transmittance over

114



Nanomaterials 2019, 9, 932

80%, with the oscillation behavior related to the optical interference at the ITO/glass interface. For the
Ni/Au meshes, although the highest transmittance is lower than the ITO sample, a relatively higher
transmittance is obtained in the 300-370 nm and 420-500 nm regions. Their average transmittance
has also exceeded 80% and the hexagon mesh shows a slightly low transmittance compared to the
square mesh. Consequently, the optical performance of the Ni/Au mesh can meet the requirement of
the transparent electrode. For the electrical property, the four-point-probe method is used to measure
their sheet resistances. The corresponding values are also in Figure 2, showing that the hexagon mesh
(22.6 )/sq) has lower resistance than the square mesh (30.7 ()/sq), but larger resistance than that of
the ITO (10 Q/sq). From Figure S3, it is clear that the PSC with the Ni/Au square mesh electrode
shows better performance compared to the device with a pure Ni electrode (58 ()/sq); and the PSC
with a hexagon Ni/Au electrode performs better than the device with a square Ni/Au electrode. Their
improved PCEs mainly come from the increased Jsc values, which is in line with the results of sheet
resistance. Thus, the hexagon Ni/Au mesh should be more suitable for fabricating ITO-free PSCs, and
its thickness is further optimized. Here, the thickness of Au is fixed on 10 nm, and the thicknesses of
Ni vary by 10 nm, 20 nm, 30 nm, and 40 nm. Table 1 shows the corresponding sheet resistances of
the Ni/Au meshes. When the thickness of Ni increases from 10 to 40 nm, the sheet resistance values
are 33.8 ()/sq, 22.6 ()/sq,16.9 ()/sq and 13.6 ()/sq, respectively. It is clear that the thicker the metal
is, the lower the sheet resistance is. However, too thick a metal will lead to a worse lift-off effect,
such as uneven edges of the metal wire and partial fracturing of the grid, which will induce a weak
conductivity in the electrode. Meanwhile, if the thickness is less than 10 nm, the adhesion between Ni
and glass substrate becomes very poor. Also, with metal deposited by electron beam evaporation it is
difficult to form a homogeneous film at a thickness lower than 10 nm, as that will lead to a weaker
conductivity [37]. Therefore, the thickness of Ni is a trade-off, which should be further determined by
the device performance. As shown in Figure 2b and Table 1, all the devices show similar V¢ and FF
values, and the Jsc dominants the overall PCEs. When the thickness of Ni is 10 nm or 40 nm, a lower
PCE of about 10% is limited by the relatively poor Jsc values of 15.43 mA/cm? and 16.16 mA/cm?.
While if the 20 nm or 30 nm Ni is used, a Jsc exceeding 20 mA/cm? can be achieved for PSCs, and the
PSCs with30 nm Ni obtain superior PCE of 13.72%. As a result, the optimal metal mesh transparent
electrode should be the hexagon Ni (30 nm)/Au (10 nm) mesh electrode, and the corresponding device
performance is further investigated.

100

80 |- L \_/
—— Ni/Au square mesh, 30.7 Q/sq e 4
= — NilAu hexagon mesh, 22.6 Q/sq §
S 60l Glass i £
3 ——IT0, 10 Usq =
: z
£ g —=— Ni(40 nm)/Au(10 nm), 13.6 Q/sq 7]
E OF N\ 5 i 1 T —®— Ni(30 nm)/Au(10 nm), 16.9 Q/sq
£ e £ i
£ L 45 pm s —4A— Ni(20 nm)/Au(10 nm), 22.6 Qisq
— 4 £ —¥— Ni(10 nm)/Au(10 nm), 33.8 Qisq i
20 87um 50 pm E o
0 1 1 1 1 L . L L
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Figure 2. (a) Transmittance spectra of Ni (20 nm)/Au (10 nm) mesh (square, hexagon) and ITO on glass,
and the glass substrate; (b) density-voltage (J-V) curves for PSCs with hexagon Ni(x nm)/Au (10 nm)
(x =10, 20, 30, 40 nm) metal mesh electrodes. The sheet resistances of Ni/Au and ITO electrode are also
displayed in Figure 2.
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Table 1. Photovoltaic parameters of PSCs with various Ni(x nm)/Au (10 nm) meshes.

Ni Thickness (nm)  Ni/Au Resistance (Q/sq) Jsc (mA/cm?) Voc (V) FF (%) PCE (%)

40 13.6 16.16 0.90 68.76 10.13
30 16.9 20.67 0.96 69.09 13.72
20 22.6 20.04 0.92 71.22 13.14
10 33.8 15.43 0.94 71.68 10.43

3.2. Performance of PSCs with Optimal Ni/Au Metal Mesh

Figure 3a presents the J-V curves of the champion PSC with the electrode and reference PSC
with an ITO electrode. It can be seen that the PSC based on Ni/Au mesh obtains a champion PCE of
13.88%, Voc of 0.94 V, Js¢ of 21.14 mA/cm?2, and FF of 69.75% at reverse voltage scan direction; while
the forward scanned PCE is 13.39% with Voc = 0.93 V, Jsc = 21.04 mA/cm?, and FF = 68.42%(Figure 3c).
This negligible current hysteresis in the PSC based on Ni/Au mesh electrode is strongly related to the
effects of PCBM passivation and BCP interface medication, which has been proved in our previous
works [3,4]. Further, the steady-state outputs of current density and PCE at the maximum power point
voltage of PSC based on Ni/Au mesh are shown in Figure 3d, the nearly unchanged current density
and PCE outputs during 160 s illustrate the good operation stability of PSC. At the same time, the
reference ITO based PSC shows a PCE of 15.70%, Voc of 0.96 V, Jsc of 21.60 mA/cm?, and FF of 75.80%.
Meanwhile, as shown in Figure 54, the lower leakage current and better rectification characteristics are
in line with the relatively higher performance of PSC based on the ITO electrode. It is clear that the PSC
based on Ni/Au mesh can obtain comparable PCE to that of the ITO based PSC, which demonstrates
that the hexagon Ni/Au mesh is a promising ITO alternative. On the other hand, compared to ITO
based PSC, the low Vo and FF of Ni/Au based PSC may be explained by the relatively weak charge
transport and collections ability. As J-V curves under AM 1.5 G illumination reveal the photovoltaic
performance of PSC in the entire absorption range, to further study the photovoltaic conversion at
single incident light wavelengths, the IPCE spectra are measured and the results are shown in Figure 3b.
The integrated Jsc values of 19.29 mA/cm? (Ni/Au-PSC) and 19.95 mA/cm? (ITO-PSC) agree well with
the measured Jsc in J-V measurements, which manifest the dependability of the J-V curve measurement.
However, it should be noted that the IPCEs of ITO based PSC are higher than that of Ni/Au based
PSC at each single wavelength from 300 nm to 800 nm. As the overall optical transmittance of Ni/Au
and ITO are close, the perovskite film quality and the charge transport properties may account for the
relatively low performance of the Ni/Au based PSC.

First, as the same preparation method of perovskite film has been evaluated in our previous
work [3], in the present work the primary concern is the morphology of perovskite films. Figure 4a,c
and Figure 4b,d show the SEM and AFM images of perovskite film based on Ni/Au mesh and ITO
electrodes. It has been observed that both the perovskite films are compact and smooth, there is
no significant difference in the grain sizes and root-mean-square roughness (RMS) values. From
this it can be understood that the PH1000 buffer layer has smoothened the raised surface of Ni/Au
mesh, which ensures a similar film morphology of perovskite on PEDOT:PSS/PH1000/Ni/Au/Glass and
PEDOT:PSS/ITO/Glass samples. Here, we extracted the series resistance (Rg) and shunt resistance (Rg)
from the J-V curves by the parameter extraction method in our previous work [38]. As show in Figure
S5, the experimental data are well reproduced by the fitting curves and the corresponding Rs, Rgp,
ideality factor, saturation current are listed in Table S1. It is clear that the PSC based on Ni/Au mesh
show a Rg of 1.2 O-cm? and Rgyy of 5.548 kQ)-cm?, while that of the ITO based PSC are 1.0 Q-cm? and
6.398 kO)-cm?, combining the larger ideality factor and saturation current values, thus the more efficient
carrier transport contributes to the better performance of ITO based PSC. To further study the charge
transport properties, transient photocurrent (TPC) and transient photovoltage (TPV) measurements
are carried out. The TPC can reflect extraction and transport property of carriers, and the TPV provides
insight to carrier recombination property in a solar cell. As shown in Figure 5a, the ITO based PSC
has a relatively faster photocurrent decay (0.46 us) compared with the Ni/Au based PSC (1.96 us),
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suggesting that the extraction and transport of carriers are more efficient in ITO based PSC. Meanwhile,
the photovoltage decay processes are displayed in Figure 5b, the fitted charge recombination lifetimes
are 1389.04 us and 1183.34 ps for PSC based on ITO and the Ni/Au mesh, respectively. What is more,
EIS measurements were carried out to evaluate the carriers’ recombination in the corresponding PSCs.
The corresponding Nyquist plots, the equivalent circuit diagram, and fitted results are shown in Figure
S6 and Table S2. It can be found that, the PSC based on Ni/Au mesh achieved a relatively smaller Ryec
(carrier recombination resistance) and shorter electron lifetime. Simultaneously, the sheet resistance of
Ni (30 nm)/Au (10 nm) mesh (16.9 ()/sq) is higher than that of ITO. Combining the results of AFM,
SEM, TPC, TPV, and conductivity, the relatively low performance of PSC based on Ni/Au mesh can
be understood.
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Figure 3. (a) J-V curves and (b) incident photo-to-current conversion efficiency (IPCE) spectra of PSCs
based on Ni/Au mesh and PSCs based ITO measured under 100 mW/cm? AM 1.5 G illumination; (c)
J-V curves in forward and reverse scans and (d) steady output current density and PCE of PSCs based
on Ni/Au mesh and the maximum power point (Vmax = 0.67 V).

In addition, the statistical results of photovoltaic parameters and the store stability of Ni/Au based
PSCs are shown in Figures 6 and 7, the device number in the statistical analysis is 15. From Figure 6,
it can be seen that most of the V¢ values concentrate in the range from 0.84 V to 0.98 V and eight of
them exceed 0.92 V; the Jgc ranges from 14 mA/cm? to 24 mA/em?, with eight of them higher than
19 mA/cm?; the FF from 62% to 76%, with nine of them larger than 69%; the PCE from 9% to 14% with
eight of them exceeding 12%. All the photovoltaic parameters exhibit Gaussian distribution, which
suggests the good reproducibility of Ni/Au based PSCs. Here, their FF and V¢ values should be
further improved to obtain high performance PSCs. Besides the optimization of Ni/Au mesh electrode,
more efficient charge transport layers [3,39], and interface passivation [1,40] are feasible approaches
to achieve this goal. Furthermore, from Figure 7, the PSCs based on Ni/Au mesh and ITO present
a similar trend of PCE degradation. After being stored in N for 240 h, the Ni/Au based PSCs keep
58% of their initial PCE values, and the ITO based devices maintain 60% of their initial PCE values.
Therefore, the PSCs based on Ni/Au mesh possess comparable photovoltaic performance and stability
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to the reference ITO based PSCs, and the Ni/Au mesh is one of the promising ITO alternatives to
fabricate PSCs. Nowadays, owing to the improvement of perovskite quality and interface modification,
the PCE of planar ITO based PSCs has exceeded 23% [1]. It is believed that there is plenty of room for
performance improvement of PSCs based on metal mesh transparent electrodes, which will be further
investigated in our future works.

(0) (d)

Figure 4. SEM and AFM images of perovskite film based on (a,c) Ni/Au mesh and (b,d) ITO electrodes.
The unit of RMS values are nm.
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Figure 5. (a) Transient photocurrent (TPC) and (b) transient photovoltage (TPV) decay curves of the
PSCs based on Ni/Au mesh and ITO electrodes.
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voltage scan direction, as well the steady PCE and current density outputs under continuous AM 1.5
G illumination during 160 s. The forward scanned PCE = 5.93%, Voc = 1.05 V, Jsc = 10.81 mA/cm?,
and FF = 52.27%, thus the current hysteresis effect is negligible. While the ITO based PSC shows a
higher PCE of 9.01% with Voc = 1.02V, Jsc = 16.24 mA/cm?, and FF = 55.59%, it should be noted that
the Jsc and FF of large area PSCs are obviously lower than the small area PSCs (Figure 3), which is
due to relatively poor charge extraction and strong charge recombination related to the more defects
and traps in the larger-area perovskite layer. This can be partly proved by the TPC and TPV results.
As shown in Figure 8c,d, the large-area PSC displays a slower photocurrent decay (3.59 pus) compared
to the small-area cell (1.96 us), suggesting inefficient charge transport and extraction in the large-area
cell. Meanwhile, a faster photovoltage decay (644.49 us) than the small-area one (1183.34 ps) reveals
the relatively strong charge recombination in the large-area cell. Therefore, the perovskite film quality
and interface modification are crucial to further improving the performance of large-area devices.
Considering the drawbacks of ITO, the meal mesh based large-area PSCs may find wider applications
in the near future.
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Figure 8. (a) J-V curves in forward and reverse scans for large-area PSCs based metal mesh, (b) steady
output characteristics curve, (c¢) TPC and (d) TPV decay curves.

4. Conclusions

In summary, we carefully designed and deposited hexagon Ni/Au metal mesh transparent
electrodes with high transmittance and low resistance by photolithography and the e-beam evaporation
process. To be an efficient electrode for PSCs, the Ni was used to improve the adhesion of metal
mesh to glass substrate and the Au was used to increase the conductivity of the metal mesh. The
conductive polymer PH1000 not only smooths the raised surface of metal mesh but also enhances
the charge collection ability of metal mesh. The optimal hexagonal Ni (30 nm)/Au (10 nm)/PH1000
electrodes were employed to fabricate ITO-free PSCs. The champion PSC (0.09 cm?), with a typical
planar structure, obtained a PCE of 13.88%, negligible current hysteresis, steady current density and
PCE outputs, good repeatability and storing stability. The comparable performance to the ITO based
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reference PSC demonstrates that the Ni/Au mesh transparent electrodes are a promising ITO alternative
to fabricate efficient PSCs. Further, we tried to fabricate the large area (1 cm?) devices under the same
low-temperature process, and achieved a PCE over 6% with negligible hysteresis and stable steady
outputs. And the perovskite film quality and interface modification are crucial to further improving
the performance of large-area devices. Considering the drawbacks of ITO, the meal mesh-based PSCs
may find wider applications in the near future.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/7/932/s1,
Figure S1: Photos of ITO-free PSCs (0.09 cm?) based on Ni/Au mesh electrode (a) light incident surface (b) backlight
surface, Figure S2: Photos of large-area ITO-free PSCs (1 cm?) based on Ni/Au mesh electrode (a) light incident
surface (b) backlight surface., Figure S3: J-V curves of ITO-free PSCs (0.09cm?) based on Ni (30 nm) square, Ni(20
nm)/Au(10 nm) square, and Ni(20 nm)/Au(10 nm) hexagon mesh electrodes. The sheet resistance of pure Ni and
Ni/Au meshes are about 58 ()/sq, 30.7 ()/sq, and 22.6 ()/sq, thus the PSC with Ni/Au hexagon electrode obtains
higher Jsc, FF, and PCE values, Figure S4: Semi-log plots of dark JV curves for PSC based on Ni/Au mesh and ITO
electrodes, Figure S5: JV curves under AM 1.5G illumination for PSC based on Ni/Au mesh and ITO electrodes.
Here the symbols represent the experimental data and the solid lines indicate the fitting curves, Figure S6: Nyquist
curves of PSCs based on Ni/Au mesh and ITO electrodes. The insert is the equivalent circuit for the fittings,
where R represents the series resistive elements related to connections and devices, Ryec the carrier recombination
resistance and, Cpg the constant phase element.; Table S1: Rg, Ry, saturation current, and ideality factor extracted
from JV curves under AM 1.5G illumination, Table S2: EIS parameters extracted from Nyquist curves. The electron
lifetime is the reciprocal of the frequency of the maximum point of the semi-circular response.
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Abstract: Hole transport materials are indispensable to high efficiency perovskite solar cells.
Two new hole transporting materials (HTMs), named 4,4’-(9-nonyl-9H-carbazole-3,6-diyl)bis
(N,N-bis(4-methoxyphenyl)aniline) (CZTPA-1) and 4,4’-(9-methyl-9H-carbazole-3,6-diyl)bis
(N,N-bis(4-methoxyphenyl)aniline)(CZTPA-2), were developed by different alkyl substitution
methods. The two compounds, containing a carbazole core and triphenylamine (TPA) groups
with different lengths of the alkyl chain, were designed and synthesized through a two-step synthesis
approach. The power conversion efficiency (PCE) was found to be affected by the length of the alkyl
chain, reaching 7% for CZTPA-1 and 11% for CZTPA-2. Furthermore, the CZTPA-2 still maintained
89.7% of its original performance after 400 h. The proposed results demonstrate the effect of carbon
chain substituents on the efficiency of perovskite solar cells (PSCs).

Keywords: perovskite solar cell; alkyl chain; hole transporting materials; stable

1. Introduction

Perovskite solar cells (PSCs) have attracted much attention in recent years owing to their excellent
optoelectronic properties, high absorption coefficients, easy solution processability, high carrier mobility,
and so on [1-5]. Many efforts have been made to increase the efficiency of PSCs. Surprisingly, it has
increased dramatically from 3.8% [1] to 24.2% [6] in a short period of time.

As is well-known, 2,2’,7,7'-Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9’-spirobifluorene
(Spiro-OMeTAD) [7,8] is a common hole transporting material (HTM) with good performance.
However, it is still a formidable challenge to develop this material due to various drawbacks, such as a
complicated synthesis process and high cost. Therefore, new HTMs with a simple synthesis process
and low cost need urgently to be developed.

HTMs construct the hole transport layer (HTL) that is needed to block electron transport, enhance
hole transport, and prevent direct contact between the perovskite layer and the electrode, which
causes annihilation. An ideal HTM should have such characteristics as good hole mobility, good
hydrophobicity, suitable energy levels, and the ability to be prepared in solution [9-11]. Currently,
common HTMs can be classified as inorganic substances, organic polymers, or organic small molecules
depending on the type of material. Low cost, high stability, and hole mobility are among the many
advantages that HTMs based on inorganic materials have. Kamat and co-workers first introduced
copper iodide as an HTM and achieved an average PCE of 6% [12]. Then, inorganic semiconductors
(CuSCN, NiO, Cul) as HTMs were developed [13,14]. In addition to inorganic HTMs, polymer-based
HTMs have been explored in PSCs. Poly-[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) was
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the first conjugated polymer to be used as an HTM in PSCs [15] and maintained the highest PCE
of any reported polymeric HTM [16]. Accompanied by the development of conjugated polymer
HTMs, Poly(3-hexylthiophene-2,5-diyl (P3HT) [17] was originally used in organic solar cells (OSCs) as
the active layer was introduced into the hole transport layer. Compared to polymeric HTMs, small
molecule HTMs have the advantages of a determined molecular weight and simple purification for
PSCs. As a group with good stability and solubility, triphenylamine (TPA) is widely used in organic
small molecule HTMs [18-20]. The TPA group in particular can influence the optoelectrical properties
of HTMs due to its non-planar geometry. Furthermore, the carbazole group has a high carrier mobility
in OSCs and as good a performance as HTMs; thus, it is currently regarded as a core in PSCs [21-27].

In 2014, Sun and co-workers [27] designed a series of HTMs based on carbazole, named X19 and
X51. The X51 realized a PCE of 9.8% due to a higher charge-carrier mobility and conductivity than
X19. Subsequently, Nazeeruddin and co-workers [28] studied bridged carbazole with biphenyl, by
using silolothiophene as the bridge, which obtained a PCE of 13.1%. They found that compared to the
spirofluorene-linked triphenylamine HTMs, novel silolothiophene-linked methoxy triphenylamines
(Si-OMeTPAs) enable more stable PSCs. In the same year, Tang and co-workers [29] used carbazole as
a core with four TPAs as the side groups to achieve a PCE of up to 18.32%.

Recently, Khaja Nazeeruddin and co-workers [30] wused anthra[l,2-b:4,3-b’:5,6-b":8,7-
b’ ]Jtetrathiophene as the core, by changing the alkyl chain length of the methoxy groups on the
triarylamine sites, to develop a series of materials. The device based on a methyl substitute named
ATT-OMe was found to have the best PCE of 18.13%, which was better than that of the device based
on other longer alkyl chain HTMs. They believed that the presence of alkyl chains decreased the
hole-transport properties. However, the performance of PSCs based on carbazole is far from that of the
classical Spiro-OMeTAD. Therefore, more efforts are needed to develop new small molecule HTMs that
match with perovskite instead of the Spiro-OMeTAD.

In this work, we developed two HTMs—4,4’-(9-nonyl-9H-carbazole-3,6-diyl)bis
(N,N-bis(4-methoxyphenyl)aniline) (CZTPA-1) and 4,4’-(9-methyl-9H-carbazole-3,6-diyl)bis
(N,N-bis(4-methoxyphenyl)aniline) (CZTPA-2)—based on TPA as the end group. They both
have the advantage of simple synthesis steps and low cost. Both HTMs are synthesized by
one-step Suzuki coupling. The cost of the raw material 3,6-Dibromocarbazole ($0.3/g) plus
4-methoxy-N-(4-methoxyphenyl)-N-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)aniline
($15/g) is clearly lower than that of Spiro-OMeTAD ($220/g). Notably, the CZTPA-2 with the longer
alkyl chain achieved a better PCE of 11.79% with a short current density (Jsc) of 21.80 mA/cm?, an open
circuit voltage (Voc) of 0.99 V, and a fill factor (FF) of 54.59%. This is attributed to the significantly
improved hole mobility of CZTPA-2, resulting in a significant increase in device efficiency.

2. Materials and Methods

2.1. Materials

Unless otherwise noted, all reagents used in the experiments were purchased
from commercial sources and used without further purification. 3,6-Dibromo-9H-carbazole,
N,N-bis(4-Methoxyphenyl)-4-(4,4,5,5-tetraMethyl-1,3,2-dioxaborolan-2-yl)-BenzenaMine, lead iodide
(PbL;), methylammonium iodide (MAI), acetonitrile (99.8%), chlorobenzene (99.9%), and
dimethylformamide (DMF) (99%) were purchased from Sigma-Aldrich.  4-tert-butylpyridine
(TBP) and Li-bis-(trifluoromethanesulfonyl) imide (Li-TESI) were purchased from TCI.
2,2',7,7'-tetrakis-(N,N-di-p-methoxyphenylamine)-9,9’-spirobifluorene (Spiro-OMeTAD) (99.0%) was
purchased from Xi’an Polymer Light Technology Co., Ltd.

Perovskite precursor: The perovskite precursor was obtained by mixing Pbl, and MACI (in a
molar ratio of 1:1) in DMF with a concentration of 350 mg/mL, and was then stirred at 60 °C overnight
in a glovebox.
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Spiro-OMeTAD: The 2,2',7,7'-Tetrakis(N,N’-di-p-methoxyphenylamine)-9,9’-spirobifluorene
(Spiro-OMeTAD) was doped with TBP and Li-TFSI. A total of 73.2 mg of Spiro-OMeTAD (Xi'an
Polymer Light Technology Co., Ltd., Xi’an, China) was dissolved in 1 mL of chlorobenzene (CB) with
28.8 uL of 4-tert-butylpyridine (TBP) and 17.6 pL of Li-bis-(trifluoromethanesulfonyl) imide (Li-TFSI).

2.2. Device Fabrication

The SnO; layer was spin-coated on an ITO substrate at 3000 rpm for 30 s, which was cleaned in
UV-ozone and then annealed at 150 °C for 30 min. The perovskite layer was spin-coated at 4000 rpm
for 30 s by an anti-solvent method. The details of the operation are as follows: 100 uL. CB was rapidly
added after 5 s of spin-coating with perovskite solution; and the perovskite films were annealed
at 100 °C for 5 min. All of the above processes were performed in the nitrogen glovebox. Then,
Spiro-OMeTAD and two HTMs were dissolved in the CB (10 mg/mL), and then spin-coated upon
the perovskite layer at 3000 rpm for 30 s. Then, molybdenum trioxide (MoO3) and gold (Au) were
thermally evaporated on the hole transporting layer. The effective area of the cell is 0.05 cm?.

2.3. Device Characterization

The cross-sectional images of PSC were taken by scanning electron microscopy (SEM) (ZEISS
Merlin, Carl Zeiss Microscopy, Jena, Germany). The UV-visible absorption spectra were measured
using a UV Spectrophotometer (SHIMADZU UV-1750, East Test Technology Co., Ltd, Shenzhen, China).
Photoluminescence (PL) spectra were obtained using a spectrofluorometer (HitachiF-7000, Hitachi
High-Technologies Corporation, Shenzhen, China). Thermogravimetric (TGA) analysis was performed
on a Mettler Toledo TGA2.

The device was measured under AM 1.5 G solar irradiation with an intensity of 100 mW/cm?
through an Enlitech SS-F5-3A solar simulator. The instrument was calibrated on standard solar cells.
J-V properties were measured by the method of Enlitech Ltd. (Kaohsiung, Taiwan) and a Keithley
(Cleveland, OH, USA) 2400 source meter under dark conditions. The external quantum efficiency
(EQE) spectra were measured using a solar cell IPCE test system (CROWNTECH Inc., model QTEST
HIFINITY (Macungie, PA, USA)).

The synthesis method and details of the experimental procedure are shown in the supporting
information (SI).

3. Results

The details of the experimental procedure are shown in the Supplementary Information (SI).
The design principle was to improve planarity as well as increase solubility. The carbazole group
with simple structures has good hole transporting ability. By inserting N atoms with different
alkyl chain lengths, the optoelectronic properties and solubility can be adjusted. Herein, we chose
4-methoxy-N-(4-methoxyphenyl)-N-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)aniline
units as the raw material, used Suzuki coupling, and substituted the carbazole core with different
lengths of alkyl chains. The aimed-for materials were obtained by simple column chromatography
separation and recrystallization.

Figure 1a shows the absorption spectra of CZTPA-1 and CZTPA-2 in chloroform and as a coating
on quartz substrates. Absorption peaks at 335 nm for CZTPA-1 and 327 nm for CZTPA-2 in the solution
were observed. Relative to the solution, the CZTPA-1 film exhibits a redshift of 2 nm with an onset
of 409 nm, corresponding to an optical bandgap of 3.03 eV, whereas CZTPA-2 aligns to a narrower
bandgap of 2.98 eV (onset of 416 nm). Both HTMs have a slight redshift in the film compared with the
solution, suggesting that aggregation exists in the films.
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Figure 1. (a) Optical absorption spectra of 4,4’-(9-nonyl-9H-carbazole-3,6-diyl)bis

(N,N-bis(4-methoxyphenyl)aniline) (CZTPA-1) and 4,4’-(9-methyl-9H-carbazole-3,6-diyl)bis
(N,N-bis(4-methoxyphenyl)aniline) (CZTPA-2) in chloroform and thin films spin-coated from
chloroform. (b) Cyclic voltammetry of CZTPA-1 and CZTPA-2.

From Figure 1b, the highest occupied molecular orbital (HOMO) level of CZTPA-1 is —4.89 eV,
while in the CZTPA-2 there is a higher HOMO of —4.83 eV (the energy level of Ferroceneis is —0.54 eV
by the cyclic voltammetry method). Compared to the two HTMs, the Spiro-OMeTAD has the higher
energy level as the HOMO is —4.64 eV. Based on the relationship of ELymo = Enomo + Eg, the lowest
unoccupied molecular orbital (LUMO) level value was calculated to be —1.86 eV for CZTPA-1, —1.85
eV for CZTPA-2, and —-1.74 eV for Spiro-OMeTAD (Table 1). CZTPA-2 has similar electrochemical
properties compared with CZTPA-1, which indicates that the electrochemical properties of the molecule
remain stable with a change in the alkyl chain length.

Table 1. Optical and electrochemical properties of CZTPA-1 and CZTPA-2.

Amax Sol (a) Amax Film (b) Aonset EgOPt () Exomo Erumo (d)
(nm) (nm) (nm) (eV) (eV) (eV)
CZTPA-1 335 337 409 3.03 —4.89 -1.86
CZTPA-2 327 339 416 2.98 —4.83 -1.85
Spiro-OMeTAD 386 390 428 2.90 —4.64 -1.74

(a) Maximum absorption peak in CH,Cl3 solution; (b) Maximum absorption peak of films on quartz glass; (c)
Optical bandgap calculated from the absorption onset of films: Eg"Pl = 1240/Aonset €V; (d) ELumo = Enomo + ESOP‘.

We then found that CZTPA-1 and CZTPA-2 match well with the energy level of the perovskite from
Figure 2a. Furthermore, the thermal stability of the two HTMs was measured by thermogravimetric
analysis (TGA) (Figure 2b). Both CZTPA-1 and CZTPA-2 exhibit good thermal stability with
decomposition temperatures (Ty, 5% weight loss) at 391.8 °C and 384.6 °C, respectively. As we
expected, increasing the length of the alkyl chains reduces the thermal stability.

The photoluminescence (PL) spectra in Figure 2c show the maximum emission peak at 431 nm for
CZTPA-1 and at 425 nm for CZTPA-2 in film. CZTPA-2 was slightly more blue-shifted than CZTPA-1,
caused by the increase in the length of the alkyl chains.

Figure 2d shows the PL spectra of the perovskite, perovskite with Spiro-OMeTAD, perovskite
with CZTPA-1, and perovskite with CZTPA-2. Strong PL quenching was observed after the HTMs
were coated on perovskite films. Respectively, compared with the original perovskite film, the PL
intensity was reduced to 7%, 22%, and 18% after coating with Spiro-OMeTAD, CZTPA-1, and CZTPA-2.
Thus, we think that CZTPA-2 has better charge separation than CZTPA-1 and a smaller Jsc and FF in
the PSCs compared to Spiro-OMeTAD devices. In short, this means that the hole transfer capabilities
of CZTPA-2 are superior because of their better charge transfer capability.
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Figure 2. (a) Energy level diagram of a perovskite solar cell (PSC) with CZTPA-1, CZTPA-2,
and 2,2',7,7'-Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9’-spirobifluorene (Spiro-OMeTAD). (b)
Thermogravimetric analysis (TGA) diagrams of CZTPA-1 and CZTPA-2. (c) Photoluminescence
(PL) spectra of CZTPA-1 and CZTPA-2 thin film, excitation at 350 nm. (d) Photoluminescence spectra of
perovskite, perovskite with Spiro-OMeTAD, perovskite with CZTPA-1, and perovskite with CZTPA-2,
excitation at 500 nm.

Figure 3 shows two cross-sectional scanning electron microscopy (SEM) images of the PSC with
the structure of ITO/SnO,/perovskite/HTMs/Au. The PSC includes an 460 nm perovskite capping
layer and an ~35 nm HTM layer (CZTPA-1 or CZTPA-2). From the SEM image, we found that the
HTM layer deposited on the perovskite layer and the boundaries of each layer are clear. Atomic force
microscopy (AFM) images of the two materials spin-coated onto perovskite films are shown in Figure
57, which represent the perovskite/CZTPA-2 (a) and the perovskite/CZTPA-1 (b) films, respectively.
The roughness of both samples is slightly high, which may be due to the lower thickness of the HTMs.
After a comparison, it was found that the roughness of the film in which the HTM is CZTPA-2 (RMS =
20.968 nm) is significantly lower than that of CZTPA-1 (RMS = 28.662 nm); this is attributed to the
solubility of CZTPA-2 being higher such that it could better cover the film and further improve the
carrier transport of the device.

a

HTM —>
(35 nm)
Perovskite
(460 nm)

—

SnOy; —
IT0O —

Figure 3. (a) A cross-sectional SEM image of the CZTPA-1 PSC. The scale bar is 200 nm. (b) A
cross-sectional SEM image of the CZTPA-2 PSC. The scale bar is 200 nm.
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In order to compare the properties of the two HTMs, we used them as the hole transport layer of
perovskite solar cells to compare device performance. Between them, the effective area of the cells is
0.05 cm?, and the scanning rate is 0.02 V/s. As shown in Figure 4a,b, the PSCs with CZTPA-2 achieve
a PCE of 11.79% with an open-circuit voltage (V) of 0.99 V, a short-circuit current density (Jsc) of
21.8 mA cm2, and a fill factor (FF) of 54.59%, while the PSCs with CZTPA-1 achieve a lower PCE of
6.05% under the condition of no doping. In contrast, the best cell is based on Spiro-OMeTAD, as the
HTM achieves the PCE of 16.77%. We also compared the Spiro-OMeTAD PSC without any doping,
which achieved a PCE of 11.74%. The photovoltaic performance of the PSCs based on the two HTMs
(dopant-free) and the Spiro-OMeTAD were investigated under AM 1.5 illumination (100 mW cm™2).
The champion device performance plots of CZTPA-1 and CZTPA-2 are shown in Table 2. The device
fabricated with CZTPA-1 as the HTM yielded a promising PCE of 6.05% with a Js of 20.58 mA cm™2,
a Vo of 0.77 V, and an FF of 38.01%. We calculated the average PCE of the CZTPA-2 devices to be
10.15% =+ 0.90. The CZTPA-1 devices own an average PCE of 5.27% =+ 0.57. The average PCE of
the Spiro-OMeTAD (dopant-free) is 10.02% =+ 0.98, and the corresponding PCE of Spiro-OMeTAD is
15.65% + 0.71. All data are based on the values obtained from 20 devices. From these, we can speculate
that CZTPA-2 exhibits better performance compared with CZTPA-1. The FF and V. of CZTPA-1 are
obviously lower than those of CZTPA-2 in the PSC devices. Furthermore, CZTPA-2 obtains a slightly
higher PCE compared with the dopant-free Spiro-OMeTAD, which is attributed to the higher /.
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Figure 4. (a) -V characteristics of PSCs based on the two hole transport materials (HTMs), the
Spiro-OMeTAD, and the Spiro-OMeTAD (dopant-free). (b) External quantum efficiency (EQE) and
Jsc spectra of PSCs with CZTPA-2. (c) Histograms of PCEs measured in 20 cells of CZTPA-1. (d)
Histograms of PCEs measured in 20 cells of CZTPA-2.
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Table 2. Photovoltaic data of PSCs based on the two HTMs, the Spiro-OMeTAD, and the Spiro-OMeTAD
(dopant-free).

Voc (V) Jsc(mA-em=2)  FF(%)  PCE(%)  PCE Ave (%)

Spiro-OMeTAD (dopant-free) 1.02 17.26 66.14 11.74 10.02% + 0.98
CZTPA-2 0.99 21.80 54.59 11.79 10.15% + 0.90

CZTPA-1 0.77 20.58 38.01 6.05 5.27% + 0.57
Spiro-OMeTAD 1.05 21.51 74.24 16.77 15.65% + 0.71

When preparing the solution, we found the CZTPA-1 dissolution rate to be slower than the
CZTPA-2 dissolution rate. What is more, the solubility of CZTPA-2 was found to be better than that
of CZTPA-1 with an increasing alkyl chain length and CZTPA-2 deposits in perovskite with better
crystallization. These results also demonstrate that CZTPA-2 achieves better performance.

To test the reproducibility of the devices, we fabricated 20 devices in several different batches.
The devices are shown in Figure 4c,d. As shown in the PCE histogram of the corresponding device
data, the average PCE of CZTPA-2 and CZTPA-1 is 10.15% and 5.27%, respectively.

Moreover, the EQE spectrum of PSCs with CZTPA-2 is also shown in Figure 4b. The integral
of the current densities calculated from the EQE spectra is 21.32 mA cm~2 for CZTPA-2 according
predominantly to the experimental data.

To calculate the hole mobility of the two HTMs, we constructed a device with a configuration
of ITO/PEDOT:PSS/HTM/Au using the space-charge-limited current (SCLC) method, and the |-V
characteristics of this device were studied in the dark. Hole mobility is calculated by the Mott-Gurney
equation of | = 9¢,¢p 1Va2/8L3, so we change the form of the formula to obtain p = 8d3/9£r£0(]1/ 2/Va)?,
where ¢, is the relative dielectric constant of the transport medium (¢, = 3 for organic materials), ¢ is
the permittivity of free space (8.85 x 10712 C V™! m™1), J is the dark current density (mA cm~2), and
d is the thickness of the active layer [31]. d is 48 nm for CZTPA-1 and 56 nm for CZTPA-2. Figure 5
shows that the hole mobility of Spiro-OMeTAD (doped) is 1.01 x 1073 cm? V=1 s71. The hole mobility
of CZTPA-1 is 4.68 x 107> cm? V~! 71, and CZTPA-2 has the higher hole mobility of 8.06 x 107 cm?
V1571, However, they are all lower than the hole mobility of Spiro-OMeTAD (doped). Compared to
CZTPA-1, CZTPA-2 has a higher hole mobility, which leads to good hole transport and enhances the
charge transport in a planar PSC. CZTPA-2’s higher hole mobility can be attributed to its high hole
transport capability. These results suggest that both a fast charge transfer and high hole transport
capability contribute to a high PCE.
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Figure 5. (a) Space-charge-limited current (SCLC) JY2_V characteristics of CZTPA-1-, CZTPA-2-, and
Spiro-OMeTAD-based hole-only devices measured in the dark. (b) Stability of CZTPA-1, CZTPA-2,
and Spiro-oMeTAD (dopant-free) without encapsulation.
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We tested the stability of the three HTM devices without encapsulation by storing them in the dark
under air conditions for at least 400 h. The PCE over time curve was plotted and is shown in Figure 5b.
The PCE of the CZTPA-2 device was still over 10%. In comparison, the PCE of Spiro-OMeTAD
(dopant-free) device dropped below 10%. CZTPA-1 exhibited low performance, with 68.2% of the
original PCE. CZTPA-2 and Spiro-OMeTAD (dopant-free) maintained 89.7% and 81.6% of their initial
PCE, respectively. This test verified that the device based on CZTPA-2 has the best stability of the three
HTMs. The long alkyl chain, which has good morphology, may influence the stability of a PSC device.

Finally, we also tested the capacitance of the three HTMs. The capacitance versus frequency was
plotted and is shown in Figure 6. The capacitance is mainly caused by charge or ion accumulation at
the perovskite interface, which leads to interfacial recombination. We can see the capacitance of the
device based on CZTPA-2 is obviously smaller than that of CZTPA-1 and Spiro-oMeTAD (dopant-free),
which confirms that the CZTPA-2 device has less interfacial recombination and a higher PCE.
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Figure 6. Capacitance versus frequency based on the devices of ITO/SnO,/perovskite/HTMs/Au.

4. Conclusions

Two new and low-cost hole transporting materials based on a carbazole core were designed and
synthesized using a simple synthesis process. CZTPA-2 (dopant-free) achieved the best performance,
with a PCE of 11.79%, a Jsc of 21.80 mA/cm?2, a Vo of 0.99 V, and a FF of 54.59%, which was slightly
higher than that of Spiro-OMeTAD (dopant-free) and CZTPA-1 (dopant-free) and attributed to its
higher hole transport mobility. The PL spectra, scanning electron microscopy images, and photoelectric
properties indicate that CZTPA-2 with a longer alkyl chain has better optoelectrical properties. The
CZTPA-2 (dopant-free) device also had the best stability, which remained at 89.7% of its original PCE
after 400 h compared to CZTPA-1 and Spiro-OMeTAD (dopant-free). Besides this, its hole transport
layer thickness is 35 nm. Therefore, we think that CZTPA-2 can also be used to modify an interface
when compared to traditional HTMs (above 100 nm). The device based on CZTPA-2 exhibited good
stability. We conclude that a longer alkyl chain may promote solubility and enhance the perovskite
layer’s crystallinity.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/7/935/s1,
Figure S1: "H NMR spectrum for compound 1. Figure S2: "H NMR spectrum for compound 2. Figure S3: 'H
NMR spectrum for CZTPA-1. Figure S4: TH NMR spectrum for CZTPA-2. Figure S5: 13C NMR spectrum for
CZTPA-1. Figure S6: 13C NMR spectrum for CZTPA-2. Figure S7: AFM images (5 um x 5 um) of CZTPA-2 (a) and
CZTPA-1 (b) films.
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Abstract: An efficient hole-transporting layer (HTL) based on functionalized two-dimensional (2D)
MoS,-poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) composites has been
developed for use in organic solar cells (OSCs). Few-layer, oleylamine-functionalized MoS; (FMoS,)
nanosheets were prepared via a simple and cost-effective solution-phase exfoliation method; then,
they were blended into PEDOT:PSS, a conducting conjugated polymer, and the resulting hybrid film
(PEDOT:PSS/FMoS;) was tested as an HTL for poly(3-hexylthiophene):[6,6]-phenyl-Cg;-butyric acid
methyl ester (PBHT:PCBM) OSCs. The devices using this hybrid film HTL showed power conversion
efficiencies up to 3.74%, which is 15.08% higher than that of the reference ones having PEDOT:PSS as
HTL. Atomic force microscopy and contact angle measurements confirmed the compatibility of the
PEDOT:PSS/FMoS; surface for active layer deposition on it. The electrical impedance spectroscopy
analysis revealed that their use minimized the charge-transfer resistance of the OSCs, consequently
improving their performance compared with the reference cells. Thus, the proposed fabrication of
such HTLs incorporating 2D nanomaterials could be further expanded as a universal protocol for
various high-performance optoelectronic devices.

Keywords: organic solar cells; MoS,; hole-transporting layer; oleylamine

1. Introduction

Organic solar cells (OSCs) have many striking properties such as flexibility, solution processability,
light weight, and simple manufacturing, especially if compared with their inorganic counterparts.
To enhance their performance, numerous strategies have been proposed, including novel photoactive
materials, morphology control, interfacial engineering, plasmonic nanoparticles incorporation,
and alternative buffer layers and electrodes [1-6]. Their power conversion efficiency (PCE) has been
recently improved up to >13% with rapid advances in new photovoltaic materials [7]. In the typical
bulk heterojunction (BH]J) OSCs configuration, a photoactive blend layer consisting of acceptor/donor
pairs is sandwiched between a bottom transparent anode and a top low-work-function cathode,
combined with the corresponding interlayers. Such interlayers are crucial for determining the overall
PCE and stability of OSCs because they reduce the potential energy barrier between photoactive layer
and electrodes, enhancing the extraction of holes and electrons at the anode and cathode, respectively.

Until now, many hole-transporting layer (HTL) materials, such as conducting conjugated
polymers [8-10], conjugated polyelectrolytes [11,12] metal oxides/sulfides [13-17], and graphene
oxide and its hybrid films [18-21], have been explored for use in OSCs. Among them, the conjugated
polymer poly(3,4 ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) has been the most
widely used due to its adequate work function for creating a good ohmic contact between active
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layer and anode, solution processability, and high conductivity. However, its hygroscopic and
acidic nature often induces chemical instability between active layers and indium tin oxide (ITO)
anodes, affecting the device stability and efficiency [22,23]. Moreover, there is a clear surface energy
mismatch between PEDOT:PSS (hydrophilic nature) and the active layer (hydrophobic and made
of, e.g., poly(3-hexylthiophene) (P3HT)) [24,25]. To overcome such drawbacks, various PEDOT:PSS
modification strategies, such as incorporating metal nanoparticles [26-28], modification by metal
salts [29,30], polymer doping [31,32], and hybridization with graphene [33,34], have been developed.
Interfacial engineering with long alkyl chains is an alternative but attractive method to reduce the
surface energy mismatch between HTL and active layer and also to accomplish desirable molecular
orientation in the active layer for enhancing the charge transport in OSCs [35].

Single and few-layer molybdenum disulfide, a two-dimensional (2D) transition metal
dichalcogenide (TMDC), has recently received much interest in electronics and optoelectronics
research due to its excellent optical (bandgap: 1.8 eV), electrical (device mobility: 10-130 cm? V=1 §71),
and mechanical (Young modulus: 270 GPa) properties [36,37]. Among the key preparation/exfoliation
methods for TMDCs, namely, micromechanical cleavage [38], chemical vapor deposition [39],
and liquid-phase exfoliation (LPE) [40], the latter is more attractive because it is scalable and
cost-effective. MoS, has been tested as HTL for OSCs [41-43] to exploit its extraordinary optical
and electrical properties in photovoltaics; nevertheless, the results have revealed that neat MoS; is
not sufficient to replace PEDOT:PSS as OSC HTL, possibly because of its work function mismatch
and unexpected phase transition. Hence, Xing et al. fabricated PEDOT:PSS/WS; hybrid films and
demonstrated their applicability as effective OSC HTLs [44]. However, the long-time (48 h) sonication
they adopted for TMDC exfoliation in the PEDOT:PSS aqueous dispersion may affect the structure
of both PEDOT:PSS and MoS; in the final product; therefore, innovative strategies for effectively
integrating these materials in OSCs are still highly demanded.

Here, we report the fabrication of oleylamine-functionalized MoS, (FMoS;) combined
with PEDOT:PSS as an effective hybrid HTL (PEDOT:PSS/FMoS;) for use in conventional
P3HT:[6,6]-phenyl-Cg; -butyric acid methyl ester (PCBM)-based OSCs. The so-obtained OSCs exhibited
better PCE and short-circuit current density (Jsc) values compared with the reference cell having simple
PEDOT:PSS as HTL. FMoS; was characterized by various spectroscopic techniques including Raman
spectroscopy, ultraviolet-visible (UV-Vis) absorption and transmittance, photoluminescence (PL),
and transmission electron microscopy (TEM); the active layer microstructure and the surface properties
of the hybrid HTL were analyzed by grazing-incidence wide-angle X-ray scattering (GIWAXS), atomic
force microscopy (AFM), and contact angle measurements. Electrochemical impedance spectroscopy
(EIS) measurements were carried out using an electrochemical analyzer (IVIUMSTAT.XR, IVIUM
Technologies) under illumination at 0.1 V.

2. Experimental

2.1. Materials and Methods

The following chemicals were used in our experiment: molybdenum (IV) sulfide (<2 pm, 99%) and
oleylamine (Sigma-Aldrich, Gyeonggi-do, Korea), P3HT (1-Material, Gyeonggi-do, Korea), PEDOT:PSS
(Heraeus Deutschland GmbH & Co., Leverkusen, Germany), isopropyl alcohol (IPA) (Dae-Jung
Chemicals & Metals Co., Ltd., Gyeonggi-do, Korea), and methanol (Samchun Chemicals, Seoul, Korea).

2.2. Synthesis of FMoS; Nanosheets and PEDOT:PSS/FMoS, Hybrids

FMoS; nanosheets were synthesized according to the liquid-phase exfoliation method reported
in literature [45], with small modifications. Briefly, bulk MoS, powder (200 mg) was bath-sonicated
in oleylamine (2 mL) by using a Branson ultrasonic bath for 20 min and successively stirred at 60 °C
for 12 h in an Nj-filled glove box. Then, 1,2-dichlorobenzene (DCB) (18 mL) was added, and the
dispersion was further bath-sonicated for 5 h. The resulting suspension was centrifuged at 4000 rpm,
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and the top 80% dark-green color supernatant, which contains excess oleylamine, DCB, and FMOS,
was collected. Then, the FMoS, nanosheets were separated by adding excess acetone, followed by
sonication for 2 min and high-speed centrifugation (10000 rpm). The separated FMoS; nanosheets
were settled at the bottom of the centrifuge tube, which was re-dispersed in a small amount of IPA by
mild sonication, and different concentrations (5, 20, and 50 puL) of the resulting dispersion were added
into PEDOT:PSS:methanol (1:1 V%) aqueous solutions, which were successively ultrasonicated for
30 min to obtain PEDOT:PSS/FMoS; hybrid solutions.

2.3. Fabrication of OSCs

The OSCs having device architectures of ITO/PEDOT:PSS/P3SHT:PCBM/LiF/Al and
ITO/(PEDOT:PSS/FEMo0S,)/P3HT:PCBM/LiF/Al were fabricated as follows. ITO-coated glass substrates
were cleaned via sequential ultrasonication in acetone, IPA, and distilled water, followed by oxygen
plasma treatment for 10 min; then, they were spin-coated with a PEDOT:PSS (Clevios P VP Al 4083) or
PEDOT:PSS/FMoS; solution at 4000 rpm for 40 s and dried at 130 °C for 30 min to complete the HTL
deposition. Next, an active layer consisting of a PSHT:PCBM (1:0.6 wt%) binary blend solution was
spin-coated on the resulting HTL layer at 2500 rpm for 40 s inside an N»-filled glove box and annealed
at 150 °C. Finally, LiF and Al layers were deposited by thermal evaporation. The active area of the
fabricated OSCs was 0.06 cm?.

2.4. Characterization

The absorption properties of the samples were analyzed using a UV-Vis absorption spectrometer
(Cary 5000, Varian, Inc.). Raman spectra were recorded on a Horiba Jobin-Yvon spectrometer.
The emission properties were investigated with a luminescence spectrometer (LS55 Perkin Elmer).
The TEM measurements were carried out on a JEOL JSM-2100-F system. The surface morphologies
were investigated using a tapping-mode atomic force microscope (Veeco D3100). The water contact
angles of the samples were measured with a KSV CAM 101 instrument. The GIWAXS analysis was
conducted at the PLS-II 9A U-SAXs beamline of the Pohang Accelerator Laboratory (Korea) at the
following operating conditions: incidence angle of ~0.12°, wavelength of 1.12 A, and sample-to-detector
distance of 224 nm. The GIWAXS patterns were recorded using a 2D charge-coupled device camera
(Rayonix, SX-165, USA) with an exposure time of 10-30 s. The JV properties of the solar cells were
measured with a Keithley 2400 solar cell IV measurement system under AM 1.5 G illumination at
100 mW cm 2.

3. Results and Discussion

OSCs having two different device architectures, ITO/(PEDOT:PSS/FMoS,)/P3HT:PCBM/LiF/Al
and ITO/PEDOT:PSS/P3HT:PCBM/LiF/Al (for comparison), were fabricated as schematized in Figure 1.

First, we synthesized FMoS; nanosheets via the solution-phase ultrasonic exfoliation of bulk
MoS; in the presence of oleylamine and 1,2-dichlorobenzene as a solvent; then, they were incorporated
in different concentrations (5, 20, and 50 pL) into PEDOT:PSS, and the resulting PEDOT:PSS/EMoS,
(denoted as PEDOT:PSS/FMoS;(5), PEDOT:PSS/FMo0S,(20), and PEDOT:PSS/FMo0S,(50) according to
the FMoS, loading) was used as HTL for conventional OSCs.

Raman spectroscopy is a powerful nondestructive technique for monitoring structural changes in
2D materials [46]. The Raman spectrum of bulk MoS, showed two characteristic peaks at 374.83 and
402.05 cm™! corresponding, respectively, to the Elzg and Ay vibrational modes (Figure 2a); the first
arose from the in-plane vibration of Mo and S atoms, while the second resulted from the out-of-plane
vibrations of sulfur [47,48]. As regards FMoS,, the peaks for both the E' 2 and Ay, vibrational modes
were blue-shifted toward higher wavenumbers (respectively, 382.66 and 405.66 cm™!), suggesting
interactions between oleylamine and MoS,. Moreover, the wavenumber difference between these two
vibrational modes is closely related to the layer number present in the MoS, nanosheets [49], and in
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our case, this difference decreased from 27.2 cm™! for bulk MoS, to 23 cm™! for FMoS, nanosheets,
demonstrating the successful exfoliation of MoS, nanosheets during the oleylamine treatment.

G—
HTL in OSCs

S

@ Oleylamine PEDOT:PSS-FMOS,

@ PEDOT:PSS

Figure 1. Fabrication process for poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS)/oleylamine-functionalized MoS; (FMoS,) hybrid hole-transporting layer (HTL) for
organic solar cells.

The absorption properties of the FMoS, nanosheets were further investigated via UV-Vis absorption
spectroscopy; their spectrum (Figure 2b) clearly showed two characteristic absorption peaks of MoS;
at 618 and 677 cm™! corresponding, respectively, to the A1 and B1 direct excitonic transitions with the
energy split from valence band spin-orbital coupling [50]. Furthermore, unlike bulk MoS,, FMoS,
yielded dark-greenish dispersion in 1,2-dichlorobenzene. These results clearly indicate some alteration
in the surface properties of MoS, due to the oleylamine treatment [51].

Bulk MoS; is an indirect bandgap semiconductor that does not exhibit any photoluminescence;
however, upon exfoliation, its luminescence increases with decreasing its layer thickness, so that
single-layer MoS; shows the highest photoluminescence due to its transition into a direct bandgap
semiconductor [52,53]. As expected, FMoS, exhibited significant photoluminescence (see the PL
spectra in Figure S1, Electronic Supporting Information (ESI)), which clearly proves the successful
layer thinning of MoS, during the functionalization process.

za; —— Bulk MoS, 0.6 (b) FMos,
- —— FMoS, S
S &
s g 04
> c 618 677
% 2 Lo
s S 0.2
£ 3
<
350 360 370 380 390 400 410 420 430

Raman Shift (cm™)

Figure 2. (a) Raman spectra of bulk and oleylamine-functionalized MoS, (FMoS,). (b) Ultraviolet—
visible light absorption spectrum of FMoS;. (c,d) Transmission electron microscopy images of
FMoS, nanosheets.
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The TEM images of the FMoS, nanosheets are displayed in Figure 2c,d, showing a thin nanosheet
morphology with sizes of several hundred nanometers. A careful observation of the nanosheet edges
reveals the presence of few-layer nanosheets, confirming the effectiveness of the liquid-based exfoliation
with oleylamine. AFM measurements were carried out (Figure S2, ESI) to further evaluate the layer
thickness; that of FMoS, was ~6.7 nm, suggesting the existence of few-layer nanosheets, while the
reported thickness of monolayer MoS, ranges between 0.9 and 1.2 nm [54].

To improve the performance of conventional PEDOT:PSS-based HTL for OSCs, we incorporated it
with FMoS; via a simple solution-blending method because we believed that the introduction of 2D
sheet-like MoS, functionalized with a long-chain primary alkyl amine (oleylamine) would have made
the PEDOT:PSS surface more hydrophobic, facilitating the following deposition of the hydrophobic
active layer. In addition, the amine group of oleylamine tends to be located near Mo atoms in MoS,
due to metal-amine interactions, while its long alkyl chain with -CHj3 groups is oriented toward the
active layer, and this kind of configuration should enforce the active layer with a desirable molecular
orientation for efficient charge transport in OSCs; P3HT thin films deposited on insulator substrates
modified with -CHjz groups formed face-on orientation because of m—H interactions [55,56].

The contact angles of ITO with PEDOT:PSS and PEDOT:PSS/FMoS, containing 5, 20, and 50 uL of
FMoS, were 30°, 47°,54°, and 56°, respectively (Figure S3, ESI), which indicates that the hydrophobicity
of PEDOT:PSS was slightly increased by the FMoS; addition and, hence, the hydrophobic active layer
solution was more compatible on hybrid HTL than that of the hydrophilic PEDOT:PSS one.

The surface morphology of the various samples was compared via tapping-mode AFM analysis
(Figure 54, ESI); the root-mean-square (rms) roughness value of PEDOT:PSS was 1 nm and decreased
down to 0.69 nm for PEDOT:PSS/FMoS,(5), suggesting a smooth surface morphology in the hybrid
HTL. However, PEDOT:PSS/FMoS,(50) exhibited an rms roughness value of 0.97 nm, indicating that
the addition of higher FMoS, concentrations would decrease the film smoothness.

All the synthesized PEDOT:PSS and PEDOT:PSS/FMoS, hybrid films exhibited similar UV-Vis
transmittance values (Figure S5a, ESI), showing that the FMoS, addition did not affect any absorption
property of the PEDOT:PSS matrix. As regards the PBHT:PCBM (active layer) films spin-coated on
glass substrates predeposited with PEDOT:PSS or PEDOT:PSS/EMoS, HTLs (Figure S5b), for all the
samples, their absorbance ranged from 400 to 650 nm, with a maximum at 512 nm, and two shoulders
around 550 and 600 nm. The existence of vibronic feature at 600 nm suggests that the P3HT film existed
in a high degree of ordered crystalline lamella due to strong interchain interactions [57].

The current-voltage (JV) characteristics of the fabricated P3HT:PCBM OSCs having
PEDOT:PSS/FMoS; as HTL are shown in Figure 3a. Their performance is compared with that
of reference devices having PEDOT:PSS as HTL in Table 1. The reference cells showed PCE = 3.25%,
Jse =7.92 mA cm™2, Voo = 0.671 V, and FF = 0.61. The FMoS, incorporation led to significant PCE and
Jsc improvements; in particular, the device based on PEDOT:PSS/FMoS,(5) exhibited the highest PCE,
Jsc, and FF.

The external quantum efficiency (EQE) measurements (Figure 3b) showed improved EQE for
the hybrid HTL-based OSCs compared with the reference cells and confirmed also their increased
Jsc, demonstrating the enhanced charge extraction at the HTL/active layer interface and the charge
collection at the electrodes [58,59]. The photovoltaic parameters such as PCE, Js., FF and V. as
a function of FMoS, in PEDOT:PSS HTLs are plotted in Figure 3c, d, e and f respectively.
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Figure 3. (a) Current density-voltage curves, (b) external quantum efficiency (EQE)

profiles, (c¢) power conversion efficiencies (PCE), (d) short-circuit current density
(Jsc), (e) fill factor, and (f) open-circuit voltage (Vo) values of organic solar cells
based on  poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) and
PEDOT:PSS/oleylamine-functionalized MoS, (FMoS,) as hole-transporting layers. The reported
average PCE values are extracted from nine identical cells for each sample.

Table 1. Photovoltaic performance of poly(3-hexylthiophene):[6,6]-phenyl-C61-butyric acid methyl
ester-based organic solar cells having poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSSS) and PEDOT:PSS/oleylamine-functionalized MoS; (FMoS;) as hole-transportation layers.

FMoS, Concentration (uL) in

PEDOTPSS PCE (%) Vo (V) Jsc (mA cm~2) FF (%)

0 (Reference) 3.25 +0.03 0.671 + 0.004 7.92 + 0.09 61.2+0.26
5 3.74 +0.02 0.665 + 0.004 9.02 +0.17 62.24 + 0.41
20 3.51 £0.15 0.667 + 0.006 8.57 +£0.33 61.34 + 0.68
50 3.39 £ 0.08 0.669 + 0.005 8.30 £0.17 61.10 £ 048

To understand the charge transport, we analyzed the microstructure (chain-orientation and
crystallinity) of the active layer (P3BHT:PCBM) on both the PEDOT:PSS and PEDOT:PSS/FMoS, samples
by GIWAXS (Figures 4 and 5). Charge transport in conjugated polymers occurs either in the —m
staking direction or the chain backbone one, which is the fastest but its vertical alignment of chains
backbones along the z direction is rarely observed [60,61]. In general, P3HT crystallizes into two main
configurations, namely, edge-on and face-on orientations; in the former, both chain backbone and
m—7t staking directions lie parallel to the substrate; in the latter, -7 staking occurs perpendicular to
the substrate, which is a desirable orientation in OSCs for vertical charge transport [62]. Figure 4
shows the GIWAXS diffraction patterns of P3BHT:PCBM thin films deposited on PEDOT:PSS and
PEDOT:PSS/FMoS, HTLs. In both cases, the thin films exhibited strong (100), (200), and (300)
diffractions along the z axis, confirming the existence of the strong edge-on lamellae configuration
of P3HT [63]. In addition, the absence of m—m staking peak (010), corresponding to the face-on
orientation near the z axis, indicates that P3HT preferentially adopted the edge-on configuration in
both PEDOT:PSS and PEDOT:PSS/FMoS; HTLs. Since the use of -CHj3 group-functionalized substrates
tends to promote the face-on orientation of P3HT [55,56], we aimed to improve such configuration
of the active layer by incorporating the described oleylamine (having -CHj groups)-functionalized
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MoS; into PEDOT:PSS, but we did not observe any significant difference in its molecular orientation,
maybe because the low FMoS, concentrations used were not sufficient for such change. Thus, we can
conclude that the PCE and Js. enhancement in the OCSs having PEDOT:PSS/FMoS; as HTL may be
due to its surface compatibility for the active layer deposition, as observed in the AFM and contact
angle measurements.

A5 40 05 00 05 10 15 15 1.0 05 00 05 10 15
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-
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Figure 4. Grazing-incidence wide-angle X-ray scattering diffraction patterns of

poly(3-hexylthiophene):[6,6]-phenyl-Cg;-butyric acid methyl ester thin films deposited on (a)
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) and PEDOT:PSS combined
with (b) 5, () 20, and (d) 50 uL of oleylamine-functionalized MoS,.

(a) PEDOT:PSS ( b) PEDOT:PSS
PEDOT:PSS-FMoS,(5) PEDOT:PSS-FMoS,(5)
—— PEDOT:PSS-FMoS,(20) —— PEDOT:PSS-FMoS,(20)
3 PEDOT:PSS-FMoS,(50) | 5 PEDOT:PSS-FMoS,(50)
3 .
— N S |
\ M 2> |
% - M“\"‘a‘ J”J"‘ AL .\M ‘a \/
c \ p
8 W e
I / 'wmﬁ
. . r

05 10 15 20 05 1.5 2.0

1.0 1
) Q, (A7)

Figure 5. (a) In-plane and (b) out-of-plane spectra of poly(3-hexylthiophene):[6,6]-phenyl-C61-butyric
acid methyl ester thin films deposited on poly (3,4-ethylendioxythiophene): poly(styrenesulfonate)
(PEDOT:PSS) and PEDOT:PSS combined with 5, 20, and 50 pL of oleylamine-functionalized MoS,
samples obtained from grazing-incidence wide-angle X-ray scattering.

Electrical impedance spectroscopy (EIS) was performed to investigate the charge transport
dynamics of the OSCs fabricated with PEDOT:PSS and PEDOT:PSS/FMoS;(5) as HTL (Figure 6).
This analysis allowed us to observe the current response by applying alternating current voltage as
a function of frequency; the OSCs with PEDOT:PSS/FMoS,(5) demonstrated slightly lower charge
transfer resistance, revealing that the holes were effectively transported from the active layer to the
anode (ITO). In order to elucidate the origin of the improvement in the photovoltaic performance,
especially both FF and Js. for PEDOT:PSS/FMoS,(5), we further calculated the resistance of the devices.
In general, it is well known that lower series resistance (Rg) and higher shunt resistance (Rgy) are
required to achieve higher FF in the solar cell device [64]. Based on the -V curves obtained from the
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devices, it is clearly revealed that the device with PEDOT:PSS/FMoS;(5) as HTL showed the lowest Rg
while maintaining higher Rgyy, leading to enhancement in charge extraction. The corresponding Rg
value of cells employing PEDOT:PSS/FMoS(5) as HTL was 134.8 Q-cm?, while the reference showed
180.0 Q-cm?. Lower Rg indicates that better interfacial contact and charge collection efficiency were
obtained due to the addition of the conducting FMoS, layer. In the case of the Rgyy, no significant
changes in the shunt resistance were observed for the devices. In the point of view of the identical Rgp,
barrier resistance at the interface and the leakage current level flowing across the photoactive layer is
similar. Therefore, the addition of FMoS; might contribute to extract photoexcited charges efficiently
by lowering the Rs.

12000 PEDOT:PSS
—>— PEDOT:PSS-FMoS(5)
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Figure 6. Electrical ~ impedance spectra of organic solar cells based
on poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) and

PEDOT:PSS/oleylamine-functionalized MoS; (5 uL) (PEDOT:PSS/FMoS,(5)) as hole-transportation layer.

4. Conclusions

The application of solution-processed PEDOT:PSS/FMoS; hybrids as effective HTLs for OSCs has
been successfully demonstrated. Raman, UV-Vis, PL, TEM, and AFM analyses confirmed the successful
exfoliation of bulk MoS, into few-layer nanosheets in the presence of oleylamine via a simple and
cost-effective solution-based method. The OSCs fabricated with the synthesized PEDOT:PSS/FMoS,
hybrids as HTL exhibited PCE values up to 3.74%, which is 15.08% higher than that of the reference
cells having simple PEDOT:PSS as HTL. The hybrid HTL films showed better surface properties for the
deposition of the hydrophobic active layer, consequently, the charge-transfer resistance was minimized
for OSCs fabricated with hybrid HTL compared with reference cells, improving the OSC performance.
Due to their simple preparation method, 2D FMoS,-incorporated PEDOT:PSS-based HTL provides
valuable alternative HTL for OSCs.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/9/1328/s1,
Figures S1 and S2: PL spectra and AFM image of oleylamine-functionalized MoS, (FMoS;) respectively, Figures
53 and S4: Contact angles and AFM images of PEDOT:PSS and PEDOT:PSS combined with FMoS, respectively,
Figure S5: (a) UV-Vis transmittance spectra of PEDOT:PSS and PEDOT:PSS combined with FMoS,, (b) UV-Vis
absorbance spectra of PBHT:PCBM thin film spin-coated on PEDOT:PSS and PEDOT:PSS FMoS,.
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Abstract: Two bodipy dyes with different carboxylic acids on the meso-position of the bodipy
core were prepared and used to sensitize TiO, photoelectrodes. On the basis of spectroscopic
characterization, the photoelectrodes were used to fabricate photoelectrochemical cells (PECs) for
solar light harvesting. Photovoltaic measurements showed that both bodipy dyes successfully
sensitized PECs with short-circuit current densities (Jsc) two-fold higher compared to the control.
The increase in generated current was attributed to the gain in spectral absorbance due to the presence
of bodipy. Finally, the influence of co-sensitization of bodipy and N719 dye was also investigated and
photovoltaic device performance discussed.

Keywords: Dye-sensitized solar cells; bodipy dye; co-sensitization; N719 dye; photoelectrochemical cells

1. Introduction

Over the last few decades numerous types of photoelectrochemical cells (PECs) that convert
sunlight to electricity have been extensively explored as an alternative photovoltaic technology to
silicon [1,2]. The most promising include, dye-sensitized solar cells (DSSCs) [3,4], metal chalcogenide
solar cells [5,6], organic/polymer solar cells [7-9], and perovskite solar cells [10,11]. While significant
research has been conducted for their progress, they all have drawbacks in certain aspects that
hinder large scale market employment [12]. For DSSCs in particular, the main efforts have been
related to improving cell efficiencies where investigations have focused on two main components,
such as the dye sensitizer and semiconducting electrode [13,14]. The foremost step in achieving high
efficiencies is the light absorption by the dye molecules that should ideally cover as much of the visible
spectrum as possible. To complement this, ruthenium-based dyes such as Di-tetrabutylammonium
cis-bis(isothiocyanato)bis(2,2’-bipyridyl-4,4’-dicarboxylato)ruthenium(II) (best known as N719) and
other ruthenium-based derivatives have been the most successful candidates thus far [15-17]. While
N719 dye has been extensively used in DSSCs research since it shows promise of high efficiency,
the limited supply, fluctuation in price, and environmental impact of ruthenium have all prompted
investigations into other alternatives [18] Possible choices to replace ruthenium-based dyes include
porphyrin [19,20], squaraine [21,22], and boron dipyrromethene (bodipy) dye complexes [23,24]. As a
result of many unique features that bodipy dyes possess, they have emerged as an attractive class
of functional dyes that can be used for a variety of applications [25,26]. They are known to exhibit
characteristics such as ease of structural modification, minimum triplet state formation, photostability,
low rates of intersystem crossing, and more [27], which renders them promising for use in the
future [28]. In the past decade, a variety of bodipy dyes have been synthesized for use in solar cell
applications, however most attempts were not prosperous since the efficiencies were shown to be
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poor [29]. This was mostly a result of insufficient light harvesting since efforts to design a metal
free organic dye that would achieve panchromatic absorption proved to be rather ambitious [30].
Therefore, bodipy dyes were separately engineered to cover a particular absorption spectral range
and co-sensitized together in a PEC with the aim to obtain high efficiency [31]. In addition, structural
modifications and functionalization of the bodipy core was also shown to have a notable influence on
the photovoltaic performance of PECs. For instance, by replacing fluorine on the bodipy core with
long alkoxy groups, losses due to charge recombination can be minimized resulting in efficiencies in
the range of 5.75% as reported by Ziessel et al [32].

Herein, we report the details of the synthesis and characterization of two bodipy sensitizers with
different carboxylic acids at the meso-position [29] of the bodipy core. In addition, spectroscopy results of
bodipy-sensitized TiO, photoelectrodes are discussed followed by PEC fabrication and characterization
using simulated sunlight. Finally, the influence of bodipy and N719 dye co-sensitization on the
performance of PECs is also investigated.

2. Experimental Section

2.1. Materials

All chemicals used in this study were obtained from Sigma Aldrich (St. Louis, MO, USA), Acros
Organics (Geel, Belgium), Alfa Aesar (Haverhill, MA, USA) or Thermo Fischer Scientific (Waltham,
MA, USA). They were used as received unless otherwise stated.

2.2. Synthesis of Bodipy Dye 1 and 2

2,4-dimethylpyrrole (0.120 mL, 1.20 mmol, 2 eq.) and glutaric or succinic anhydride (0.600 mmol,
1 eq.) were dissolved in dry dichloromethane (DCM, 10.0 mL) under argon. BF;-Et,O (0.500 mL,
4.00 mmol) and TEA (0.420 mL, 3.00 mmol) were added and the reaction was heated under reflux
for five hours. The organic material was washed with water, dried over MgSQ;, filtered and
concentrated in vacuo before purification by flash column chromatography on silica gel; eluent:
Hexane/EtOAc/AcOH:50/50/0 to 0/97/3.

2.2.1. Bodipy Dye 1

4-(5,5-difluoro-1,3,7 9-tetramethyl-5H-414,514-dipyrrolo[1,2-c:2’,1’-f][1,3,2]diazaborinin-10-y1)
butanoic acid (22.0 mg, 0.066 mmol, 11%).'H NMR (600.130 MHz, CDCl3) &y 6.06 (s, 2H, ArH),
2.82-2.78 (m, 2H, CH,), 2.57-2.54 (m, 2H, CHy), 2.52 (s, 6H, 2CHs), 2.43 (s, 6H, 2CH3), 2.04-1.99 (m, 2H,
CHy) ppm; R¢ (EtOAc) = 0.1 (stained with bromocresol green).

2.2.2. Bodipy Dye 2

3-(5,5-difluoro-1,3,7,9-tetramethyl-5H-414,514-dipyrrolo[1,2-c:2’,1’-f][1,3,2]diazaborinin-10-yl)
propanoic acid (27.0 mg, 0.084 mmol, 14%)."H NMR (600.130 MHz, CDCl3) & 6.06 (s, 2H, ArH),
3.36-3.33 (m, 2H, CHj), 2.71-2.69 (m, 2H, CH,), 2.52 (s, 6H, 2CH3), 2.45 (s, 6H, 2CHj3) ppm;
R¢ (EtOAc) = 0.1 (stained with bromocresol green).

2.3. Preparation of Photoelectrochemical Cells (PECs)

PEC fabrication followed the procedures already reported in our previous work [14]. Briefly,
TiO, photoelectrodes were prepared by doctor blading commercially available TiO, paste (GreatCell
Solar, DSL-18NRT, Queanbeyan, Australia) onto pre-cleaned fluorine-doped tin oxide (FTO) glass
followed by sintering at 500 °C for 30 min which resulted in a uniform layer of anatase TiO, nanoparticles
(NPs) labelled as a transparent layer. On this layer, an additional layer of bigger-sized TiO, NPs
(WER2-0 paste, GreatCell Solar, Queanbeyan, Australia) was deposited (doctor blading technique)
followed by another sintering at 500 °C for 30 min. The second layer was labelled as light-scattering
layer. The photoelectrodes were then subject to treatment with an aqueous solution of titanium
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tetrachloride (TiCly, 40 mM) for 30 min at = 70 °C followed by another sintering at 500 °C for 30 min.
It should be noted that the active solar cell area of the photoelectrodes was 0.1256 cm?. Control
(unsensitized) PECs (see procedures below for dye sensitization), were directly eclipsed with counter
electrodes (Pt-coated FTO glass, GreatCell Solar, Queanbeyan, Australia) with a thermoplastic sealant
(GreatCell Solar, MS004610, Queanbeyan, Australia) following by heating at ~ 100 °C for 10 min to seal
the sealant. An electrolyte consisting of iodine (I, 0.05 M), 1,2-dimethyl-3-propylimidazolium iodide
(DMPII, 0.6 M), guanidium thiocyanate (0.10 M) and 4-tert-Butylpyridine (TBP, 0.5 M) in a mixture
of acetonitrile and valeronitrile (volume ratio, 85:15) was injected between the sealed electrode via
vacuum filling.

2.4. Dye Sensitization

Bodipy dye 1 and 2 sensitized photoelectrodes underwent dye sensitization with a solution of a
relevant dye (0.5 mM) in acetonitrile for 20 h in the dark.

Control (sensitized only with N719) photoelectrodes underwent dye sensitization with a solution
of ruthenizer 535-bisTBA (Solaronix 0.5 mM, Aubonne, Switzerland) in absolute ethanol for 20 h in
the dark.

Bodipy dye 1 and 2 co-sensitized photoelectrodes underwent dye sensitization with a solution
that was a mixture of bodipy dye 1 or 2 solution in absolute ethanol (0.5 mM)—S5 vol% and a solution
of ruthenizer 535-bisTBA (0.5 mM, Solaronix, Aubonne, Switzerland) in absolute ethanol for 20 h in
the dark.

3. Characterisation

Monitoring of all reactions was achieved using 60 F254 silica coated aluminium TLC plates by
Merck. Visualisation of these was carried out using UV light of wavelength of 254 and/or 365 nm.
Purification was achieved by flash column chromatography using silica gel (43-60 pm) from Merck.

All'H, 13C, "B and F nuclear magnetic resonance spectra were recorded at 600 MHz using
the Bruker Avance III 600 Cryo or at 700 MHz with the Bruker Avance Neo 700. Instruments clearly
indicated for each spectra. Chemical shifts are reported in ppm relative to the internal standard TMS
as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, sep = septet,
m = multiplet), coupling constant(s), integration, and assignment using either CDCl3 or DMSO-d° as a
solvent and TMS as an internal standard.

X-Ray photoelectron spectroscopy (XPS) analysis was carried out using a Thermo Scientific
K-alpha photoelectron spectrometer with monochromatic Al-Ky radiation. Peak positions were
calibrated to carbon (284.8 eV) and plotted using the CasaXPS software. The measurements were
performed on control and sensitized photoelectrodes. X-Ray diffraction (XRD) analysis was performed
with a Bruker D8 discovery X-Ray diffractometer using monochromatic Cu K; and Cu K, radiation
of wavelengths 1.54056 and 1.54439 A, respectively.

The UV/Vis absorption spectra were taken on a Perkin Elmer Lambda 950 instrument with a
measurement interval of 1 nm.

The photoluminescence (PL) spectra were recorded using Horiba FluoroMax-4 spectrofluorometer
equipped with a PMT detector.

Fourier-transform infrared (FTIR) spectra were recorded with a Bruker FTIR Spectrometer Alpha
II with an attenuated total reflection (ATR) attachment. Measurements were performed in the mid-IR
region (4000-400 cm™1).

J-V measurements were performed under one-sun (AM 1.5G) illumination using a LOT calibrated
solar simulator with a Xenon lamp. Devices were connected to a Keithley 2400 source meter to output
the data. Photocurrent measurements were obtained with a halogen lamp chopped to a frequency of
188 Hz through a Newport monochromator; a 4-point probe in connection with a lock-in amplifier is
used to collect data. The monochromatic beam is calibrated using a Silicon photo-diode.
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4. Results and Discussion

4.1. Synthesis

The synthesis of bodipy dye 1 and 2 is depicted in Scheme 1 and is based on previously reported
synthetic strategies [33,34]. (See Supplementary Materials for more details) Molecular structures of the
obtained compounds were characterized by spectroscopic methods, such as NMR which is shown in
Supplementary Materials Figure S1 and S2. Singlet peaks integrating to two protons at 6.06 ppm for
both compounds confirm the successful construction of the BODIPY scaffold.

O

Scheme 1. Synthetic routes towards bodipy dyes 1 and 2. (1) Succinic anhydride, dichloromethane
(DCM), BF3-Et,O, reflux 5h, BF3-Et,O, TEA, 16 h. (2) Glutaric anhydride, DCM, BF3-Et,O, reflux 5h,
BF3-Et,O, TEA, 16 h.

4.2. Optical Properties

The absorption and PL emission spectra of solutions of bodipy dyes 1 and 2 are illustrated in
Figure 1a,b. Both dyes exhibit three absorption features (more pronounced for dye 1 due to higher molar
attenuation coefficients (¢) at those particular wavelengths—Table 1) with two located in the UV region
and one in the visible (green) portion of the electromagnetic spectrum. From the absorption onset of
the dyes, their band gap values were determined to be ~ 2.4 eV (Table 1). Due to Stokes shift, where the
position of the band maxima of the absorption was at ~ 495 nm, the emission of the dyes resulted to be
514 nm for dye 1 and 520 nm for dye 2. The bodipy dyes were then used for PECs, by sensitizing TiO,
photoelectrodes in a dye solution and their corresponding UV/Vis spectra are shown in Figure 1c,d.
To evaluate if the TiO, photoelectrodes successfully absorbed the dyes, comparison was made to the
untreated (unsensitized) TiO, photoelectrodes. As can be seen in Figure 1c,d, both sensitized TiO,
photoelectrodes exhibited a broad absorption feature in the visible spectrum allowing the harvesting
of more energy from photons. This can be attributed to the dye absorption (Amax at 502 and 504 nm for
bodipy dyes 1 and 2, respectively). Compared to the bodipy solutions, sensitized TiO, photoelectrodes
exhibited a bathochromic shift that occurred as a result of the interaction, between the dye and TiO,
nanoparticles (suppression of H-aggregation). [35] Moreover, to investigate the molecular packing of
dye molecules [36] X-Ray diffraction (XRD) was also performed. Supplementary Materials Figure S4
shows the XRD diffraction patterns for unsensitized and sensitized TiO, photoelectrodes where no
difference between the samples was observed.
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Figure 1. UV/Vis absorption (solid line) and photoluminescence (PL) emission (dotted lines) spectra
of bodipy (a) dye 1 and (b) dye 2 solutions. (Excitation wavelength for PL emission was 400 nm)
UV/Vis absorption spectra of TiO, sensitized photoelectrodes of bodipy (c) dye 1 and (d) dye 2,

respectively. Black lines represent untreated TiO, photoelectrodes where green (dye 1) and red (dye 2)
lines correspond to TiO, sensitized photoelectrodes.

Table 1. Summary of spectral properties of bodipy dye 1 and 2 in ethanol solution (0.5 mM) and
on photoelectrodes. The band gap values (Eg) were determined following the procedure reported

elsewhere [37] and also from the Tauc plots (Supplementary Materials Figure S3) where the obtained
values were comparable.

re Solution Abs  Solution PL  Photoelectrode
Sensitizer

-1 ¢m-1
Amax (nm) Amax (nm) Abs Amax (nm) Eg V) & (M~ em™)
Dye1 232,295, 495 514 502 2.39 6124 (at 495 nm)
Dye2 232,295, 496 520 504 2.38 1350 (at 496 nm)

4.3. Spectroscopy Characterization

FTIR spectroscopy was used to obtain infrared spectra (% transmittance) of synthesized bodipy
dyes which can be seen in Figure 2. A broad band in the region of around 3500-2500 cm™~! can be
observed (Figure 2a) which is a typical characteristic for compounds containing a carboxyl group (O-H
stretch) [38]. Since this band is in the same region as the C-H stretching bands, a slightly distorted
absorption pattern is observed where the former band is superimposed on the sharp C-H stretching
bands. Furthermore, a strong peak appeared around 1700 cm™! for both dyes which was assigned to
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C=0 stretching of the carbonyl group [35]. Additional peaks that were identified for both spectra were
located in the regions of around 1400, 1200, and 910 cm™! (see Supplementary Materials Table S1 for
the exact values) and were assigned to O-H bend, C-O stretch, and O-H bend, respectively.

(@) : . (b)
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Sensitized with dye 1
Sensitized with dye 2

C-H:
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Figure 2. Fourier-transform infrared (FTIR) spectra of bodipy (a) dye 1 (green curve) and dye 2
(red curve) in a powder form along with the inset (b) of untreated (black curve) and sensitized TiO,
photoelectrodes on glass substrate. The whole range for the FTIR spectra of TiO, photoelectrodes
can be seen in Supplementary Materials Figure S5. The high-resolution (c¢) N 1s and (d) F 1s X-ray
photoelectron spectroscopy (XPS) spectra for sensitized TiO, photoelectrodes.

FTIR measurements were also performed with the intention to investigate interaction of individual
dyes on sensitized TiO, electrodes. However, our results showed that the substrates used for TiO,
deposition strongly absorbed below 2500 cm™! which prevented characterization in this region
(Supplementary Materials Figure S5). Despite this, by comparing regions of around 3000 cm™! between
sensitized and untreated TiO, photoelectrodes, a slight increase in absorbance was observed for both
sensitized TiO, photoelectrodes. (Figure 2b) These bands were assigned to C-H stretching of the
dye compounds.

X-Ray photoelectron spectroscopy (XPS) was carried out to identify relevant elements present
on the surface of untreated and sensitized TiO, photoelectrodes. Elements (N and F) associated to
the compounds of the dyes were identified on both sensitized TiO, photoelectrodes (Figure 2c) while
only noise was observed in the same binding energy regions for the untreated TiO, photoelectrode.
(Figure S6). It is noteworthy that efforts related to the detection of boron resulted to be negative.
However, such results are not surprising since it is notoriously difficult to detect B1’s peak due to its
very low sensitivity.
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4.4. Photoelectrochemical Properties

Photoelectrochemical cells (PECs) were fabricated using bodipy dyes 1 and 2 as photosensitizers
for nanocrystalline TiO, photoelectrodes. Figure 3a shows the photocurrent—voltage (J-V) curves of
PECs and the photovoltaic parameters are summarized in Table 2. Compared to control (unsensitized),
PECs sensitized with bodipy dyes showed a significant increase in Jsc values (*~2.5-fold increase for
dye 1 and ~ 2-fold increase for dye 2). Such a phenomenon is primarily attributed to the improved
light harvesting due to the presence of the bodipy dyes. Moreover, the fill factor (FF) also increased
for sensitized PECs while Voc decreased. The latter can be related to the changes in the band gap
energy (Eg) where an Eg decrease results in higher Jsc and lower Voc. Nevertheless, the overall power
conversion efficiency (PCE) of bodipy sensitized PECs doubled compared to the control. On the other
hand, the results indicate that the proximity of the carboxylic acid group to the bodipy core notably
influenced the photovoltaic parameters for PECs. Specifically, PECs sensitized with a bodipy dye 1
(distance of three carbons) were shown to exhibit better Jsc as opposed to the bodipy dye 2 (distance
of two carbons) sensitized PECs that had higher Voc and FF. Nevertheless, the overall PCE was not
influenced by such changes (Table 2). It is noteworthy that the average values of the photovoltaic
parameters for different batches of devices, shown in Figure S7, did not show a change in the trends,
as discussed herein. Furthermore, the values of PV parameters for bodipy sensitized PECs were low
where one of the reasons together with the nature of the absorption onset of the dyes can be related to
their aggregation on the TiO, photoelectrodes, thus increasing charge recombination and reducing
electron injection to the n-type layer of the photoelectrode [39,40].

Voltage (V) Voltage (V)
0.0 0.2 0.4 0.6 0.0 0.2 0.4 0.8
0 A L L 0 —L L L
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24
L] 504 o
g §> -4 4
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Figure 3. Photocurrent-voltage (J-V) characteristics of photoelectrochemical cells (PECs) sensitized
only with (a) dye 1 and 2 including a control (unsensitized) together with (b) N719 co-sensitized.
The control PEC in (b) was sensitized only with a dye N719.

Table 2. Summary of photovoltaic parameters for different PECs sensitized with bodipy dye 1 or 2 and
co-sensitized with dye 1 + N719 or dye 2 + N719 including the corresponding control (unsensitized
and N719 sensitized) PECs.

PEC Jsc (WA em=2) Ve (mV)  FF(%)  PCE (%)
Control (unsensitized) 78.2 579.6 56.3 0.025
Dye 1 192.6 461.3 58.0 0.051
Dye 2 154.8 501.0 66.4 0.051
Control (N719 sensitized) 13.2 704.7 59.2 5.5
Dye 1+ N719 12.7 681.3 61.6 5.3
Dye 2 + N719 12.8 673.1 55.5 4.8
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Previous reports have shown that the performance of DSSCs containing co-adsorbents, bodipy
and N719 can be improved compared to a single sensitizer [35]. Therefore, in an attempt to improve
PV parameters bodipy dyes in this study were used and co-sensitized with N719 to investigate if
the same conclusions can also be extended to the other combinations of sensitizers. In comparison
with the control (sensitized only with N719), both Jsc and Vo diminished for bodipy (dye 1 and
2) co-sensitized (5 vol%) [35] PECs (Figure 3b and Table 2). A particularly noticeable decrease was
observed for Voc where the parameter is influenced by the recombination rate and adsorption mode
of the sensitizer [41] that when compared to the control, negatively influenced the co-sensitized
PECs. Therefore, the bodipy dyes used in this study were shown to have a negative effect when
implemented together with a N719 dye. We postulate that such an outcome was as a result of an
increase in recombination centers which can be attributed to either a mismatch in energy levels or
unsuitable molar absorption coefficient. Despite this, the bodipy dyes were shown to successfully
sensitize TiO, photoelectrodes, and further work into modifying the functional groups could lead to
improved single sensitized, and co-sensitized PV performance. Specifically, efforts should be made into
replacing electronegative elements, for example fluorine, with other functional groups that do not have
such tendency to attract a bonding pair of electrons since this characteristic negatively affects the PV
performance. In addition, other methods that aim to extend the absorption onset include attachments
of an electron donor or acceptor to the C2 and C6 positions [29].

5. Conclusions

Two bodipy dyes with different carboxylic acids on the meso-position of the bodipy core have been
synthesized. The bodipy dyes were used to sensitize TiO, photoelectrodes which were characterized
using spectroscopic techniques (UV/Vis absorption, FTIR and XPS). On the basis of these results,
the TiO, photoelectrodes were used to fabricate PECs. Their PV parameters were analyzed, and the
results showed superior light harvesting and thus higher power conversion efficiencies compared to
the control (unsensitized) PECs. Furthermore, the bodipy dyes were co-sensitized (5 vol%) with a N719
dye to investigate their interactions in a PEC. The results showed a decrease in efficiencies indicating
co-sensitization had a negative effect on the photovoltaic performance parameters of co-sensitized
PECs. Further improvements in efficiencies are possible by designing/modifying bodipy dyes with
different light absorbing groups within the organic framework to tune the absorption spectral range
with high molar extinction coefficients and use them as co-sensitizers for solar cell devices.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/10/1346/s1,
Figure S1: "H-NMR of bodipy dye 1, Figure S2: "H-NMR of bodipy dye 2, Figure S3: Tauc plots for solutions
of bodipy (a) dye 1 and (b) dye 2, Figure S4: XRD patterns for TiO, photoelectrodes, Figure S5: FTIR spectra of
untreated and sensitized TiO2 photoelectrodes, Figure S6: The high-resolution (a) N 1s and (b) F 1s XPS spectra for
control (unsensitized) TiO2 photoelectrode, Figure S7: Average (a) [sc, (b) Voc, (c) FF and (d) power conversion
efficiency (PCE) of the fabricated PECs sensitized only with bodipy dye 1 or 2 including a control (unsensitized),
Table S1: FTIR peak wavenumbers and assignments for bodipy dye 1 and 2.
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Abstract: In this work, vertically aligned silicon nanowires (SiNWs) with relatively high crystallinity
have been fabricated through a facile, reliable, and cost-effective metal assisted chemical etching
method. After introducing an itemized elucidation of the fabrication process, the effect of
varying etching time on morphological, structural, optical, and electrical properties of SINWs
was analysed. The NWs length increased with increasing etching time, whereas the wires filling ratio
decreased. The broadband photoluminescence (PL) emission was originated from self-generated
silicon nanocrystallites (SiNCs) and their size were derived through an analytical model. FTIR
spectroscopy confirms that the PL deterioration for extended time is owing to the restriction of
excitation volume and therefore reduction of effective light-emitting crystallites. These SiNWs are very
effective in reducing the reflectance to 9-15% in comparison with Si wafer. I-V characteristics revealed
that the rectifying behaviour and the diode parameters calculated from conventional thermionic
emission and Cheung’s model depend on the geometry of SiNWs. We deduce that judicious control
of etching time or otherwise SINWs’ length is the key to ensure better optical and electrical properties
of SiNWs. Our findings demonstrate that shorter SiNWs are much more optically and electrically
active which is auspicious for the use in optoelectronic devices and solar cells applications.

Keywords: silicon nanowires; metal assisted chemical etching; etching time; optical properties;
electrical properties

1. Introduction

In recent years, silicon nanowires (SINWs) have aroused tremendous attention worldwide thanks
to the following outstanding features: (1) Environment-friendly as second most earth-abundant
materials; (2) unique dimensional structures (1 D); (3) interesting electrical and optical properties
compared to bare silicon; (4) affordable fabrication; and (5) potential applications in several fields [1-5].
The various applications of these nanostructures may include lithium-ion batteries [6], biochemical
sensors [7,8], electronics [9], catalysis [10], and solar cells [1,11].

Based upon the bottom-up and top down approaches, numerous methods have been used to
fabricate SiNWs such as vapor-liquid—solid, thermal evaporation, molecular beam epitaxy, laser
ablation, and lithography [12-16]. However, these techniques have some limitations as they
generally require expensive and complex equipment, employ hazardous silicon precursors, and
involve high vacuum and high temperature [17]. These features make the synthesis expensive and
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time-consuming and therefore hindered their applications for commercialized products. In contrast,
an effective and promising synthetic method namely metal assisted chemical etching (MACE) has been
proposed [2,4,18-20]. This technique is simple, rapid, low cost, and suitable for both industrial and
laboratory scales. Moreover, MACE allows to obtain high crystalline SiINWs quality, as well as an easy
control of the different parameters including orientation, doping type, length, and diameter.

The MACE method basically consists of two procedures, the formation of metal catalysts and the
subsequent etching process which can be implemented either in a single step (1-MACE) [10,21] or in two
steps (2-MACE) [17-20]. Moreover, the formation method, etching time, etching temperature, metal
deposition time, and lastly the etchants’ concentrations have a crucial influence on the morphology of
SiNWs [2,5,17]. Ghosh et al. reported that SINWs grown by MACE are usually covered with silicon
nanocrystals due to the side wall etching and which are the origin of quantum confinement (QC) effects
owing to their small dimensions [20].

Recently, several research groups have succeeded in the synthesis of optically-active SINWs
exhibiting a significant PL emission and a very low reflectance [3,4,17]. On the other hand, Qi et
al. have demonstrated the fabrication of electrically-active SiNWs through heavily doped SiNWs
with rough surface where a high Schottky barrier exists at the interface of SINWs and the metal [22].
Nevertheless, further investigation is required to explore both optically and electrically active SINWs.
Indeed, a number of studies have investigated the optical and electrical properties of SINWs [23-25].
It has been shown that SINWs, obtained by 1-MACE in AgNOs;, HF, and H,O; solution from a P* type
starting Si wafer, possess such a remarkable low reflectance and the electronic properties are affected
by SiNWs’ homogeneity [23]. Otherwise, Hutagalung et al. also reported a low reflectance of less
than 10% obtained by SINW arrays synthesized via 1-MACE in an AgNOj3; and HF solution at 60 °C
from an n-type Si, whereas its I-V characteristics show linear ohmic behavior [24]. Therefore, careful
production of SINWSs, by tuning the different parameters such as the etching time, etchant composition
and concentration, etching temperature, and the starting Si wafer characteristics, is important to ensure
good physical properties of SINWs [23-25]. However, these previous works have neglected the PL
study, as well as a deeper insight and understanding of the electrical properties via determining the
electrical parameters is missing.

In this work, we contribute our recent results on the fabrication of optically and electrically-active
SiNWs which exhibit a strong PL emission, remarkable antireflections properties, and interesting
electrical properties. First, a detailed explanation of the fabrication process is reported and then vertical
aligned SiNWs with relatively high crystallinity were obtained through the 2-MACE method. The effect
of etching time key parameter on SINWs’ filling ratio and length, optical, and electrical properties
were investigated and evaluated. A broadband PL emission and low reflectance from these wires were
obtained. Later on, the I-V characteristics and the electrical parameters were carefully determined
and studied. Our findings could consider the optimized SiNWs as a promising candidate in PV and
optoelectronic applications due to their unique structural, optical, and electrical properties.

2. Materials and Methods

2.1. Reagents and Materials

The chemical reagents used in this work for the cleaning or etching process such as acetone,
ethanol, isopropanol, hydrofluoric acid (HF, 40%), silver nitrate (AgNOj3), hydrogen peroxide (H,O,,
35%), and nitric acid (HNO3, 65%) were purchased from Sigma-Aldrich (Madrid, Spain). All of them
were used without any purification. The single-side polished p-type silicon wafers were purchased
from Siltronics (Archamps, France) and finally deionized water used in all the experiments was
supplied by local sources.
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2.2. Samples Preparation

SiNW arrays were synthesized by the Ag-assisted chemical etching method of (100) oriented
p-type silicon wafers with the resistivity of 1-20 Q) cm. The fabrication process is as follows: (1) The
silicon wafers were sequentially cleaned in acetone, ethanol, isopropanol, and deionized water (DI) in
an ultrasonic bath for 15 min each. The cleaned wafers were then immersed in diluted HF for 3 min.
(2) Silver nanoparticles were deposited onto the Si substrate using an aqueous solution composed of
4.8 M HF and 0.035 M AgNOj for 1 min. (3) Silicon wafers covered with AgNPs were dipped into
the etching solution of 4.8 M HF and 0.5 M H,O, at room temperature during 20 (sample S1), 40
(52), 60 (S3), 80 (S54), 100 (S5), and 120 min (S6). (4) The resulting samples were rinsed with DI and
then immersed in nitric acid for 15 min to remove the silver nanoparticles and dendrites. Finally, the
as-formed homogeneous black SINWs were washed again with DI and dried with nitrogen.

2.3. Characterizations

The samples were studied using several techniques. The morphologies of the synthesized
SiNWs were characterized using scanning electron microscopy (SEM, FEI Verios 460, FEI Europe B.V.,
Eindhoven, Netherlands). The observations were performed in a top view, cross-section, and 30° tilt
view. X-ray diffraction (XRD) measurements were performed using an automated Bruker D8 advance
X-ray diffractometer (Bruker, Karlsruhe, Germany) with Cu Ko (A = 1.54 A) in 26 ranging from 20 to
80°. Photoluminescence spectroscopic analyses of SINWs were made with a 405 nm laser wavelength
and all the measurements were done at room temperature (RT). Moreover, we have used an analytical
model to deduce the SiNCs size through PL spectra of the fabricated samples. The FTIR analyses were
taken on an absorbance mode using Bruker IFS66v/s FTIR spectrometer (Bruker, Karlsruhe, Germany)
and investigated in the 400-4000 cm™! range with a step of 4 cm~!. Reflectance measurements were
performed via Perkin Elmer Lambda 950 spectrophotometer (Perkin Elmer, Inc., Waltham, MA, USA).
The current-voltage (I-V) measurements were measured via Keithley 2400 source meter (Keithley,
Austin, TX, USA) in the dark and at room temperature.

3. Results and Discussion

3.1. Detailed Mechanism of SINWs" Formation

Two-step MACE was introduced to prepare vertically aligned SiNWs which is a simple,
reproducible, and inexpensive process using Ag catalysts in the HF/H,O, etching agent. To better
understand SINWs’ formation mechanism, the properties of Si, Ag*, Ag, and H,O, in HF solution
should be understood. Figure 1 shows a scheme of the potential distribution of Si, Ag*/Ag, and
H,0,/H,0 redox pairs in HF solution when the energy is referred to the standard hydrogen electrode
potential (SHE).

Si Solution

Potential
(V vs. SHE)

-0.5

Ecp=-0.45V m—

Ew=0.67V Egt/a;= 08V

Holes
injection
EH,0,/H,0 =1.76 V

Figure 1. Schematic of the potential relationship between bands in a silicon (Si) substrate, Ag*/Ag, and
H,0,/H,0 redox pairs.
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The energies of the valence band (VB) and conduction band (CB) of Si are 0.67 and —0.45 eV,
respectively while the potential energies of the redox pairs of Ag*/Ag and H,O,/H,0 are 0.8 and 1.76
V, respectively [26].

The growth mechanism of SINW arrays was elucidated in this section and depicted in Figure 2.

Step 1 Step 2
| @) ® || © | @
HF / H,0 / AgNO, HF / H,0 / AgNO; HF / H,0 / H,0, HNO,
(O] S
=

Figure 2. Schematic illustration of the formation mechanism of silicon nanowires (SiNWs) via two-step
MACE. (a) Reduction of Ag* ions and formation of Ag nuclei at the Si surface. (b) Further silver nuclei
growth, oxidative dissolution of Silicon atoms, and production of porous layer. (c) Vertical propagation
of silver nanoparticles and faster etching leading to SINWs formation. (d) Silver removal and vertical
aligned SiNW arrays production.

After the cleaning stages, 2-MACE consists first of all in dipping the silicon wafers in a HF/AgNO3
aqueous solution producing AgNPs deposition. Indeed, the AgNO3 metallic salt come apart in the HF
aqueous solution to yield metal ions Ag*. The Ag™ ions close to the Si surface extract electrons from
the VB of Si resulting in a small silver nuclei on the surface of the silicon (Figure 2a). These electrons
transfer continues to take place as Ag is more electronegative than Si leading to a large silver nuclei
growth and then a formation of Ag-nanoclusters or a continuous silver layer. Furthermore, the excess
of electrons extract forms an accumulation of holes beneath and around the catalyst.

This leads to silicon oxidation followed by HF dissolution into silicon hexafluoride ions (SiFé’)
while unveiling a newly exposed Si coming in contact with the Ag catalysts which will be further
etched in the second step of the continuous MACE process. The synchronized mechanism of Ag*
reduction (cathodic process) and silicon oxidation (anodic process) can be described by the following
equations:

cathode reaction Ag* +e” — Ag E' =079V (vs. SHE) (1)
anode reaction Si -+ 6HF — SiF2™ + 4e™ + 6H T )
overall reaction  Si+ 6HF + 4Ag™ — SiF27 +4Ag+6HT 3)

At a certain while, the hole injection rate attenuates because almost all Ag* ions in the vicinity of
the silicon surface are reduced into Ag. Therefore, silicon oxidation slows down causing a decrease in
the Si etching rate which requires a complementary hole injection species to permit the continuation of
the silicon nanostructuring. Subsequently, H,O, is added to the etching solution because it is a strong
oxidant allowing a hole injection instead of Ag ions. When the silicon wafer covered with the silver,
dendritic layer was put into the HF/H,O, aqueous solution, the second step in MACE mechanism
which corresponds to the etching process starts to take place. Since the redox potential of HyO, is
more positive than that of Ag, HyO, captures electrons from the previously nucleated Ag particles and
reduces to H,O. Hence, Ag is oxidized immediately to Ag™, this oxidation allows the solution feeding
with Ag* ions which enhances the hole injection. The silicon is then locally oxidized into SiO, and
dissolved simultaneously by HF, so the AgNPs sink downwards vertically along the (100) direction in
the pits thus formed leading to the generation of vertical SiNWs (Figure 2c). This is contrary to porous
silicon (PS) which displays a porous surface morphology due to the absence of AgNOj in the etching
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solution and the slow etching rate. The redox reactions taking place during etching process can be
described as follows [27,28]:

cathode reaction H,O, + 2™ + 2H* — 2H,0 E° =1.76 V (vs. SHE) 4)
anode reaction Si + 2H,O — SiO, + 4H* + 4e” (5)

SiO, + 6HF — SiF2~ + 2H,O + 2H " (6)

Overall reaction  Si+ 2H,0, + 6F~ +4H"™ — SiFg’ + 4H,O (7)

Using Reaction (7), the potential AE of etching process is as follows:

0.059 [5iF5

AE = AEY - log (8)
(0271 | [F]°

4

According to this equation, the increase of H,O, and HF concentrations enhance the reaction
potential with an increase in the etching rate. However, the etching rate may not increase infinitely and
it is preferable to choose an appropriate range of etchant concentration to ensure good quality SINWs
formation. It is suggested that the self-grown SiNCs on SiNWs form due to sidewall etching such us the
extra Ag™ ions spread through the nanowires and trap electrons from the sidewalls leading to a lateral
etching of SINWs and consequently formation of porous SiNWs decorated with SiNCs [20]. Ultimately,
the removal of AgNPs and dendrites by immersing the samples in an HNOj3; aqueous solution reveals
highly oriented one-dimensional (1D) SiNWs. The corresponding reaction is expressed as:

3Ag +4HNO;3; — 3AgNO3 + NO + 2H,0 )

3.2. Etching Time Effect on Morphology of SINW Arrays

In order to investigate the effect of etching time on SINWs morphology and structure, the AgNO53,
HE and H,0O, concentrations were fixed in both deposition and etching steps. SEM images (top view,
cross-section, and tilt view at 30°) of the as-prepared SiNWs etched in different times (20-120 min),
are shown in Figure 3. The SINWs dependence on etching time was explored. Forest-like SINW
arrays can be noticed from the top view images (Figure 3a—f). The NWs etched during short etching
time are isolated from each other. However, the tips of the nanowires congregate together with time
increment to form bundles. This bundle-like structures distribute uniformly on the whole wafers and
could be confirmed from the tilt view images. The possible reasons behind this conglomeration may
be attributed to Van der Waals attraction between the nanowires [29,30] as well as to the increase in
the length of SINWs that likely causes them to bend to form bouquets under the action of gravity.
Otherwise, it was also reported that some nanowires could remain unattached due to inhomogeneous
etching induced by a random silver particle distribution [31]. The calculated values of average volume
filling ratio (VFR) at the air/SINW arrays interface versus etching time is plotted in Figure 4a and it
showed the decreasing of VFR when the etching time increase. For example, VER is 0.45 in dense
SiNWs at 20 min decreases to 0.33 in convergent SiNW arrays at 120 min of etching time. This is due to
the bundle-like structures of the wires in prolonged etching times. Chang et al. [32] reported a similar
variation in VFR, however, as a function of AgNOj3 concentrations.

163



Nanomaterials 2020, 10, 404

Cross Section

20

A< e N Vo ST

_10 l],m

e e R

— ] () um

]

TN

60
min

80
min

100
min

120
min

Figure 3. SEM images of SiNWs etched at different durations showing top view surface (a—f), tilt view
35° (g-1), and cross-sectional (m-r).

Vertically aligned SiINWs with good uniformity were clearly seen in the cross-section images
(Figure 3m-r). The length of nanowires significantly increases from 5.48 to 20.84 um with increasing
the etching from 20 to 120 min whereas the wire diameter is approximately in the range of one hundred
to a very few hundreds of nanometers.
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Hence, the linear relationship of SINWs length versus etching time plotted in Figure 4b gives an
etching rate close to 0.152 um/min.
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Figure 4. Variation of the (a) filling ratio and (b) length of SINWs as a function of etching time.

This linear relation has been investigated in literature but with different etching rate values [2,18,33].
The possible reasons behind this increase of SiNWs length with etching time was ascribed to the
fact that etching was given more time to proceed and the solution had enough oxidizing species to
oxidize and dissolve the formed SiO,. We retain that doubling the etching time would not necessarily
double the length of SINW [34,35]. From tilt view images, we can observe that SiINWs are covered by
numerous porous structures especially on their tips due to the additional etching pathways via the
re-nucleation of the AgNPs throughout the SINWs.

These porous structures are the origin of quantum confinement effects owing to their
small dimensions. SiNW arrays grown by MACE usually show these porous structures called
silicon nanocrystals.

Figure 5 displays XRD patterns of untreated Si wafer and SINWs. A unique sharp peak at 69° is
observed for both samples, which is indexed to a (400) silicon plane. However, the silicon nanowires
give a high peak intensity than that of Si wafer. This suggests high quality crystalline nanowires.
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Figure 5. XRD patterns of silicon nanowires and untreated Si wafer.
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On the other hand, no characteristic peaks of silver are observed in the XRD pattern which
confirms the completely removal of silver nanoparticles by nitric acid.
3.3. Photoluminescence Spectroscopy

The room temperature PL measurements of the as-synthesized samples were carried out in order
to study the etching time dependency on photoluminescence properties. The SINWSs PL spectra ranging
from 1.4 to 2.3 eV are shown in Figure 6.
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Figure 6. PL spectra of SiNWs synthesized at different etching times.

Broad PL emission bands were recorded with a maximum around 1.78 eV and a full width at
half maximum (FWHM) of 0.24 eV. Their shape is a gaussian and did not present any significant shift.
However, one can see a clear degradation in the PL intensity when increasing etching time.

The highest PL intensity was obtained for 20 and 40 min which are almost 26 times stronger
compared to the prolonged etching time. Therefrom, the opposite trend between the integrated PL
intensity and etching duration is plotted in Figure 7.
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Figure 7. Variation of integrated PL intensities versus etching duration.

To explain the origin of this PL emission, several mechanisms have been proposed including the
quantum confinement (QC) effects and the presence of defects in an SiOy/Si interface and/or in the
surface of the oxide related to the Si—-O-Si bonds [36,37]. However, the QC effects, which enhance the
radiative recombination of excitons, remain the most approved model which dictates that the crystallite
Si size should be less than the Bohr radius of the free exciton of bulk silicon [17]. In the present work,
the SINW diameters are within one hundred to a very few hundred of nanometers, these values are
much larger than the Bohr radius of excitons (5 nm) present in Si crystals. Taking into account the
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indirect band gap of SINWs and their large diameters, the observed visible PL is unlikely to originate
from the SiNWs and the origin of this light emission must be more complex. This is dissimilar to one
earlier report that attribute the visible PL to the radiative recombination at the SINWs itself [38]. On
the other hand, it is widely reported that the SINWs are decorated with self-grown silicon nanocrystals
whose dimensions are smaller than the exciton Bohr diameter in silicon. These SiNCs cause a robust
quantum confinement leading to the appearance of observed PL at room temperature [2-4,20]. In the
current study, the nanocrystal size resulted from the spectral position of the PL peak by using the
equation described below:

c
e
where E is PL peak position (eV), Eg is the band gap of ¢-Si (1.12 eV), d is the SiNC size (nm),
o and C are constants. Several works have reported different values of these constants from the
SiNWSs/NCs [19,39-41]. Comparison of SiNCs size values obtained by different parameters from earlier
reports of the literature is investigated and the evaluated NC-sizes are summarized in Table 1. One can
see clearly that all the estimated NCs diameter values are less than 5 nm and close to 2~4 nm regardless
of the formula used (Table 1). According to these below values, we can assert that in these samples, the
occurrence of QC in SiNCs is the origin of the recorded PL emission. Note that similar SiNCs size and
PL peak position have been recently carried out [2,3,41] due to the known dependence of a SiNC band
gap on its size.

E=Eg+ (10)

Table 1. Comparison of the SiNCs sizes value estimated from Equation (10) for different reports of
the literature.

Constants Valenta et al. [39] Yan et al. [40] Gonchar et al. [41] Bahera et al. [19]
C (eVnm™?) 2.49 4 3.73 24
o4 0.91 1.4 1.39 1.7
d (nm) 425 3.59 3.45 2.12

Interestingly, the compatibility between the samples (S1-S6) in terms of peak position, FWHM,
NCs size, and the variation of the PL intensity indicate that these latter derive from different size
distribution and densities of the inseparable set of SINWs-NCs. This is confirmed by the reduction of
SiNWs amount as seen above in the SEM images and more precisely by the reduction of the volume
filling ratio over etching time. These latter indicate that the monotonous decrease of the PL intensity
over etching duration is interpreted as restriction and diminution of excitation volume which in turn is
proportional to the amount of effective light-emitting crystallites [17,41,42].

Therefore, an appropriate geometry is required to ensure PL and our findings demonstrate that
shorter SiNWs are much more optically active. It is worth noting that the light emitted from the
SiNW arrays upon laser irradiation is visible to the naked eye and appears orange obviously for the
samples corresponding to 20 and 40 min etching time. This emission is attributed to the radiative
recombination of excitons in small SiNCs present in the nanowire sidewalls in terms of a QC model as
explained above.

3.4. FTIR Analysis

FTIR spectroscopy was used to study the surface composition of the as prepared SiNWs at different
etching durations. An untreated silicon substrate was utilized as background to the measurements and
the spectra were taken in absorption mode in the 400-4000 cm~! spectral range as shown in Figure 8.
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Figure 8. FTIR spectra of SiINWs obtained at different etching time.

All the spectra are closely similar with an increase in the absorbance bands intensity versus
increasing etching time or otherwise with increasing SiNWs length. The most intense broad peak
appears in the region between 1000-1300 cm ™! and is assigned to the Si-O-Si asymmetric stretching
(AS) vibrations. This observed signal can be classified into a strong band at 1080 cm™~! attributed to
AS; vibration mode and a shoulder at 1200 cm™! related to AS, vibration mode. AS; results from the
motion of the adjacent oxygen atoms moving in phase with one another while at AS, the oxygen atoms
move 180° out of phase with one another. The appearance of this shoulder is a feature of the IR spectra
of SiOy material where x value equals to one or higher [43].

These Si-O-5i bonding, introduced during the electrochemical etching, were found to be more
popular with increasing etching time. Hence, Figure 9 presents the evolution of peaks intensity of
dominant bands existing in the spectra.
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Figure 9. Evolution of peaks intensity of dominant FTIR bands versus etching time.

This increase of intensities indicates the continuity of chemical etching even during extended
durations and then the formation of Si-O radicals becomes consistent when rising the immersion
duration in HF/H,O,. Here, it involves that the charge transfer faces some difficulty in order to establish
an electrical equilibrium leading to a decay in etching rate [44]. This behavior is in accordance with PL
results and hence we could say that PL deterioration in higher etching time is related to the change
in the distribution and density of the inseparable set of SINWs-NCs owing to this etching rate decay
leading to a restriction of excitation volume and therefore reduction of luminescent crystallites” density.

The broad peak at 465cm ™! was related to Si-O-Si, while the broad band within 3000-3700 cm ™! is
attributed to the stretching of the O—H bonds in SiOH groups and surface adsorbed H,O. Whereas the
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narrow band at 3747 cm™!, is attributed to the stretching mode of surface free OH groups. The weak IR
absorption peaks situated at around 900, 2125, and 2258 cm™~! corresponds to Si-H bending vibrations,
Si-Hy bonds and to Si-H stretching mode in O3-SiH, respectively. Finally, the tiny absorption band
barely detectable at 1630 cm™ is attributed to C—O bonds which mainly came from the SiNWs surface
contamination from environment and can hardly be avoided [2,21,28,43]. We notice that the surface
states assigned to Si—O and Si—H chemical bonds are popular in all samples.

3.5. Reflectance Analysis

Figure 10 shows the reflectance spectra of the untreated Si wafer and the synthesized SiNWs with
various heights over the wavelength range of 250-700 nm which covers the main spectral irradiance of
sunlight that is useful for Si solar cells.
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Figure 10. Reflectance spectra of SINWs with various lengths etched during different times and
corresponding Si wafer. The inset displays images of Si wafer and SINWs.

When compared to the untreated bulk Si, all the etched samples show a significant lower reflectivity
which is consistent with the colour changes from metallic grey to dark black as shown in the inset.
The average reflectance for bulk Si is about 50%~90% in the UV-visible range while it reaches less than
15% for all the etched samples. Hence, such nanowires reduce reflection losses and further enhance the
carrier collection which is extremely beneficial for developing high efficiency solar cells requiring good
antireflective properties.

The sharp suppression in the reflectance is ascribed to three important factors: (i) The gradual
variation towards the refractive index from air (n ~ 1) to SINWs and to Si substrate (n ~ 3.42), (ii) the
tapered morphology of silicon wires leading to light trapping due to the multiple reflections back
and forth in the inner surface and (iii) the sub-wavelength structures for additional light trapping
within the NWs [17,33,45]. The observed peaks of Si wafer at 275 and 367 nm come from the inter-band
transitions of Si [32,45]. In addition, as readily seen in the figure, all the reflectance values of SINW
arrays with various lengths are almost close and low (9-15%) owing to the tapered NWs structure.
The slightly higher reflectance observed for prolonged etching time is attributed to the coalescence of
NWs at the apex and bundles formation as shown above in SEM images [33,45].

3.6. -V Measurements

Electrical properties of SiNWs samples with various lengths of nanowires are studied through
measurement of current-voltage (I-V) characteristics at room temperature and in the dark. First,
Schottky contact was formed between metal and semiconductors (Al/Si and Ag/SiNWs). The I-V
measurements of Ag/SiINWs/Si/Al structure from —4 to 4 V are depicted in Figure 11.
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Figure 11. Curves of the as-prepared heterojunction based on SiNWs synthesised at various etching
times. The inset displays a schematic illustration of Ag/SiNWs/Si/Al device.

All the curves corresponding to NWs show a diode-like nature with an obvious rectifying
behaviour. Interestingly, the junctions based on these SINWs etched at different etching time display
considerably the same properties at different areas on the junction. This latter observation highlights
the uniformity of the junctions and could be supported by the distribution of a uniform large area of
SiNWs on the whole wafers as shown above in the SEM images. On the other hand, the fabrication of
other devices with maintaining the same conditions pointed out an electrical reproducibility property
of the junctions. One can note that SINWs fabrication with good uniformity/reproducibility are a MACE
feature [4,34]. It is worth noting that the observed rectifying behaviour of these SiNWs is similarly
shown in the literature for porous silicon [42,46-48]. Importantly, the nonlinear I-V characteristics and
the rectifying event are mainly controlled by the SINW layers and ascribed to Ag/SiNWs:p-Si since the
Si/Al interface was proved to be ohmic [47,48]. The electron flow into the SINW layers from Ag and
recombine with holes, leaving negatively charged electrons in SINWs which leads to the N-type role of
SiNWs with respect to Si. Thus, the formed depletion layer causes the rectifying behaviour. Another
reason is that the quantum confinement coming from the SiNCs in the SINWs increases the band gap
in the SINWs side which creates a potential barrier leading to the diodic behaviour [49,50]. It is clear to
notice from the I-V curves the increase of rectification extent (current intensity) in the forward bias
with etching time or in other words with SiNWs’ length until reaching a threshold time (length) which
corresponds to 60 min (*12 um), then the current intensity decreases. Therefore, we can assume that
the electrical transport properties of the device are governed by SiNWs’ contribution. The current
decrease for samples with higher etching times is attributed to the increase of SiNWs length. The wires,
acting as carries trapped, will increase and form a high resistive region which lead to the decrease of
the current flowing through the SINW layers.

Therefore, a well-defined moderate length of SINWs is required to ensure better electrical
properties. Electrical parameters of the device are obtained using the conventional thermionic emission

model (TE) as expressed:
-1 q(v—IRy) 1 1
= L{exp| T a1

where q is the electronic charge, 1 is the ideality factor, Rs is the series resistance, k is the Boltzmann
constant, T is the absolute temperature, and I is the reverse saturation current given by:

I, = aA"T? exp( —1% )

KT (12)
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Herein, a is the diode area, A* is Richardson constant (%32 A cm~2 K~! for p-type Si) and ¢y, is
barrier height. As eV >> nKT at room temperature, Equation (11) can be rewritten as:

qV
I =Isexpl m (13)

The ideality factor n was estimated from the slope of the linear region of the plot of In(I) vs. V
(Figure 12) based on Equation (13). The saturation current was derived by extrapolating In(I) vs. V
plot to V = 0 while ¢}, was calculated through Equation (12).
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Figure 12. Logarithm of forward current versus voltage (Ln (I) vs. V) curves of SiNWs synthesized at
different etching times.
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In order to have more accurate ideality factor values owing to the non-linear part of In(I) vs. V
plots and to determine the series resistance (Rs), the Cheung’s functions were utilized [51,52]. Thus,

dv kT

——=Rl 14
A + (14)
Figure 13 presents the experimental % vs. I plots, the Rs and n were determined as the slope

and y axis intercept, respectively.

The deduced values of Is, 11, @, and R for samples S1-56 are summarized in Table 2 and show
a notable dependence of SiINWs’ length. According to the formula in Equation (11), high I require
high Is and small 1 and Rs. The ideality factor values estimated from Cheung’s functions are nearly
matched with I-V method values. These relatively high values could be attributed to series resistance,
barrier inhomogeneities, interfacial defects, or existence of an oxide layer spontaneously produced
during the synthesis [51,52]. These latter give sense to the deviation from ideality and n deterioration
especially for higher etching times. A similar trend is noticed for barrier height. The results point out
that the electrical parameters depend upon the thicknesses of SINWs and the use of shorter SINWs
not exceeding 12 pum (corresponding to 40 min etching time) can result in better electrical properties.
One can note that these 1 values are lower compared to those reported on porous silicon [47]. This
is suggested to be related to the unique properties of SiNWs compared to PS which is promising for
optoelectronic devices application.
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Figure 13. Plots of dV/d(Lnl) vs. I of SINWs samples (51-S6).

Table 2. Various electrical parameters determined by conventional TE and Cheung’s model.

Ln (I) vs. V (TE model) Cheung's
Functions
Etching Time Is (LA) n PpeV) Rs (k) n

20 min 0.211 591 0.806 93.65 3.65
40 min 0.495 5.31 0.790 32.10 3.56
60 min 0.695 4.38 0.771 25.06 2.60
80 min 0.566 6.17 0.768 41.75 3.10
100 min 0.239 6.05 0.801 86.33 4.08
120 min 0.224 6.41 0.804 33.01 453
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4. Conclusions

In summary, optically and electrically-active SiNWs with strong PL emission, remarkable
antireflections properties, and interesting electrical properties are successfully synthesized via 2-MACE
method. First, an expanded explanation of the fabrication process is reported and then a systematic
study is presented to visualize the effect of varying etching times on morphological, structural, optical,
and electrical properties of SiNWs. The NWs length was increased by increasing etching time with
a rate about 152 nm/min, whereas the wires filling ratio decreased. An analytical model is utilized
to calculate the sizes of the self-grown silicon nanocrystallites which are the origin of the observed
photoluminescence emission. FTIR spectroscopy supports PL results and confirms that the PL intensity
degradation for expanded durations is owing to the restriction of excitation volume and therefore
reduction of luminescent SiNCs. Therefore, appropriate SINWs in terms of length and geometry
is strongly required to ensure good PL. When compared to the silicon wafer, the formed SiNWs
demonstrate a strong decrease of the reflectance to 9-15%. This strong reduction of reflectance certifies
that SiINWs are an excellent candidate for photovoltaic cells. I-V characteristics revealed that the
rectifying behaviour of the uniform-reproducible junctions and the diode parameters (Is, n, @p, and
Rs) calculated from conventional thermionic emission and Cheung’s model are found to depend
significantly on the geometry of SINWs. In brief, we deduce that etching time or otherwise SINWs’
length plays a key role on optical and electrical properties of SINWs. Hence, judicious optimisation
of these latter parameters is robustly required for better SiNWs’ physical properties. Our findings
demonstrate that shorter SINWs are much more optically and electrically effective which pave the way
for its application in the field of optoelectronic devices and solar cells.
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