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The spacer layer is a key component of fully printable mesoscopic perovskite solar cells, but its precise
characteristics are far from being understood in relation to the device design. In the present work, we
perform a detailed systematic study on the effects of spacer parameters, such as size of building blocks,
layer thickness, etc., on properties of the perovskite filler, insulating ability and performance of fully

printable mesoscopic perovskite solar cells by combining the techniques of time-resolved
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and J-V characteristics. Drawing on the deep understanding from these studies, we formulate key
DOI: 10.1039/c9ra05357¢ principles, which are anticipated to guide the design of the advanced spacer layer for fully printable
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Lead halide perovskite (PVSK) as a promising semiconducting
material has been introduced as a light harvesting semi-
conductor because of its ease of fabrication and excellent
physical properties, such as tunable bandgap, strong absor-
bance, long carrier diffusion length and shallow intrinsic trap
state level.' Extremely flat and compact perovskite thin film
with large crystal size has gained particular attention to boost
power conversion efficiency (PCE) by sequential deposition
method, vapor deposition, solvent-annealing, solvent engi-
neering, hot-casting method, intramolecular exchange
methods, and additive, etc.'**® Benefiting from rapid improve-
ments in formation of high quality perovskite thin film,
a certified PCE of 25.2% has been achieved.” However, illumi-
nation stability in real environment still remains a serious
challenge due to the inherent moisture and UV sensitivity of
perovskite. Moreover, using expensive and rare metals as back
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contact, such as gold and silver, may limit large-scale produc-
tion in the future. As the competing architecture of perovskite
solar cells, TiO,/spacer/carbon (abbreviated as TSC) films based
fully printable mesoscopic perovskite solar cells (FP-MPSC)
have attracted a lot of researchers due to their low cost and
printable large-scale production process.'®" In this type of solar
cell, carbon can efficiently collect hole from perovskite layer
even without any other hole transporting materials.”*** Most
importantly, FP-MPSC could work with excellent illumination
stability and heat-stress stability by filling TSC films with (5-
AVA),MA, ,Pbl; (5-AVA = 5-aminovaleric acid, MA = methyl-
ammonium), although the efficiency of 12.8% is still far behind
from the most efficient solar cell.******

Spacer, as an important part of FP-MPSC, plays a crucial role
in obtaining high performance device. Basically, the spacer
layer mainly burdens triple important tasks in the efficient
mesoscopic perovskite solar cells. Firstly, the core function of
spacer is to separate anode and cathode and to prevent elec-
trons in TiO, from transporting directly to carbon electrode.
The separating property of spacer depends on spacer particle
sizes, morphology, materials, etc. This requires that spacer layer
has no cracking and has wide bandgap. Secondly, the perovskite
confined in the mesopores of spacer layer can absorb photons
transmitted through perovskite/TiO, composite layer and have
contribution to photocurrents. Thirdly, the holes produced in
the perovskite/TiO, composite layer have to go through
perovskite/spacer composite layer to reach carbon electrode.
And the electrons produced in the perovskite/spacer composite
layer have to go through perovskite/spacer composite layer to
reach TiO, electrode. Because spacer layer has these important
functions, some research on spacer layer have been carried out.

This journal is © The Royal Society of Chemistry 2019
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Recently, Al,O; or ZrO, spacer layer was compared with respect
to their pore size.*® However, conclusion of the effect of pore
size in two different materials was incomplete. The effect of
spacer layer thickness was simply discussed both in monolithic
dye-sensitized solar cells and FP-MPSC.?>*® The morphology of
spacer layer was also improved to increase PCE of FP-MPSC.*”
Although these researches made some progress, there are no
clear standards that what should an ideal spacer layer satisfy.
Therefore, it is urgent to carry out detailed study on how the
parameters of spacer affect the above functions and perfor-
mance of mesoscopic printable perovskite solar cells.

In the present study, the effects of size of building blocks of
spacer layer, thickness of spacer layer on property of perovskite
crystals, insulating property, and performance of mesoscopic
perovskite solar cells were investigated in details. Based on
these deep understandings, critical principles to design
advanced spacer layer are proposed.

Zr0O, is used as spacer material due to its large band gap and
high conduction band energy level. There are five different sizes
of spacer building blocks in this study. The average particle
sizes of spacer are measured to be about 5 nm, 10 nm, 20 nm,
60 nm and 100 nm, respectively, and hereafter referred to as S5,
$10, S20, S60, S100 spacer, respectively. SEM images of as-
prepared spacer films using these building blocks are shown
in Fig. 1. X-ray diffraction patterns of spacer film with different
particle sizes are presented in Fig. 1f, indicating that the five
spacer films were all tetragonal crystal phase as majority phase.
From Scherrer equation, the crystal sizes of spacer building
blocks were calculated to be about 5 nm, 10 nm, 20 nm, 30 nm,
30 nm, respectively. These results indicated that the S60 and
S100 particles are consisted of 30 nm sized crystal ZrO,. Fig. 1
presents that there is a large difference in surface morphology
with particle size increasing. There are cracks in S5 and S10
spacer films and micrometer scale pores exist in the S100
spacer, while the surface of S20 and S60 are very uniform
without defects.

During solvent evaporation of perovskite precursor, perov-
skite crystal growth is restricted by randomly interconnected
mesopores of spacer film, leading to nanoscale crystal size and
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20()

Fig.1 SEM images of spacer films with particle size of 5 nm (a), 10 nm

(b), 20 nm (c), 60 nm (d) and 100 nm (e), respectively. (f) XRD patterns
of spacer film with different building block sizes.
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random crystal orientation, as observed by high resolution
transmission electron microscope (Fig. 2a), in which clear
crystal lattices of perovskite crystals can be distinguished from
spacer particles. Meanwhile, the mesopores of spacer film is
fulfilled with perovskite materials, providing continuous chan-
nels for charge carriers. The crystal size of perovskite material in
spacer film is strongly influenced by mesopore size of spacer
layer, as seen in XRD intensity of perovskite at 26 of about 14.2°
(Fig. 2b). There is an apparent trend that the intensity increased
with increasing the particle size of spacer film. As a reference,
perovskite was also deposited on bare glass, which exhibited the
best crystallinity. The calculated sizes of perovskite from XRD
spectra are 4.3 nm, 3.9 nm, 6.2 nm, 11.5 nm, and 12.6 nm,
respectively, for the S5, S10, S20, S60, and S100 spacer layer.
Apparently, the sizes of perovskite crystals confined in the
spacer layer are smaller than the average pore sizes of spacer
layer measured by N, absorption/desorption isotherms (Table
S1t). The high-resolution TEM image also gives consistent
results. For example, the sizes of perovskite crystals confined in
the S20 spacer layer are between 8.4 nm to 12.7 nm measured in
the TEM image (Fig. 2a). The infiltrated perovskite started to
nucleate onto the heterogeneous surface of spacer building
blocks with high surface area, resulting to multiple nucleation
centers and small crystal size. In order to evaluate the effect of
spacer particle size on physiochemical properties of perovskite,
the band-edge emission spectra of perovskite/spacer composite
film were measured in Fig. 2c. The band-edge emission spec-
trum of perovskite deposited on bare glass peaked at 762 nm
(with photon energy of 1.627 eV). As the particle size of spacer
film decreased, a blue shift of the band-edge photo-
luminescence occurred, and linewidth broadened. The peak
position of perovskite emission spectra can be tuned in the
range of 33 nm through varying the pore size of spacer film. The
increase of emission line width at grain boundaries can be
attributed to disorder and defects of perovskite,'*** which also
led to the decrease of lifetime in time-resolved PL (Fig. 2d).
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Fig. 2 (a) High resolution transmission electron microscope image of

perovskite/S20 spacer film composite. (b) XRD of perovskite/spacer
film composite. (c) Steady PL emission spectra and (d) time-resolved
PL of perovskite/spacer film composite.
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Perovskite film grown on glass has the lifetime of 141.9 ns.
However, perovskite grown in spacer film decreased to 0.5 ns,
8.4 ns, 24.1 ns, 37.2 ns, 53.7 ns, for S5, S10, S20, S60, S100,
respectively.

The particle size of spacer also has large effect on insulating
ability of spacer films with the same thickness. FTO/spacer/
carbon configuration was designed to measure the insulating
ability of spacer layers. In ideal conditions, the resistance
between carbon and FTO, defined as insulating resistance (&),
should be infinite, indicating that there is not any leakage
current from ideal insulating spacer. However, all of the
measured resistance has finite values, summarized in Table 1,
from 300 Q to 1.5 kQ. There are clear trends of insulating
resistance with particle sizes of spacer. The S100 spacer film has
lowest insulating resistance, indicating the poorest insulating
ability. It was found that the S100 spacer film was very loosely
packed even after sintering at 500 degrees for one hour. The
sintered S100 spacer film could be easily peeled off from
substrate using 3M Scotch tape. In contrast, S5 and S10 spacer
films were much more robust than other spacer films to be
peeled off from the substrate after sintering at 400 degrees for
one hour. This difference in spacer film about peeling strength
was resulted from sintering energetics and was originated from
quantum size effect dominated by surface to bulk atom ratio of
spacer building block nanocrystals.?**

Fig. 3a is the scheme showing the layout of FP-MPSC. The
influence of the size of spacer layer building block on the
photocurrent density-voltage (/-V) curves of the (5-AVA),-
MA, _,PbI; perovskite devices without and with spacer layer was
evaluated in Fig. 3b and photovoltaic parameters are summa-
rized in Table 1. FP-MPSC without spacer was studied as the
reference device. The device without spacer film has a relatively
low efficiency of 6.52%, featuring very low open-circuit voltage
(Voc) of 605 mV, which is consistent with previous result for the
devices using two-step method deposited MAPbI; perovskite.”®
The Vo increased significantly from 605 mV to above 808 mV,
when the device added spacer layers. The device with S100
spacer, which had best crystallinity and longest photo-
luminescence lifetime, is expected to have excellent perfor-
mance. But S100 spacer has relatively low V¢ of 808 mV and low
PCE of 10.10%. This is resulted from poorest insulating ability
of S100 spacer among these spacer films. Balancing from pho-
toluminescence property of perovskite confined in spacer layer
and insulating property of spacer layer, 20 nm-sized S20 spacer
film had the best performance with efficiency of 11.86%. It is
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Fig. 3 (a) Scheme showing the layout of FP-MPSC. (b) J-V curves of
devices based on spacer film with different building block sizes.

common sense that devices with large perovskite crystal size
with low trap density can approach Vo to the limit of theoret-
ical value.*** The blue shift of the band-edge photo-
luminescence and decreased lifetime of perovskite in spacer
film may explain the relatively low Vo (less than 1.0 V) relative
to conventional planar perovskite solar cells (Vo was more than
1.1 V) in which the size of perovskite crystal was larger than
500 nm. Spacer film with large pore size and excellent insulating
property are expected to further improve V¢ of FP-MPSC. The
observed quantum size effect of perovskite nanocrystals
confined in spacer mesopores in some extents results from
templating effect of spacer nanoparticles and unmatched
crystal lattices. Matched crystal lattices may mitigate the
quantum size effect by heteroepitaxy via reduced nucleation
density.**

The effect of thickness of spacer film on mesoscopic perov-
skite solar cells was briefly discussed in our previous study.>***
Here, detailed study from the points of insulating ability and
impedance was carried out to clarify the mechanism on how
spacer film affects the performance of FP-MPSC.

All photovoltaic parameters depended on the thickness of
spacer film (Fig. 4a). Dark current (Fig. 4b) is suppressed by
increasing thickness of spacer film, which is in good agreement
with that Ve reached maximum value and remained stable
when thickness is above 2.64 pm. The V¢ has coincident trends
with insulating resistance in Fig. 4c. Therefore, Voc has strong
relationship with insulating ability of spacer film when other
conditions are the same. Jgc reached maximum value and
remained stable when thickness is above 3.31 um by harvesting
more photons. Jsc decreased with over 5 pm-thick spacer layer
resulted from recombination. PCE reached maximum value
when thickness is about 4.84 um. The device without spacer
film has poorest Vpc, so there is a need to avoid the damage of
spacer film when screen printing of carbon film onto spacer

Table 1 Photovoltaic parameters of mesoscopic perovskite solar cells based on spacer with different building block sizes

Spacer Lifetime (ns) R, (Q) Jsc (mA cm™2) Voc (mV) FF (%) PCE (%)
No spacer — 30 16.21 605 66 6.52
S5 0.5 1500 16.06 871 67 9.42
S10 8.4 970 18.26 908 71 11.77
520 24.1 960 19.10 871 71 11.86
S60 37.2 800 18.19 865 70 11.08
S$100 53.7 300 18.62 808 67 10.10
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Fig. 4 (a) Photovoltaic parameters dependence on thickness of S20
spacer film. (b) Dark current of FP-MPSC based on different thickness
of spacer film. (c) Insulating resistance (R)) of spacer film with different
thickness.

film. The dependence of Jsc on thickness of spacer film and
different trends between Jsc and V¢ indicate that perovskite
confined in spacer film can generate charge carriers, playing
similar role of perovskite capping layer in conventional
mesoporous/planar bilayer perovskite solar cells. The fill factor
(FF) was not linearly decreased when thickness of spacer film
was increased, although the transporting distance of charge
carriers was increased. This result was different from dye-
sensitized solar cells, where FF was linearly decreased when
thickness of spacer film was increased.>®

To further elucidate the relation between thickness of the
spacer film and the photovoltaic performance, impedance
spectra (IS) were measured. Before analyzing the spectra,
physical process correlated to each semicircle should be iden-
tified qualitatively. Up to now, IS analysis on fully printable
mesoscopic perovskite solar cells simply applied existing
models of dye-sensitized solar cells or planar perovskite solar
cells. To assure reliability, IS are analyzed by varying thickness
of spacer film, with or without meso-TiO, to assign high
frequency and low frequency semicircles. The photographs of
devices used to measure the IS are shown in Fig. S1 and S2.7 The
typical Nyquist plot and Bode plot of the FP-MPSC device with
different spacer film thickness measured at 0.3 V, under weak
illumination was plotted in Fig. 5. The full IS can be found in
Fig. S3 and S4, in the ESI.} The IS in high frequency part was
modelled with one resistance paralleling with one constant
phase element and adding another series resistance, as depic-
ted in Fig. S5.f The fitting resistance and capacitance was

30{(a)

0 10 20 30
2100 (Q)

21100 (Q)

Frequency (Hz)

Fig. 5 Nyquist plot (a and b) and Bode plot (c) of the FP-MPSC device
with different spacer film thickness measured at 0.3 V, under weak
illumination (0.1 sun).
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normalized with active area, as presented in Fig. 6. Under weak
light (0.1 sun), series resistances (R;) are almost between 10-15
Q cm?®, remaining constant in the whole bias voltage range
while high frequency resistances (Rperovskite) increased clearly
with increasing thickness of spacer film and associating
capacitance decreased with increasing thickness of spacer film.
The change in high frequency semicircle is not related to
carbon/perovskite interface because the contact of carbon/
perovskite interface was unchanged. Therefore, the change in
high frequency semicircle is originated from thickness varying
of spacer film. Integrating the above features, it is concluded
that low frequency semicircle is related to TiO,/perovskite
interface, which is in good agreement with the usual under-
standing that charge carrier recombination in TiO,/perovskite
interface is slow process, and high frequency semicircle is
related to both perovskite confined in spacer film and carbon/
perovskite interface. This was consistent with other
researcher's results in which one extra feature related to
perovskite was observed from high to intermediate frequency.*®
The new feature leads to abrupt decrease of phase value of
constant phase element below 0.4 V, as can be clearly seen in
Fig. 6d. The new feature is also clear in the Nyquist plot and
Bode plot in Fig. 5b and c, where two RC circuit components
merge at high frequency (10*-10°> Hz). One simple model to
interpreting this new feature is to consider the perovskite/
spacer composite layer as a standard parallel plate capacitor,
and the capacitance can be written as eqn (1).

C = geSld (1)

where ¢, is vacuum dielectric constant, ¢ is relative dielectric
constant of perovskite, S is the active area of device, and d is the
thickness of spacer layer. Because the spacer layer is wide
bandgap materials, there is little charge in the spacer itself. The
charge transport is mainly from perovskite confined in the
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Fig. 6 Parameters obtained from high frequency (~102-10° Hz)
semicircle IS analysis of the FP-MPSC device with different spacer film
thickness measured at between 1.1V and 0 V, under weak illumination
(0.1 sun). (a) Series resistance. (b) Resistance related to perovskite. (c)
Capacitance related to perovskite and (d) associated constant phase
value.

RSC Adv., 2019, 9, 29840-29846 | 29843



RSC Advances

spacer layer. The normalized capacitance with active area will
be reciprocal of d, which is in good consistent with the trend of
fitting capacitance (Rperovskite, i Fig. 6¢). Based on the above
results, it can be concluded that the extra feature in high to
intermediate frequency is resulting from charge transport of
perovskite confined in the spacer layer. This conclusion is very
consistent with the analysis of the geometrical capacitance of
the perovskite layer in the planar perovskite solar cells.*” The
thick spacer layer of over 2.5 pym with enough insulating ability
would definitely increase the charge carrier transport length
through the spacer layer and cause severe recombination
considering the relatively smaller perovskite nanocrystals.
Combining the analysis about the effect of building block
size and thickness of spacer layer, the bottlenecks of current
spacer layer and infiltrated perovskite are summarized in left
picture of Fig. 7. Perovskite layer embedded in mesoporous
matrix of spacer layer are usually composed of crystals with size
of tens of nanometers. Although observed quantum size effect
may have useful application in LED or other optoelectronic
fields, the limited charge transport ability in quantum dots is
detrimental for achieving high PCE in photovoltaic device due
to serious charge carrier recombination. Moreover, the thick-
ness of spacer layer has to be several micrometers to insure
enough insulating ability, which further hinders the charge
transport to charge carrier selective layer. These two unfavor-
able factors decrease the potentially achievable PCE. It has been
proved that grain boundaries are not beneficial for attaining
high performance perovskite solar cells.* Monolayer perovskite
crystals in vertical direction are usually deposited on charge-
selective layer in order to reduce recombination near grain
boundary. According to the absorption coefficient of MAPbI;
perovskite, 1 um thick MAPbI; perovskite layer can absorb over
95% incident light at wavelength of 750 nm."* Fixing the
porosity of spacer layer to be 40%, 2.5 pm thick spacer layer has
equivalent 1 pm thickness of perovskite layer. Considering that
the size of perovskite crystals is less than 100 nm, the ratio of
length of spacer thickness to size of perovskite crystals is over
25, which means that charge generated in spacer/perovskite
layer has encountered at least 25 grain boundaries before
reaching charge selective layer. To overcome these issues, the
ideal features of spacer layer and infiltrated perovskite are
illustrated in right picture of Fig. 7. Porous single-crystal
perovskite models grown in matrix of porous spacer template

M Infiltrated PVSK Ideal spacer layer

Current spacer layer

Carbon/PVSK

Spacer layer:

‘ l; of
Wed ol (eI Infiltrated PVSK :

' Randomly small crystal size ;
' Too many grain boundaries;
| Moderate charge carrier lifetime.

TiO,/PVSK

Fig. 7 lllustration to show problems of current spacer layer and
infiltrated perovskite, and proposed features of ideal spacer layer and
infiltrated perovskite.
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with 2D arrays or 3D of structured films are more favorable for
achieving high PCE.*® Perovskite nanorod has high mobility due
to confined charge transport. It is known in the zeolite field that
meso-crystal materials can grow from one ordered template,
which needs controlled template-precursor interaction.**™** In
fact, porous single crystal MAPbI; has been realized via additive
in perovskite precursor solution.** Some favorable phenomena
has been also observed in investigating the crystallization of
perovskite in mesopores of TSC films. For example, the crystal
growth with preferential orientation was realized via moisture-
induced crystallization process in the NH,Cl-PVSK complex.*
Even the perovskite crystal growth was significantly templated
by scaffold, pronounced positive effect was occurred in photo-
voltaic performance. Therefore, exploring methods to grow
mesoporous single-crystal perovskite with less grain boundaries
and higher mobility in ordered spacer layer would further
promote PCE of FP-MPSC device.

Another issue to overcome is the unideal insulating ability of
spacer film. The melting point of ZrO, is about 2700 degrees.
Sub-micrometer to nanometer ZrO, is usually used to decrease
the sintering temperature below 1000 degrees in the ceramic
field.** The particle size of ZrO, has to be small enough to be
sintered at allowed temperatures (the FTO glass will soften
when T > 550 degrees).** The insulating ability is mainly asso-
ciated with porosity and interparticle connection. The porosity
is similar for all particle size. The different insulating ability
arises mainly from interparticle connection. To improve insu-
lating ability, low-melting point wide bandgap nanomaterials is
preferred as building blocks. Aluminum oxide, silica, or ternary
oxides may provide better choice as spacer building blocks.*
Recently, by depositing a thin layer of Al,O; onto surface of
mesoporous TiO, before printing spacer layer, the ZrO, thick-
ness was reduced from 3 pm to 1.2 pm while retaining
comparable device performance.*

Conclusions

In this work, we have studied the effects of size of spacer
building blocks, spacer thickness on optoelectronic property of
perovskite, insulating property, and performance of FP-MPSC in
details. The time-resolved PL and the band-edge emission
spectrum of perovskite depends greatly on particle size of
spacer building blocks. It was also found that the open-circuit
voltage has clear relationship with insulating ability of spacer
layer through varying spacer layer thickness in a large range.
The charge transport feature in spacer layer is discussed with
impedance spectra. Based on these deep understandings, it was
proposed that advanced spacer film features pore size larger
than 100 nm, high porosity and simultaneously ideal insulating
ability with film thickness as thin as possible. Reasonable
routes to realize ideal spacer layer are also proposed. The results
will promote spacer improvement of FP-MPSC in the near
future.
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