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Recent advances in the development of perovskite solar cells based on CHzNHzPbls have produced devices
with power conversion efficiencies of >15%. While initial work in this area assumed that the perovskite-
based cells required a mesoporous TiO, support, many recent reports have instead focused on the
development of planar heterojunction structures. A better understanding of how both cell architecture
and various design parameters (e.g., perovskite thickness and morphology) affect cell performance is
needed. Here, we report the fabrication of perovskite solar cells based on a ZnO nanoparticle electron
transport layer, CHsNHsPbls light absorber, and poly(3-hexylthiophene) (P3HT) hole transport layer. We
show that vapor-phase deposition of the Pbl, precursor film produces devices with performances
equivalent to those prepared using entirely solution-based techniques, but with very precise control over
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Accepted 18th October 2014 the thickness and morphology of the CHzNHzPbls layer. Optimization of the layer thickness yielded

devices with efficiencies of up to 11.3%. The results further demonstrate that a delicate balance between
DOI: 10.1035/c4ta02637¢ light absorption and carrier transport is required in these planar heterojunction devices, with the thickest

www.rsc.org/MaterialsA perovskite films producing only very low power conversion efficiencies.
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1. Introduction

Perovskite-structured organometal halides (such as CH3;NH;-
Pbl;) have recently revolutionized the field of organic-inorganic
hybrid solar cells.** Their excellent optical and electronic
properties, such as strong absorption bands that span the
visible region®® and long charge carrier diffusion lengths,**°
make them ideal light absorbers in photovoltaic devices. In the
past 5 years, the power conversion efficiency (PCE) of perovskite
solar cells has increased dramatically — from less than 4% in
20009 (ref. 11) to over 15% today,">™® and estimates suggest that
PCE:s of over 20% are possible.® Generally, these perovskite solar
cells have been based on two different device architectures: (i)
mesoscopic designs, and (ii) planar heterojunctions.> Meso-
scopic designs evolved from the traditional dye-sensitized solar
cell (DSSC) structure, where the perovskite film is supported by
an underlying mesoporous matrix of metal oxide nanoparticles.
Since pioneering work by Kojima et al. in 2009," where cells
based on CH;NH;PbI; were shown to have PCEs of up to 3.8%,
the performances of mesoscopic perovskite solar cells have
improved rapidly. Optimization of the thickness of the
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mesoporous TiO, layer and a post-annealing treatment
improved PCEs to 6.5%,'” and the adoption of 2,2/,7,7’-tetrakis-
(N,N-di-p-methoxyphenylamine)-9,9’-spiro-bifluorene  (spiro-
OMEeTAD) as a solid-state hole transfer material pushed PCEs to
nearly 10%.'® More recently, Snaith and coworkers demon-
strated that charge injection into the mesoporous matrix is not
a prerequisite for high power conversion efficiency; PCEs of
>10% were obtained when the n-type TiO, scaffold was replaced
with an insulating Al,O; analogue.” While numerous other
notable examples of mesoscopic perovskite solar cells have
been reported,?*>® the most efficient devices (PCEs of = 15%)
were achieved when either a two-step deposition method was
used to prepare the perovskite material inside the TiO, matrix,*?
or modified TiO, layers were used as the electron selective
contact.'>*¢

While many of the perovskite solar cells reported to date
have successfully adopted the mesoscopic design, the high
temperatures associated with sintering a TiO, mesoporous
framework (>400 °C) have spurred the development of alterna-
tive cell architectures. Several examples of perovskite solar cells
with a planar heterojunction structure have now been repor-
ted,"**'*” with highly encouraging results. While initial reports
of cells based on a CH3NH;3PbI;/Cs, planar heterojunction
showed relatively modest efficiencies of 3.9%,*" organolead
halide perovskite/fullerene heterojunctions have since achieved
PCEs of up to 12%.?*** Recently, vapor-phase deposition tech-
niques have also been used to prepare perovskite solar cells with
the structure ITO/TiO,/CH3;NH;PbI; ,Cl,/spiro-OMeTAD/Ag,

J. Mater. Chem. A, 2014, 2, 19873-19881 | 19873


http://crossmark.crossref.org/dialog/?doi=10.1039/c4ta02637c&domain=pdf&date_stamp=2014-10-31
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c4ta02637c
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA002046

Open Access Article. Published on 20 October 2014. Downloaded on 2/26/2026 12:48:15 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

and displayed PCEs of up to 15.4%." Our recent work has also
shown that planar heterojunction devices can be fabricated by
the same two-step deposition procedure used by Burschka
et al.,” producing efficiencies of up to 15.7% on rigid
substrates, and 10.2% on flexible supports.** These devices are
based on an ITO/ZnO/CH;NH;Pbl;/spiro-OMeTAD/Ag struc-
ture, and are produced using solution-phase deposition tech-
niques carried out at room temperature. The simplicity of the
cell design and fabrication, when combined with their high
performance and compatibility with flexible substrates, makes
planar heterojunction perovskite solar cells a promising alter-
native to the original mesoscopic design.

One of the key variables in the fabrication of such devices is
the thickness of the light harvesting perovskite layer. If the
perovskite film is very thin, then the number of photons
absorbed is low, resulting in low photocurrents; however, if very
thick perovskite films are used, then the efficiency of charge
carrier extraction is low, and recombination becomes prob-
lematic. Mesoscopic cells that use TiO, photoanodes partially
circumvent this issue by providing a large CH;NH;PbI;/TiO,
interfacial surface area; electrons are therefore extracted from
the perovskite throughout the entire thickness of the light
harvesting layer. Previous studies have shown that the PCE of
devices of this type show a relatively weak dependence on
perovskite layer thickness, with optimized photoanode thick-
nesses of ca. 650 nm.” In planar heterojunction devices, the
situation becomes more complex. Recent work has shown that
film thicknesses of 400-800 nm can be used to successfully
prepare high-performance devices based on CH;NH;PbI;_,Cl,
in both conventional”®*® and inverted** architectures. The
very long charge carrier diffusion lengths observed for
CH;3;NH;3PbI;_,Cl, (ca. 1000 nm)” mean that film thicknesses
comparable to those of mesoscopic devices can be used. This is
not the case for the parent CH;NH;PbI; material, where the
carrier diffusion lengths are an order of magnitude lower.”®
Previous reports of planar heterojunction cells based on
CH;NH;PbI; have utilized perovskite layer thicknesses of only
100-350 nm,”****73* gubstantially thinner than those used in the
chloride-doped analogues. Given the substantial differences in
carrier diffusion lengths for these two perovskite compositions,
a much deeper understanding of the role of film thickness and
morphology on the efficiency of CH;NH;Pbl;-based planar
heterojunctions is required.

Here we report the fabrication of high performance perov-
skite (CH3NH;3PbI;) solar cells with a planar heterojunction
structure, and carefully elucidate the effect of perovskite film
thickness and morphology on device efficiency. The perovskite
films were deposited using a two-step deposition technique,
with thermal evaporation used to prepare the PbI, precursor
film. This circumvents any issues with the solubility or viscosity
of the Pbl, precursor solution, which have complicated these
sorts of studies in the past. The evaporation of the PbI,
precursor allows perovskite films of precisely tailored thickness
to be produced. Poly(3-hexylthiophene) (P3HT) was used as the
hole transport material, and devices with the structure ITO/
ZnO/CH3;NH;Pbl;/P3HT/Ag were prepared. Optimization of the
film thickness produced power conversion efficiencies of up to
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11.3%, which are among the highest ever reported for perov-
skite devices using a P3HT hole transport layer.

2. Experimental
2.1 Cell fabrication procedures

Solar cells were fabricated on pre-cleaned ITO-coated glass
substrates with a sheet resistance of 20 Q [~ *. First, a thin ZnO
nanoparticle layer was spin coated onto the substrate at 3000
rpm for 30 s. The procedure was repeated three times to obtain a
continuous smooth film. Then a Pbl, layer of given thickness
was deposited on top of the ZnO layer by thermal evaporation at
a base pressure of 2 x 107° mbar. The final thickness was
experimentally determined by profilometry. Subsequently, the
substrate was dipped into a solution of CH;NH;I in 2-propanol
(10 mg mL ") for 3 min, then dried under a flow of clean air. For
the solution Pbl,-based device, a Pbl, solution (dissolved in
N,N-dimethylformamide at a concentration of 460 mg mL™")
was then spin coated on top of the ZnO layer at 3000 rpm for 15
s. After drying for several minutes in air, the substrate was
dipped into a solution of CH;NH;I in 2-propanol (10 mg mL ™)
for 3 min. The P3HT-based hole transfer layer (20 mg of P3HT,
3.4 pL of 4-tert-butylpyridine, and 6.8 pL of a lithium-bis(tri-
fluoromethanesulfonyl)imide (Li-TFSI) solution (28 mg Li-TFSI/
1 mL acetonitrile) all dissolved in 1 mL chlorobenzene) was
then deposited by spin coating at 1000 rpm for 30 s. Finally, a
150 nm thick silver layer was deposited by thermal evaporation
at a base pressure of 2 x 10~° mbar. The completed devices
were stored in a N,-purged glovebox (<0.1 ppm O, and H,0).

2.2 Device characterization

The current-voltage curves of solar cells were measured inside
the glovebox using a Keithley 2400 source-measure unit. The
cells were illuminated by a 450 W Class AAA solar simulator
equipped with an AM1.5G filter (Sol3A, Oriel Instruments) at a
calibrated intensity of 100 mW cm 2, as determined by a
standard silicon reference cell (91150V Oriel Instruments). The
effective area of the cell was defined to be 0.07065 cm” using a
non-reflective metal mask. IPCE spectra were measured in air
under short-circuit conditions using a commercial IPCE setup
(QE-PV-Si, Oriel Instruments), which was equipped with a 300
W Xe arc lamp, filter wheel, and monochromator. Mono-
chromated light was chopped at a frequency of 8 Hz and
photocurrents measured using a lock-in amplifier. The setup
was calibrated against a certified silicon reference diode. Elec-
trochemical impedance spectroscopy (EIS) measurements were
carried out using a Solartron SI1260 Impedance/Gain-phase
analyzer, under 1 sun AM1.5G illumination, by applying 0 V DC
bias and a 5 mV voltage perturbation in the frequency range of
400 kHz to 0.1 Hz.

2.3 Thin film characterization

Film thicknesses were measured using a KLA Tencor profil-
ometer. Absorption spectra were acquired on a Cary 6000i
UV-vis-NIR spectrophotometer. Powder X-ray diffraction (pXRD)
measurements were carried out using a PANalytical Empyrean

This journal is © The Royal Society of Chemistry 2014
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X-ray diffractometer equipped with a Cu K; , X-ray source. The
data were collected with a 0.02° step size (26). Scanning electron
microscope (SEM) images were acquired on a JEOL 6010LV
microscope. Atomic force microscope (AFM) images were
acquired in contact mode on a Dimensions Hybrid Nanoscope
system (Veeco Metrology Group).

3. Results and discussion

3.1 Comparison of solution- and vapour-phase Pbl,
deposition

The thin films of CH3NH;PbI; used to fabricate the perovskite
devices were prepared via the two-step deposition process
described previously."*** As noted by Conings et al.,* tailoring
the thickness of perovskite films prepared via spin coating is
complicated by the low solubility of the PbI, precursor and the
high viscosity of the precursor solution. We therefore used
thermal evaporation® to prepare thin films of Pbl, on ITO/ZnO
substrates, rather than spin coating the PbI, from DMF solu-
tion. The films were then dipped in an isopropanol solution of
methylammonium iodide in order to convert the Pbl, to the
organolead halide perovskite. The main advantage of this
method is that the thickness of the Pbl, film (and therefore, the
resultant perovskite layer) can be precisely controlled and
systematically varied, without any complications due to the
limited solubility of the precursor; additionally, the solvent-free
method of Pbl, deposition may be useful in the future fabri-
cation of tandem solar cells that include a perovskite
component.

Before the influence of perovskite layer thickness and
morphology could be investigated, it needed to be determined
whether the change in Pbl, deposition process would have any
effect on the perovskite structure, morphology, or the perfor-
mance of the resultant devices. As can be seen from the powder
X-ray diffraction patterns of the Pbl, and CH3;NH;PbI; films
(Fig. S1t), there are only minor differences in structure that
arise as a result of the change in deposition process. Both Pbl,
films are poorly crystalline (as evidenced by the weak, broad
diffraction peaks), and data are consistent with the 2H polytype,
in keeping with previous reports of solution-prepared PbI,
films."” After dipping both samples in the CH;NH;I solution,
both films are successfully converted into the corresponding
perovskite. The diffraction patterns are consistent with the
tetragonal phase of CH3;NH;PbI;.** The morphology of the
perovskite films was also compared by SEM (Fig. S1). Both
films consisted of a closely-packed collection of block-like
perovskite crystallites, with at most only very subtle differences
in crystallite shape and size.

In order to gauge the effect of processing method on device
efficiency, the perovskite films derived from both solution- and
vapor-phase deposited Pbl, were used to prepare planar het-
erojunction solar cells. In both cases, the thickness of the
perovskite film was determined to be = 300 nm. A thin (ca. 30
nm) ZnO nanoparticle layer on ITO was chosen as the electron-
selective contact, and P3HT was used as the hole transport
material. The J-V curves of all devices were measured under
AM1.5G illumination, and those of the highest-performing cells
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Fig. 1 (a) J-V curves and (b) IPCE spectra for the highest-performing

ITO/ZnO/CH3NH=Pbl3/P3HT/Ag devices prepared from both solu-
tion-processed (black line) and thermally evaporated (red line) Pbl,
films.

are shown in Fig. 1la. The results clearly indicate that the
particular method of PbI, deposition has little effect on the
overall power conversion efficiency: the devices prepared using
solution- and vapor-phase deposition techniques had PCEs of
11.8% and 11.3%, respectively. Both devices were also observed
to have almost identical open-circuit voltages (V,. = 0.949 V and
0.941 V) and similar fill factors (FF = 66.1% and 68.2%). The
only notable difference between the two devices was a slightly
higher short-circuit current density for the solution-processed
device (Js. = 18.8 mA cm™?) compared to the one processed by
thermal evaporation (J;. = 17.6 mA cm™2). The lower J,. in the
device fabricated from vapor-deposited Pbl, is also reflected in
the incident-photon-to-current efficiency (IPCE) spectrum
(Fig. 1b). However, despite these small differences in J., the
difference in the overall PCE of devices constructed from both
solution and vapor-deposited Pbl, is quite minor.

In order to ensure the reproducibility of our results, we
fabricated and tested 34 separate devices using evaporated Pbl,
layers, and 29 separate devices using spin coated Pbl, layers.
The tabulated device performances are shown in Table 1. In this
case, the average J. of the solution processed devices was found
to be slightly higher (17.1 & 1.1 mA cm™?) than that of the
devices derived from evaporated Pbl, films (16.0 £ 0.9 mA
cm™?), suggesting that the differences in J;. observed in Fig. 1
simply reflect batch-to-batch variation in the perovskite layer,
rather than any significant difference between the two fabrica-
tion processes. Similarly, the very small differences in V,. and
FF (and ultimately, PCE) for the two fabrication methods are
well within their associated standard deviations, indicating that
the two methods produce cells of similar performance.

3.2 Effect of Pbl, film thickness on CH;NH;PbI;
composition and morphology

Having established that the evaporated PbI, films could be used
to produce cells with power conversion efficiencies identical to
those produced using solution-based techniques, we next
investigated the effect of Pbl, film thickness on the composi-
tion, thickness, and morphology of the resultant perovskite
layer. Lead iodide films were first deposited on glass substrates,
and the thickness of the films was varied from 50 nm to 300 nm.
The Pbl, films were then dipped in an isopropanol solution of

J. Mater. Chem. A, 2014, 2, 19873-19881 | 19875
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Table 1 Device performance parameters for perovskite solar cells
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PbI, deposition method Voe (V) Jse (MA cm™2) FF (%) PCE (%) Best PCE (%)
Spin coating” 0.94 + 0.01 17+1 62 +4 10.0 £ 0.9 11.8
Thermal evaporation” 0.94 £+ 0.02 16.0 + 0.9 65+ 4 9.7 £ 0.6 11.3

“ Averages derived from measurements on 29 separate devices.  Averages derived from measurements on 34 separate devices.

methylammonium iodide in order to produce perovskite films
of varying thickness. The thickness of the perovskite film was
found to increase linearly with the thickness of the PbI,
precursor film, as shown in Fig. 2. Measurements were carried
out on multiple films of each thickness, and the process was
found to be highly reproducible, as indicated by the small
standard deviations associated with the profilometry measure-
ments. In all cases, the thickness of the perovskite film was
found to be approximately twice that of the Pbl, precursor, in
keeping with previous reports.>* More quantitatively, a linear
regression of the data obtained for the three thinnest films
yields a slope of 2.1. This can be understood based on the
volume changes that occur during the intercalation of CH;NH;I
into the Pbl, crystallites (Fig. S2t). The PbI, that is initially
present in the film has a unit cell volume of 124 A®. Upon
addition of CH;NH;I and formation of the perovskite structure,
the unit cell volume increases dramatically to 990 A% however,
since the tetragonal phase of the perovskite contains four
CH;3NH;PbI; units within the unit cell, the molar volume of
CH,NH,PbI; is calculated to be 248 A®. Comparing the molar
volumes of Pbl, and CH;NH;PbI;, it can be seen that the
volume occupied by the perovskite is almost exactly twice that of
the PbI, precursor, which is in excellent agreement with the
data shown in Fig. 2a. However, for the thickest three films, the
actual film thickness begins to deviate from that predicted by
the above arguments. Upon measuring the powder X-ray
diffraction patterns of perovskite films of various thicknesses, it
can be seen that this is related to the presence of residual
unreacted Pbl, in the film (Fig. 3). For the thinnest films, the
diffraction patterns indicate complete conversion to the perov-
skite; however, beginning at ~300 nm thick CH;NH;PblI; films,
there is evidence for the presence of residual Pbl,. As the film
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Fig.2 (a) Perovskite film thickness as a function of the thickness of the
precursor Pbl, film, as determined by profilometry; (b) absorbance
spectra of the films from (a). Error bars represent plus-or-minus one
standard deviation from the mean.
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thickness increases, the relative amount of unreacted PbI,
increases, in agreement with the data shown in Fig. 2a.

Fig. 2b shows the absorption spectra of the perovskite films
as a function of film thickness. All perovskite films exhibited a
broad range of light absorption from 300 to 760 nm, with the
optical density of the film increasing monotonically with film
thickness. The linear increase in optical density demonstrates
both the excellent control over film thickness provided by the
evaporation of Pbl,, and the overall consistency of the two-step
deposition process.
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Fig. 3 Powder X-ray diffraction patterns. All samples were prepared
and measured on ITO/ZnO substrates. (a) Bare ITO/ZnO; (b) Pbl,; (c)
calculated diffraction pattern for the tetragonal phase of CHsNHsPbls
(peak widths arbitrarily broadened to 0.2° 26). Where more than one
reflection contributes to an unresolved peak, only the most intense
reflection is labelled; (d) 61 nm CH3zNHzPblz; () 200 nm CHzNH3Pbls;
(f) 280 nm CH3zNH3zPbls; (g) 400 nm CH3NHzPbls; (h) 560 nm
CHsNHzPbls.
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Fig. 4 SEM images of (a—c) evaporated Pbl, films and (d—f) the cor-
responding CHzNHzPbls films after dipping in CHsNHsl. Films were (a)
50, (b) 150, (c) 300, (d) 110, (e) 330 and (f) 580 nm thick, as determined
by profilometry.

In order to understand how film thickness affects the
morphology of the perovskite layer, both PbI, and CH;NH;Pbl;
films were evaluated by SEM (Fig. 4). Fig. 4a—c shows a top-
down view of vapor-deposited Pbl, films of ca. 50, 150 and 300
nm thickness. The 50 nm thick film was relatively smooth, with
only very small nanocrystallites visible under the electron
microscope. As the film thickness is increased to 150 nm, the
PbI, crystallites begin to develop a flake-like texture, eventually
becoming large nanoplates in the thickest films. After conver-
sion to the perovskite (Fig. 4d-f), the morphology of the films is
substantially altered; the film is still composed of a closely-
packed collection of nanocrystallites, but the individual crys-
tallites adopt a more block-like morphology, in keeping with the
tetragonal perovskite unit cell. The same trend in morphology is
also observed in the perovskite films. In the thinnest (ca. 110
nm) film, the block-like crystallites are small and densely
packed, forming a film that, while not smooth, has very few gaps
between the crystallites. As the perovskite film grows thicker,
the individual nanocrystallites grow larger, in turn producing a
rougher surface morphology. For the thickest (ca. 580 nm) film,
many of the crystallites are over 100 nm in size, with equally
large gaps between them; this produces a highly textured
morphology.

In order to more quantitatively evaluate these trends, we
plotted both the particle size (as measured by SEM) and the
minimum grain size (as determined from a Williamson-Hall
analysis of the pXRD data, Fig. S31) as a function of perovskite
layer thickness (Fig. S4t). As suggested by Fig. 4, the average
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particle size increases as the perovskite layer is made thicker;
however, this evolution in particle size is modest when
compared to the pronounced morphological differences
observed for the PbI, films (Fig. 4). This suggests that a
substantial degree of structural reorganization occurs within
the crystallites during the CH;NH;I intercalation step, resulting
in a highly crystalline perovskite film. This is supported by the
Williamson-Hall analysis of the pXRD data, which separates
out the effects of size and lattice strain on peak broadening
(Fig. S37). This analysis suggests that there is a slight depen-
dence of the minimum grain size on the film thickness, with the
thickest films having slightly larger crystalline domains than
the thinnest samples. The degree of lattice strain is essentially
negligible (<0.1%) for the majority of samples (Fig. S57).
Combined with the excellent agreement between the observed
CH;3;NH;PbI; thicknesses and those predicted based on the Pbl,
precursor thickness and the subsequent increase in molar
volume, this suggests that the Pb>", I, and CH;NH;" ions are
sufficiently mobile throughout the two-step deposition
sequence to produce highly relaxed, crystalline films. This, in
part, explains the excellent performance of the perovskite films
fabricated using this technique.'*** The one exception to this
appears to be the thinnest films, which show a small amount of
additional lattice strain, likely as a result of interactions with
the underlying ZnO interface.

Since both the change in particle/grain size and the associ-
ated changes in surface roughness have important implications
for device performance, we further probed the surface rough-
ness of the samples using atomic force microscopy (Fig. S67).
The root-mean-square surface roughness (R.ys) of the perov-
skite films was found to change with increasing film thickness,
with the thickest film (560 nm) showing a slightly higher Ry
(49 nm) compared to the rest of the samples (23-33 nm). The
implications that this observation has for device performance
are discussed in more detail below.

3.3 Device performance as a function of perovskite film
thickness

A number of ITO/ZnO/CH;NH;Pbl;/P3HT/Ag devices were
fabricated at each of the perovskite thicknesses studied in
Fig. 2a, and changes in device performance correlated with the
observed changes in the optical density and morphology of the
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Fig. 5 (a) J-V curves and (b) IPCE spectra for ITO/ZnO/CH3NHzPbls/
P3HT/Ag devices with perovskite layers of 110 (red line), 210 (orange
line), 330 (yellow line), 410 (green line), 490 (blue line) and 580 nm
(purple line).
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perovskite film. The J-V curves and IPCE spectra of the highest
performing devices at each thickness are shown in Fig. 5, and
Voes Jsey FF and PCE are plotted as a function of perovskite film
thickness in Fig. 6. From the data, it is immediately apparent
that device efficiency is strongly dependent on perovskite film
thickness; both the thinnest and thickest perovskite films yield
devices with PCEs of only 1-3%, while those with an optimal
thickness of ca. 330 nm were found to have an average PCE of
9.4 + 0.6%, with the best device displaying a PCE of 11.3%.
Based on the data in Fig. 5 and 6, the improvements in PCE with
increasing perovskite thickness are due to two dominant
factors. The first is a dramatic increase in both V. and FF as the
thickness of the perovskite increases from 110 to 330 nm; based
on the slopes of the corresponding J-V curves at Jy, this is
caused in large part by an increase in the shunt resistance
(Table S17). The low shunt resistances observed in the thinnest
films are entirely consistent with substantial recombination at
the ZnO interface, which leads to the pronounced loss in V.
These losses are very similar to those observed in perovskite
devices prepared via a one-step methodology,*® where pin-hole
shorts lead to low shunt resistances and open-circuit voltages.
Given that the R, in these films is ca. 30 nm (Fig. S67), and
that the R, represents only one standard deviation in the
sample height, there is statistically a very high likelihood of pin-
hole short formation in the thinnest perovskite films.
Increasing the film thickness prevents such contact, resulting in
improvements to both FF and V,,.. These results are validated by
electrochemical impedance spectroscopy measurements
(Fig. 7); fitting the Nyquist plots to an equivalent circuit used for
other solid-state photovoltaic devices**** shows that the thin-
nest devices have an extremely low recombination resistance
(Table S2t). This is entirely consistent with the low fill factors
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Fig. 6 (a) Open circuit voltage, (b) short circuit current density, (c) fill

factor and (d) power conversion efficiency as a function of perovskite
film thickness. Error bars represent plus-or-minus one standard
deviation from the mean. Data are derived from measurements on 8,
17, 34, 12, 11 and 14 separate devices for 110, 210, 330, 410, 490, and
580 nm thick films, respectively.
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observed in these devices, and provides an explanation for the
losses observed in V. As the perovskite thickness is increased,
the recombination resistance increases accordingly, which is
consistent with the concomitant rise in FF and V,,. Very similar
correlations have previously been observed between the
recombination resistance and V,. in planar heterojunction
perovskite solar cells.*

The second factor leading to the observed increase in PCE is
the steady increase in film optical density (Fig. 2b) with
increasing thickness. For the thinnest films studied, the light
harvesting efficiency at longer wavelengths is relatively low: at
700 nm, only ca. 69% of the incoming light is absorbed
(assuming a 4% reflection loss at the air/glass interface, and
100% reflection at the silver back-contact), and when combined
with high levels of recombination, this results in an IPCE of only
ca. 40%. As the film thickness is increased, the light harvesting
efficiency increases steadily; for the optimum film thickness of
330 nm, approximately 86% of the light at 700 nm is absorbed,
leading to the stronger IPCE spectrum and improved Jg.. Since
at this film thickness, only ca. 14% of the long wavelength light
is lost to transmission, there is relatively little benefit to be
realized from the use of thicker perovskite films.

For the devices with perovskite film thicknesses >400 nm,
the decline in device performance is particularly sharp. As the
film thickness continues to increase, there is a significant
increase in the series resistance of the devices (Table S17t); the
series resistance of the cells with the thickest perovskite layers is
over an order of magnitude higher than for optimized devices.
EIS measurements suggest that this is due to an increase in the
contact resistance between the perovskite and interfacial layers
(Table S27); since the ZnO/CH3;NH;3Pbl; interface does not
change as the perovskite thickness is increased, we ascribe this
increase to changes in the CH3;NH;PbI;/P3HT interface. This
may suggest that for the thickest films, the polymer hole-

This journal is © The Royal Society of Chemistry 2014
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transport material has difficulty penetrating into the porous
surface; this would lead to an increased contact resistance, and
contribute to the higher series resistance of these devices.
Additionally, as the thickness is increased, there is also a
drop in the shunt resistance (Table S1}). This may be related to
the changing morphology of the perovskite layer; as the
CH;NH;PbI;/P3HT interface becomes rougher (Fig. 4), there are
also more opportunities for surface recombination to occur,
and the efficiency is adversely impacted. Analogous behavior
has been observed for perovskite solar cells with a high surface
area ZnO/CH;NH;PbI; interface.*® The combination of these
two effects explains the observed drop in fill factor (64% to 42%).

Even more striking than the changes to the V,. and FF,
however, is the dramatic loss (>75%) in /. as the perovskite film
thickness begins to exceed 400 nm. This is by far the largest
contributor to the reduced efficiency of the thickest devices, and
is predominantly caused by the mismatch between the
absorption depth of the perovskite and the carrier diffusion
length. The electron and hole diffusion lengths for CH;NH;Pbl;
have been reported to be ~100 nm;”®* however, for the thickest
(580 nm) devices, the perovskite film thickness significantly
exceeds the diffusion lengths of the charge carriers. As such,
carriers generated near the center of the film will recombine
before reaching the electrodes. This is consistent with the sharp
decrease in IPCE observed for wavelengths > 500 nm (Fig. 5b).
For wavelengths < 500 nm, the perovskite absorbs very strongly
(Fig. 2b), and charge carriers are generated very close to the
ZnO/CH;NH;PbI; interface; as such, a reasonable number of
electrons can be collected by the ZnO electron-transport layer
before they recombine. For wavelengths > 500 nm, the lower
extinction coefficient means that charge carriers are generated
deep in the interior of the perovskite film and are more than 100
nm away from either interface. As such, the carrier collection
efficiency in this spectral region begins to approach zero,
resulting in the very low short-circuit current densities that are
observed. Additionally, the less-compact perovskite morphology
observed in thicker films (Fig. 4f) may result in poorer
connectivity between adjacent crystallites, leading to a more
tortuous pathway for carrier transport and a greater likelihood
of recombination. Given the observed decrease in PCE, the
increased light harvesting efficiency observed in the thicker
films (96% at 700 nm for the thickest film, vs. 86% for the
optimum thickness of 330 nm) is clearly insufficient to over-
come these deleterious effects on carrier transport. This same
argument would also hold true (although to a lesser degree) for
the optimized perovskite film thickness of 330 nm. A large
number of carriers would be generated in the innermost 130 nm
of the perovskite film; since these are greater than an exciton
diffusion length away from the electron- and hole-transport
interfaces, many of these would be expected to recombine.
However, given the good IPCE values achieved in these devices,
this is clearly not the case. There are two possible explanations
for this observation: (i) the carrier diffusion lengths are signif-
icantly longer than those originally reported by Stranks et al.
and Xing et al.;"® or, (ii) carrier extraction is facilitated by the
high surface area CH;NH;Pbl;/P3HT interface. Although the
measurements of Stranks et al. and Xing et al”® are fairly

This journal is © The Royal Society of Chemistry 2014
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conservative estimates, we believe that the high surface area
CH;3;NH;PbI;/P3HT interface plays a key role in the high
performance of these planar heterojunction devices. This can
be understood more quantitatively by considering the highest
performance devices, which have a 330 nm thick perovskite
layer. The first 130 nm of this film is within one charge carrier
diffusion length of the ZnO interface,” and carrier collection is
not expected to be problematic. Similarly, holes can readily be
extracted from the 110 nm closest to the P3HT interface.” This
leaves ca. 90 nm in the interior of the film that is too far
away from either interface to meaningfully contribute to the
photocurrent. However, AFM measurements indicate that the
CH;NH;PbI;/P3HT interface has a Ry,s of 20-30 nm. Again,
considering that the R, value represents the standard devia-
tion of the sample height, the maximum peak-to-trough varia-
tion in the perovskite interface is closer to 60-90 nm. As a result,
charge carriers can be extracted from much deeper within the
perovskite film than would be the case if the CH;NH;PbI;/P3HT
interface were completely planar (Fig. S7t). Although there is
still a very small section of the perovskite film that still does not
contribute to the overall photocurrent in this model (<30 nm),
the discrepancy is quite small, and likely due to slightly longer
charge carrier diffusion lengths in our films.

Hysteresis in the /-V curve is now a well-known issue for
perovskite solar cells,*” and it results in a differential current
response depending on the history of applied bias. In order to
show that the trends observed in Fig. 6 are the result of changes
in film thickness (and not due to changes in hysteretic behav-
iour), we measured the J-V curves using both forward (short-
circuit to forward-bias) and reverse (forward-bias to short-
circuit) scans for a series of representative devices (Fig. 8). As
with many planar heterojunction devices, the hysteresis is quite
pronounced, with the reverse scan having a substantially higher
efficiency (Fig. 8a). However, the magnitude of the hysteresis
was found to depend only very weakly on the thickness of the
perovskite film (Fig. 8b). This suggests that batch-to-batch
variability in sample preparation has as much or more influence
over the hysteresis than the film thickness. Therefore, while
these results suggest that the absolute efficiencies of these
devices are lower than might be expected from measurements
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Fig. 8 (a) J-V curves for a representative ITO/ZnO/CHzNHzPblz/
P3HT/Ag device, measured from forward-bias (FB) to short-circuit
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conversion efficiencies measured from FB to SC and from SCto FB as a
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of just the reverse scan, the overall trends in device performance
(Fig. 6) are actually due to changes in film thickness, and not
due to changes in hysteretic behaviour.

4. Conclusions

In summary, we have demonstrated that the thermal evapora-
tion of Pbl, films, in combination with a CH;NH;I treatment, is
a highly reproducible method of preparing planar heterojunc-
tion devices with very precise control over the perovskite film
thickness. The optical properties and morphology of the
perovskite films were measured as a function of film thickness,
and the results correlated with changes in device performance.
The improved light harvesting efficiency and reduced contact
between electron- and hole-transport layers was found to
improve the power conversion efficiency and increase the
recombination resistance for thicker films; however, once the
film thickness significantly exceeded the carrier diffusion
lengths in CH;NH;PbI;, the efficiency declined sharply. At the
optimum thickness of 330 nm, ITO/ZnO/CH3;NH;PbI;/P3HT/Ag
devices were found to have power conversion efficiencies of up
to 11.3% when fabricated from evaporated Pbl, layers, and
11.8% when prepared from solution-processed analogues; these
efficiencies are among the highest reported for devices that use
a P3HT hole-transport layer. It is expected that by better
understanding the parameters that govern the efficiency of
CH;NH;Pbl;-based planar heterojunction devices, further
improvements in device performance can be realized.
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