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ABSTRACT Recently, solution-processable organic—inorganic metal
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halide perovskites have come to the fore as a result of their high power-
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conversion efficiencies (PCE) in photovoltaics, exceeding 17%. To attain
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reproducibility in the performance, one of the critical factors is the processing
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properties and hence the device performance. Here we study the effect of
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annealing parameters on the crystal structure of the perovskite films and
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correlate these changes with its photophysical properties. We find that the
crystal formation is kinetically driven by the annealing atmosphere, time and
temperature. Annealing in air produces an improved crystallinity and large grain domains as compared to nitrogen. Lower photoluminescence quantum
efficiency (PLQE) and shorter photoluminescence (PL) lifetimes are observed for nitrogen annealed perovskite films as compared to the air-annealed
counterparts. We note that the limiting nonradiative pathways (i.e.,, maximizing PLQE) is important for obtaining the highest device efficiency. This
indicates a critical impact of the atmosphere upon crystallization and the ultimate device performance.
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halide perovskite-based solar cells, with power
11-17

enerating cost-effective and envir-
Gonmentally benign renewable en-

ergy remains a major challenge for
scientific and technological development.'
On the basis of a broad range of materials,? >
organic photovoltaic (OPV), dye-sensitized
solar cells (DSSCs), chalcogenide quantum
dots® and semiconductor-sensitized extre-
mely thin absorber solar cells”® are some
of the most promising technologies for low-
cost manufacture of solution-processed
photovoltaic. These devices are, however,
limited in their performance typically due
to a complex design and limited exciton
and charge carrier diffusion lengths.”'°
A recent revolutionary breakthrough is the
solution processed organic—inorganic metal
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conversion efficiencies exceeding 17%
consisting of the ABX3 (A = CH;NH;"; B =
Pb?";and X =Cl~, 17, and Br™).'®"° The main
attributes of CH3NHs;PbX; (MAPbXs) are
its strong light absorption,''5%°~22 |ong
charge carrier lifetime (exceeding 300 ns),*'
diffusion lengths (exceeding 1 um for elec-
trons and holes),?"**?* photoluminescence
quantum efficiency (PLQE) as high as 70%°°
and its ambipolar charge transport capabili-
ties.'>'%2% These allow efficient light harvest-
ing and charge collection across the entire
thickness of the perovskite layer (typically
400 nm), making it highly efficient.?? Exhibi-
tion of such extraordinary optical and elec-
tronic properties can mainly be attributed to

VOL.9 = NO.3 = 2311-2320 = 2015 A@g\w//\j*ﬁ?

* Address correspondence to
sandeep.pathak@physics.ox.ac.uk,
ullrich.steiner@unifr.ch,
h.snaith1@physics.ox.ac.uk.

Received for review November 12, 2014
and accepted February 24, 2015.

Published online February 24, 2015
10.1021/nn506465n

©2015 American Chemical Society

-
U

WWwWW.acsnano.org

N

2311



their highly crystalline frameworks with a precise high
symmetry crystal structure.?>?5~2° Despite the enor-
mous advances in device performance and the basic
understanding of perovskite crystal structure forma-
tion, the influence of processing conditions on perov-
skite crystal structure is still unknown. From a structural
point of view, CHsNHsPbX5 (X = |, Cl) perovskites that
utilize a mixed iodide/chloride precursor combination
(CHsNHsl and PbCly), herein termed “mixed halide
perovskite”, reportedly have a tetragonal structure
at room temperature similar to the CHsNHsPbls
perovskite.?® For the CH;NH;Pbl,Br system, tetragonal
and cubic phases have been proposed based on XRD
data.?®3° Baikie et al. have highlighted the reversible
phase transition from tetragonal to cubic symmetry
above 56 °C in bulk CHsNH;Pbl; perovskite;*' however,
no such observation has been made so far in the thin
film. Hence the annealing conditions could be the key
to control the crystal symmetry of the perovskite.?'>2
A greater understanding of the crystal structure and
its implications on photoconversion mechanisms will
pave the way for better reproducibility of device
performance and to rationally modify and tailor crystal
parameters for higher efficiencies.

In this article, we investigate the influence of anneal-
ing atmosphere (i.e., air and nitrogen) and time on
isothermal (100 °C) annealing of perovskite films
deposited from the mixed halide precursor (ie.,
3CH3NHsl: 1PbCly). We find that the observed change
in crystal structure and microstructural features corre-
late strongly with the photophysical properties of
the perovskite and hence with device performance.
This study helps in setting the agenda for further
optimization of the crystal chemistry to achieve greater
reproducibility and higher device performance.

RESULTS AND DISCUSSION

The precursor solution used here to deposit per-
ovskite film contains 3CH5NH;l: 1PbCl; in DMF and
properties studied do not stem from the “pure”
CH3NH3Pbl; (as obtained from the 1:1 reaction
between Pbl, and CHs;NHsl) but only for the
CH3NH3Pbls_,Cl, /2CH3NH3X (X = CI/I mixture), as the
extent of byproduct (i.e., 2CH3NHsX) removal during
annealing is still under investigation. We fabricated
solution-processed meso-superstructure solar cells
(MSSCs) with the mixed halide perovskite,
CH3NH5Pbl;_,Cl,, as discussed elsewhere.'? The por-
ous meso-structured Al,O3 scaffold on fluorine-doped
tin oxide (FTO)-coated glass substrates, coated with an
n-type TiO, compact layer, was filled with the perov-
skite, and in addition giving a solid perovskite capping
layer of ~200 nm. During the process of film fabrica-
tion, the samples were annealed isothermally at 100 °C
in different atmospheres, i.e., air (humidity 40%) and
nitrogen, for 1, 2.5, and 5 h. Subsequently, p-type
spiro-OMeTAD was deposited as a hole-transporting
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Figure 1. J—V curves recorded under AM 1.5 simulated sun
light (100 mW cm2), with respective dark currents for
devices, in which the perovskite layer was annealed for 1,
2.5, and 5 h at 100 °C under (a) nitrogen and (b) air. The PCE
(%), Jsc (mA/cm?), Voc (V) and FF are shown in the inset. (c)
Transient absorption kinetics of a bleach signal at 1.6 eV of
perovskite-based devices with a spiro-OMeTAD hole accep-
tor layer prepared under air and nitrogen atmosphere for
1 h isothermal annealing. The devices were photoexcited at
2.33eV (2 ﬂJ/cmz, pulse length 0.6 ns). Transient absorption
measurements were performed in reflection geometry.

layer so as to form a p-i-n (TiO,-perovskite-spiro-
OMeTAD) heterojunction architecture3* Current—
voltage characteristics measured under simulated
AM1.5 100 mW cm ™2 sun light for the best devices
fabricated are shown in Figure 1a and b. The perfor-
mance parameters for a larger batch of devices are
shown in Figure S1 (Supporting Information). While
annealing in air, we observe no substantial variation
in Jsc for 1, 2.5, and 5 h of annealing; however, the
FF and V. increase from 1 h to 2.5 h annealing but
then deteriorated when annealed further to 5 h. The
2.5 h annealing produces the highest PCE of 16.7%
as compared to 1 h (12.8%) and 5 h (13.6%) annealed
samples. Upon annealing in nitrogen atmosphere
(i.e., in glovebox), however, the device performance
was much lower, mainly due to a reduced short circuit
current and fill-factor. Longer time annealing under
nitrogen for 2.5 and 5 h further deteriorated the device
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performance. After 5 h annealing in nitrogen atmo-
sphere we observe that the power conversion effi-
ciency has halved in comparison to the samples
annealed in air. In Figure S2 we show anomalous
hysteresis in the current—voltage curves measured
from forward bias to short circuit (scan 1) and from
short circuit to forward bias (scan 2) under simulated
1.5 AM (100 mW cm-2) sun light for; (top panel) air
annealed perovskite and (bottom panel) for nitrogen
annealed samples. Hysteresis in J—V curves appears
to be higher for sample annealed under nitrogen
atmosphere as compared with the air annealed
samples. Annealing time does not appear to be influ-
encing the hysteresis in J—V curve too much. The
hysteresis in the perovskite solar cell performance
may originate either from the charge collection inter-
faces or from the ion migration in the bulk material or
from both3*

To estimate the charge carrier population and re-
combination of these devices, we performed transient
absorption experiments under working conditions for
samples that were annealed for 1 h either in nitrogen or
in air. Figure 1c shows the transient absorption kinetics
of the dominant bleach signal at 1.6 eV, which scales
with the photogenerated charge population in the
working devices at open-circuit. For the devices with
air-annealed perovskite layers, the initial bleach signal
was higher by a factor of 2 compared to nitrogen-
annealed devices, indicating a higher number of
photogenerated charges for the air-annealed devices.
Note that the TA bleach signal is corrected for respec-
tive absorption. The decay time of the bleach signal in
nitrogen-annealed devices (z,,, = 9.4 ns) was slightly
faster compared to air-annealing (77, = 11.3 ns). This
suggests a faster recombination in nitrogen-annealed
devices, hindering charge extraction. We do note that
these intensities are higher than those under standard
solar cell operation.

These findings show two shortcomings in charge
generation and recombination in nitrogen-annealed
perovskite devices, which are critical for efficient
device performance, and they correlate with the dif-
ference in their photoconversion efficiencies. The dif-
ferences in spectroscopic response of the perovskite
layers could be caused by variations in stoichiometry
and crystallinity caused by the different processing
environment or the interaction of the perovskite layers
with their interfaces. In order to further understand the
photophysical properties of perovskite films, steady
state and time-resolved PL measurements were per-
formed on isolated perovskite films (i.e., with no p or
n-type contact layers). The perovskite films were
fabricated on glass substrates with similar annealing
conditions as those discussed above. When annealed
in nitrogen, the steady state PL results show a gradual
reduction in intensity with increasing annealing time
from 1 to 5 h, on the contrary when air annealed, we

PATHAK ET AL.

observe the highest PL intensity after 2.5 h of annealing
and then further annealing up to 5 h leads to a
reduction in PL intensity (Figure 2a). The steady state
time integrated PL intensity is 1 order of magnitude
higher in air-annealed samples compared to the
nitrogen-annealed samples (Figure 2a). Interestingly,
nitrogen-annealed samples show a red-shifted emis-
sion peak (1.56 eV) compared to films prepared under
ambient conditions (1.59 eV), with a peak shift of
~20—30 meV. Further annealing for 2.5 and 5 h shows
a further red shift in emission peak. This lower emission
energy may indicate a higher electronic disorder in
the film, allowing photoexcitations to relax to lower
energetic states, or point toward a difference in crystal
size/structure or due to a combined effect, giving rise
to a different band-structure.3®> Annealing in air for up
to 2.5 h does not show any detectable PL emission
peak shift; however, a slight blue shift is observed
when annealed for 5 h. Figure 2b shows the time-
resolved PL decay for the perovskite films, with the
longer decay for films prepared under ambient condi-
tions (r7, = 114, 120, and 50 ns for 1, 2.5, and 5 h,
respectively), compared to the films prepared under
nitrogen (t,, = 70, 31, and 24 ns for 1, 2.5, and 5 h,
respectively). The similar trend is also seen in the PLQE
values, with a significantly higher value (22.4, 24.2, and
18.1%for 1, 2.5, and 5 h, respectively) for films prepared
under ambient conditions compared to nitrogen an-
nealed films, which demonstrate PLQE values lower
than 20% (18.8, 10.2, and 8.3% for 1, 2.5, and 5 h,
respectively). Extending dwelling time from 1 hto 5 h
resulted in faster PL decays while annealing in nitro-
gen, in contrast with air annealing where it first in-
creases peaking at 2.5 h of dwelling and then decreases
again after 5 h of annealing. Expectedly, the PLQE value
follows the similar trend with the varying dwelling time
as the PL intensity and PL decay time. We summarize
the PLQE and PL half-life values in Table 1.

An interesting observation is that the air annealed
perovskite films show higher absorption in the visible
region than the nitrogen-annealed film, a trend that is
surprisingly reversed in the Near-IR region (Figure 2c).
These observations indicate that a change in crystal
symmetry is partially responsible for the observed
red shift in PL emission and is not exclusively due to
the energy relaxation.?®3%3! A higher degree of crystal
disorder could lead to lower PLQEs, PL lifetimes and
higher recombination in nitrogen-annealed samples.

The photocurrent will be limited by diffusion length,
and a longer PL lifetime suggests a longer diffusion
length. The device photocurrents presented in the
manuscript indeed scale roughly with PL lifetime.
On the other hand, the V,. will be limited by the
presence of nonradiative recombination. On the basis
of the ideal diode equation, the reciprocity relation
between electroluminescent emission and photo-
voltaic quantum efficiency of solar cells developed
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Figure 2. (a) Steady-state PL spectra of thin mixed halide perovskite films prepared under nitrogen and ambient conditions
for different annealing times and temperatures. Photoexcitation was performed at 2.33 eV with a fluence of 0.5 mW/cm?.
(b) Time-resolved PL kinetics of mixed halide perovskite films on glass as a function of time delay after photoexcitation. The
films were photoexcited using a 507 nm laser head pulsed at frequencies of 1 MHz and fluence of ~300 nJ/cm?. (c) Linear
absorption spectra for different annealing times and temperatures. (d) PDS spectra of air and nitrogen annealed perovskite

films. The inset shows the Urbach energy for the samples.

TABLE 1. PLQE (with Standard Deviation), PL Half-Life,
and Urbach Energy of the Perovskite Films Annealed in
Different Conditions

annealing  time (h) PLQE (%) PL half-life (ns)  Urbach energy (meV)
air 1 24408 114 18

25 2424+ 05 120 17.7

5 181+ 1.0 50 18.1
nitrogen 1 188+ 0.8 70 N

25 10.2 + 1.1 31 2

5 83+10 24 23

by Rau et al.*® is given by
| necetigtir i @
0

| necctiatpnr
0

quc = kBT x In — kBT

x [In g |

The second term in the equation accounts for the
loss in the V. due to the electroluminescence quan-
tum efficiency (7g) being less than 1, i.e., due to the
presence of nonradiative pathways. The expression is
logarithmic so changes in luminescence quantum
efficiency (i.e., PLQE) will only manifest itself in small
changes in V,. Nevertheless, the voltage drop is
evident for the long nitrogen-annealed sample, where
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the PLQE also substantially drops. Therefore, it is im-
portant to note that limiting nonradiative pathways
(i.e., maximizing PLQE) is important for obtaining the
highest device efficiency.”

These measurements may therefore represent a
fingerprint for differences in perovskite crystal struc-
ture induced by variations in the annealing conditions.
To evaluate and quantify the overall degree of disorder
induced by the varying annealing conditions we per-
formed photothermal deflection spectroscopy (PDS)*®
on the perovskite films which we present in Figure 2d.

PDS can estimate the level of disorder in the per-
ovskite by sensitively measuring the light absorption at
the band edge and within the band gap; the absorp-
tion at the band edge characterizes the band-tail
states induced by disorder in the crystal.>® This sub-
band gap absorption tail has an exponential variation,
A ~ exp(E/E,), defining the Urbach Energy E,, which
is a measure for the degree of disorder within the
material.*°

We show the calculated Urbach energies for the
different perovskite films in the inset of Figure 2d and
also summarized in Table 1, highlighting a clear trend
in crystal disorder for the two annealing conditions.
For all annealing times, air annealed samples exhibit
remarkably lower level of disorder than nitrogen
annealed. Increasing the dwelling time from 1, 2.5,
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Figure 3. (a) X-ray diffraction pattern showing (110)°*? and (220)°“ Bragg reflections of MAPbl;_,Cl, thin film annealed at
different conditions. (b) Calculated lattice parameters by McMaille method of thin film X-ray diffraction spectrum. (c and d)
Two-dimensional in situ WAXS image of bulk perovskite, annealed iso-thermally at 100 °C for 2.5 h in air (c) and nitrogen (d).
The 2D images illustrate a defined (213)** reflection annealed in air that confirms retaining of its crystallinity contrary to the

samples annealed in nitrogen atmosphere.

and 5 h shows gradual increase in disorder level.
However, there is little difference in the Urbach en-
ergies for 1, 2.5, and 5 h air annealed samples, which
are within the error range of the fit used to extract the
Urbach energy (£ 0.5 eV).

To identify the origin of the disorder in the perov-
skite film we have performed structural studies on
samples annealed in different atmospheres (i.e., nitro-
gen and air) and dwelling times. The XRD patterns
of perovskite thin film on glass slides are shown in
Figure 3a. In thin films, due to a preferred orientation
of crystallites, the predominant peaks which appear
are assigned to cubic crystallographic planes (110)<“?,
(220)°“° and (310)°“®, as we show in Figure S3. We
did not observe the reflections (211)*! and (213)™*
reminiscent of the tetragonal structure consistent with
a preferred orientation in the film. However, in the XRD
patterns of bulk samples we do observe the reflec-
tions assigned to a tetragonal structure, as we show in
Figure S4. To observe changes in the crystal structure
during annealing, we mainly focus on two major
reflections, i.e., (110)“? and (220)“?, (see Figure 3a).

Qualitatively, we observe two major differences in
XRD patterns of perovskite films annealed in air and
in nitrogen for 1 h. First, in samples annealed in air
small amounts of Pbl, are detected by XRD, while this
was not seen in samples annealed in nitrogen for up
to 25 h.

PATHAK ET AL.

Second, the (220)<“? reflection in the XRD lies at the
same 260 position (28.3°) for both air and nitrogen
annealed films, this is in contrast to the (110)°“° peak,
which is shifted to lower 26 value (from 14.7° to 14.6°)
for nitrogen annealed perovskite films compared to
air annealed samples (see Figure 3a). The shift in
260 for nitrogen vs air-annealed samples is indicative
of a change in the lattice parameters. Systematic peak
shifts toward higher 26 angle are observed for samples
annealed in air for 2.5 and 5 h suggesting lattice
contraction. On the contrary, annealing in nitrogen
shows a systematic lattice expansion (peak shift to-
ward lower 26 angle) with increasing annealing time
(2.5 and 5 h). However, the difference in lattice para-
meter becomes more pronounced only after 5 h
of annealing in either atmosphere. In Figure 3b we
present crystal lattice parameters and cell volume vs
annealing time.

We have employed in situ wide-angle X-ray scatter-
ing (WAXS) on CH3NHsPbl;_,Cl, perovskite films while
annealing at 100 °C for 2.5 h to investigate the effect
on crystallinity, phase formation and stability in
both nitrogen and air atmosphere (Figure 3c and d).
To perform this measurement we spin-coated the
perovskite precursor solution on a glass slide and dried
it at RT, the dried film was then scratched off the
substrate to perform in situ WAX. We employed a wide
g-range (A) to map out the structural features that

ACRT A RN
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Figure 4. Differential scanning calorimetry (DSC) profile of bulk perovskite in air and nitrogen atmosphere showing a
reversible tetragonal to cubic phase transition, (a) DSC profile of perovskite in nitrogen atmosphere showing a pronounced
transition ranging over a large temperature range with an onset temperature of 51.01 °C. (b) A sluggish transition is observed
in air, involving much less energy. Additionally, a majority of the transition appears to be occurring at ~56 °C.

appear during the annealing process. Annealing in air
for up to 2.5 h has a negligible influence on the peak
intensity and the crystallinity of the films, in contrast
to annealing in nitrogen, where deterioration in the
perovskite crystallinity is observed (Figure 3c and d).
An interesting difference between the two sample is
that under nitrogen atmosphere, perovskite crystals
show smooth phase transition with the disappearance
of (211)*" and (213)*" reflections, whereas annealing
in air shows a resistance in phase transition under the
studied annealing conditions. The different ratio of
tetragonal and cubic phase could remain in the per-
ovskite film due to the variation in the kinetics of phase
transition in different conditions (Figure S5). To divulge
the kinetics of the phase transition under varying
atmosphere (air and nitrogen) we carried out differen-
tial scanning calorimetric (DSC) measurements of the
bulk perovskite crystal. We show the DSC profile (heat
flow vs temperature) during the heating and cooling
process in air and in nitrogen in Figure 4 a and b.

As previously reported, the bulk perovskite crystal,
at higher temperatures (327—330 K) the tetragonal
MAPbX;3 perovskite (/4/mcm, NO. 140) reportedly be-
comes cubic (Pm3m, No. 221), which is reversible when
it is cooled down to room temperature®' by titling the
[Pblg]*~ octahedral along the crystallographic c-axis.
The DSC profile confirms the reversible transition from
tetragonal (RT) to cubic when heated above >62—64 °C
and vice versa when cooled down to room tempera-
ture. The shaded area in the profile tells about the
energy involved in transition, associated energy;
transition and onset temperature for the said transition
for each phase has been mentioned in the figure. In
apparent hysteresis in transition confirms the first-
order phase transition, which indicates toward a struc-
tural change in the perovskite crystal. The transition
extends over a large temperature range and may retain
fraction of cubic phase even after cooling to room
temperature. In contrast to the nitrogen atmosphere,
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transition appears to be sluggish in air atmosphere and
also the cooling profile is abrupt and strong at 56.14 °C
indicating major transition at this point.

The reversibility of the phase transition from higher
symmetry (cubic) to lower symmetry (tetragonal)
would depend on the thermodynamic parameter
(i.e.,, temperature and/or pressure) as confirmed by
the Figure 4a and b. Heating at 100 °C (>60 °C) may
transform the otherwise tetragonal perovskite crystal
to cubic at higher temperature and when the film is
cooled quickly to room temperature the sudden trans-
formation back from cubic to tetragonal may preserve
a tetragonal—pseudocubic phase.®' The difference in
the kinetics of the phase transition while annealing
in different atmosphere may give a different ratio
of tetragonal—pseudocubic phase in the perovskite.
It is note-worthy that the as observed phase-transition
is in the bulk perovskite. Although, the observed
phase transition in bulk perovskite crystal may not
completely be implied (for instance due to preferred
orientation) in the thin films, nevertheless, the induced
strain in the film could well be originated from such
phase transition (change in unit cell volume cubic
compared to tetragonal). This, however, may explain
the lattice expansion and contraction when annealed
under nitrogen and air atmosphere, respectively.
We first heat the sample (in nitrogen or air) for a stated
dwell time and cooled it back to room temperature
before measuring the XRD. The annealing time may
influence the kinetics of the phase transition and have
impact on the phase fraction cubic vs tetragonal.
Furthermore, a more pronounced phase transition from
tetragonal to cubic structure is observed in the DSC and
in situ WAX data. A pronounced crystal expansion in
nitrogen annealed perovskite for 5 h could arise from
the increased fraction of tetragonal phase in the tetra-
gonal—pseudocubic phase of the perovskite.

On the other hand a stark crystal contraction ob-
served when annealed in air for 5 h could originate by
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Figure 5. (a) TGA profiles of perovkite precursor solution heated up to 600 °C in 10 °C/min. (b) DSC and TGA response of
perovskite while annealing isothermally at 100 °C. Shaded area indicates the formation of perovskite crystals from a precursor

solution and evaporation of the solvent.

Figure 6. SEM image of perovskite films. (a and d) Annealed for 1 h in air and nitrogen, respectively. Annealing in nitrogen
produces a perovskite film with better surface coverage but with smaller grain size, contrary to what is observed when
annealed in air. (b and e) Annealed for 5 h in air and nitrogen, respectively. (c and f) The magnified version of b and e,
respectively. Longer annealing (e.g., 5 h) time in nitrogen atmosphere generates secondary grains with much smaller size; no
such secondary process is observed in air even after 5 h of annealing.

retaining higher fraction of cubic phase in the per-
ovskite crystal when cooled to room temperature
(the cubic crystal structure has a smaller cell volume
compared to tetragonal one).

It is also important to investigate whether such a
variation in photophysical properties are originated
due to the structural deterioration while annealing,
we have performed differential scanning calorimetry
(DSC) up to 600 °C and thermogravimetric analyze
(TGA) annealed (up to 5 h) at 100 °C, in nitrogen and air
atmospheres for bulk perovskite samples, as shown in
Figure 5 a and b.

We observe no identifiable change in the sample
temperature profiles in both air and nitrogen atmo-
sphere hence no evidence for structural degradation in
isothermal TGA curves or any other processes occur-
ring while samples are isothermally annealed at 100 °C.
Two clear observations can be made by the TGA data:
First, the byproduct of the perovskite synthesis, i.e.,
two CH3NH3X (X = Cl/or 1), may not have completely
evaporated off during the annealing process, leaving
behind the solid solution of excess by products

PATHAK ET AL.

(CH3NH3X where X = Cl/or 1)) in the film itself. Second,
degradation kinetics is influenced by the surrounding
atmosphere; when annealed in nitrogen, a faster de-
gradation is observed as compared with air annealing
where a slower and delayed degradation is seen. A
sharp and prior degradation of CH3NH3X (X = Cl/or )
at around 300 °C and PbX, (X = Cl/or I) at around
400—500 °C is clearly visible in nitrogen atmosphere,
which is slightly delayed in the case of air annealing
indicate a slower degradation mechanism.

We investigated the variation in the microstructural
features of the perovskite film when annealed under
different atmosphere by means of SEM, as shown in
Figure 6. Figure 6a and d show SEM image of perov-
skite annealed for 1 h in air and nitrogen, respectively.
SEM image of a perovskite film annealed in nitrogen
atmosphere shows a larger surface coverage compared
to air annealed sample. Interestingly, the perovskite
grain domains are much smaller when annealed in
nitrogen atmosphere whereas, large and more defined
crystal grain domains are observed in air annealed
samples. Further annealing for longer time for up to
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5 h in air did not produce any remarkable difference in
microstructure of grains as shown in Figure 6b and c.
In contrast annealing in nitrogen for longer period (i.e.,
2.5 and 5 h) shows nucleation of tiny secondary grains
formed on the surface of microcrystallites and the grain
boundaries. These tiny grains grow in number with
increasing dwell time. An SEM image of a perovskite
film annealed for 5 h in nitrogen is shown in Figure 6e
as much smaller and brighter needle shape secondary
grains can be seen throughout the film. Atmospheric
influence on the perovskite microstructural features
can be understood by the considering the different
in the kinetics of the crystallization (i.e., forming grain
boundaries, grain boundary movement and neck
formation). The perovskite crystallization is both driven
by thermodynamic as well as kintetic process, observed
in TGA and DSC measurements (see Figure 5); anneal-
ing in nitrogen atmosphere induces faster crystalliza-
tion of the perovskite on the substrate, whereas in air,
a slower crystallization is observed. When perovskite
precursor is spin coated in nitrogen atmosphere many
nucleation centers are generated due to faster solvent
removal, which by subsequent annealing will form
many small grains. The higher density of nucleation
centers across the film produces larger surface cover-
age but smaller grain domains. On the other hand,
when annealed in air atmosphere crystallization pro-
cess is relatively slower ensuring fewer numbers
of nucleation canters and allowing enough time for
coarsening of the nucleated grains, resulting into a
large grain domain.*' The electron probe microanalysis
(EPMA) on the small grains that appears in the perov-
skite film when annealed for longer period (i.e., 2.5 and
5 h) shows elemental ratio Pb: 1:3 confirming the
formation of the perovskite. The contrast difference
in photophysical properties of the perovskite films
annealed in different atmosphere is result of a differ-
ence in the degree of electronic disorder in the film.
Lower PLQE, shorter PL lifetime and higher Urbach
energy clearly indicate toward higher electronic
disorder in the nitrogen annealed perovskite. Now
the question is to identify the origin of such electronic
disorder in the film. Our extensive investigation on
the variation in the crystallographic parameter and
microstructure indicate toward a complex scenario
where several factors are of importance. However,
to our understanding, it appears that changes occur
on a macroscopic level (i.e., difference in grain domain
size) may be the dominant at least up to 1 h of
annealing. Smaller grain domains means higher density
of grain boundaries in the film, higher density of grain
boundary inducing higher number of electronic trap
states.

On the contrary, larger grain domain assures
lower electronic traps in the film. Further annealing
in nitrogen makes the perovskite having smaller sec-
ondary grains forming at the grain boundaries and
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deterioration of the crystallinity that further lowers
performance. On the contrary, no such deterioration
is encountered when the samples were annealed in air
for even 5 h, and this correlates with the observed
higher PLQE, longer PL decay time and lower Urbach
energy. Further increasing the annealing time in
nitrogen atmosphere generates secondary grains with
much smaller size, on the other hand in air atmosphere
no such deterioration is observed.

Yang Yang et al.** have recently reported the self-
induced Pbl, in the perovskite film while annealing in
air and its influence on device performance; however,
a detailed mechanism for crystallization process was
not discussed. The work here helps to explain these
exceptionally high efficiencies.*?

The other major source of defect states in perovskite
during annealing, other than different crystal struc-
tures and variation in perovskite grain domain size,
could arise from nonstoichiometric point defects
in perovskite films. Oxygen molecules may act as
a passivation agent to those defects. To avoid the
contribution from nonstoichiometric defects we ex-
posed the nitrogen annealed films to air overnight,
to try and ensure that the differences we are observ-
ing are predominantly from the variation in crystal
structure induced during crystallization. Investiga-
tion on the nonstoichiometric point defects shall be
studied separately. This study also open up another
questions whether varying annealing conditions influ-
ences the extent of chloride doping in the perovskite
crystal.

CONCLUSIONS

We have investigated the influence of annealing
conditions on the photophysical properties of perov-
skite films and correlated this with the annealing
induced variations in the perovskite crystal structure.
We observed that limiting nonradiative pathways (i.e.,
maximizing PLQE) is important for obtaining the high-
est device efficiency. The perovskite films annealed in
nitrogen atmosphere have higher degree of electronic
disorder than their air-annealed counterparts, as evi-
dent in the measured Urbach energy. The higher
degree of disorder leads to lower value of PLQE, shorter
PL lifetime and hence lower device performance as
compared with air annealed samples, which show
much lower level of disorder. The degree of disorder
increases gradually with the dwelling time (2.5 and 5 h)
in nitrogen atmosphere, in contrast with air-annealing
where no substantial variation in device performance is
observed.

Under similar conditions we investigated the
change in perovskite crystal structure by XRD and
in situ WAX measurements; we also investigated the
microstructure of the perovskite film under stated
conditions. Several factors including crystallographic
changes, oxygen passivation and variation in grain
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domain size may play a composite role in deciding the
influence of atmosphere while annealing on the
photophysical properties of the perovskite. However,
we believe that variation in the macroscopic property,
i.e., grain size, may play a predominant role on this.

EXPERIMENTAL SECTION

A DMF solution of methyl-ammonium iodide (MAI) and
PbCl, (3:1 molar ratio) was mixed to form perovskite precursor
solution as described elsewhere?® The precursor solution
was then deposited by spin coating in glovebox (nitrogen
atmosphere) and in air and annealed under the same condi-
tions at 100 C for 1, 2.5, and 5 h. WAXS measurements were
conducted on bulk perovskite powder obtained from scraping
off the spin-coted perovskite films. For UV, PL measurements
perovskite was spin-coated on clean and plasma etched glass
slides.

In situ WAXS was performed at beamline 122, at the Diamond
Light Source at the Harwell Science and Innovation Campus in
Didcot, UK. The energy was set at E = 8 keV. The beam was
focused to a size of 200 x 100 um? at the sample position.
A Pilatus 300k detector with a pixel size of 172 um? was used for
WAXS with a sample—detector distance of 0.4 m. The measur-
ing time was 15 s for all the measurements. The samples were
moved out of the beam after each measurement to avoid beam
damage. The g-space calibration was performed fitting the
characteristic scattering signal arising from silver behenate.
The construction of 1D profiles and the modeling of the crystal
structure were carried out using the self-written GISAS analysis
package (http://steiner.bss.phy.cam.ac.uk/facilities/sas-gisas-
analysis-package).

X-ray diffraction was measured using Bruker D8 theta/theta
(i.e., fixed sample) spectrometer with a position sensitive de-
tector (LynxEye) and a standard detector (SC) with autoabsorber
and graphite second beam monochromator. (Bragg—Brentano
parafocusing geometry, reflection mode). UV—vis absorption
was measured on films in air using a commercial spectro-
photometer (Varian Cary 300 UV- Vis, USA). Time-resolved PL
measurements were acquired using a time correlated single
photon counting (TCSPC) setup (FluoTime 300, PicoQuant
GmbH). Film samples were photoexcited using a 507 nm laser
head (LDH—P-C-510, PicoQuant GmbH) pulsed at frequencies
of 1 MHz, with a pulse duration of 117 ps and fluence of
~300 nJ/cm2. The PL was collected using a high resolution
monochromator and hybrid photomultiplier detector assembly
(PMA Hybrid 40, PicoQuant GmbH).

PDS samples were prepared on 13 mm quartz substrates in
the said conditions. In PDS measurements, the sample was
exposed to monochromatic light (pump beam), producing a
thermal gradient due to the nonradiative relaxation of the
absorbed light. This results in a refractive index gradient in the
area surrounding the sample surface, which is further enhanced
by immersing the sample in an inert liquid (Fluorinert FC-72),
which has high refractive index changes for small variations in
temperature. A fixed wavelength continuous wave laser beam
(probe beam) (670 nm) was passed through this refractive index
gradient producing a deflection proportional to the absorbed
light. This deflection is measured using a position sensing
detector and a lock-in amplifier. The deflection is proportional
to the light absorbed by the sample at that given wavelength of
the pump beam, and scanning through the wavelengths yields
a complete absorption spectrum.

Q2000 differential scanning calorimeter was used to measure
the heat flow during the reaction. Samples contained in open
aluminum pans and heated at 10 °C/min to 100 °C. Nitrogen
and air gas was purge with 20 cc/min flow rate. To evaluate the
weight loss during the annealing Q500 Thermo gravimetric
analyzer was used, samples were placed in aluminum pan under
the air/nitrogen purge (20 cc/min flow rate), and weight loss
was measured over the 5 h hold period at 100 °C.
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Perovskite with larger grain size should have lesser
electronic trap states as compared with the smaller
ones. Perovskite film with even larger grain domain
without compromising the surface coverage should
realize the PCE >20% in perovskite solar cell.

Solar cells were constructed as discussed before.** Briefly,
FTO-coated glass sheets (7/0, Pilkington) were etched with zinc
powder and HCl (2M) to obtain the required electrode pattern.
The sheets were then washed with soap (2% Hellmanex in
water), deionized water, acetone, and methanol. The last traces
of organic residues were removed by oxygen plasma cleaning.
The FTO sheets were subsequently coated with a compact layer
of TiO, (100 nm) by spin-coating titanium sol precursor at
2000 rpm. The titanium precursor sol was prepared by dropwise
adding a solution of 175 uL of Ti isopropoxide in 1.25 mL of
EtOH into a solution of 17.5 uL of 2 M HCl in 1.25 mL of EtOH. The
coated FTO substrate was then heated to 300 °C for 30 min. An
Al,O3 meso-structured scaffold was deposited by spin-coating
a colloidal dispersion of 20 nm Al,O3 nanoparticles in isopro-
panol, followed by drying at 150 °C. Upon cooling to room
temperature, perovskite precursor solution was deposited by
spin-coating, which forms a perovskite after heating to 100 °C
for 1,2.5,and 5 h under different atmosphere (air and glovebox).
Spiro-MeOTAD (LUMTECH) hole-conductor at 2000 rpm for 60 s
in air. The solution for spin-coating consisted of spiro-MeOTAD
dissolved in anhydrous chlorobenzene (reagent grade) at
10 vol %, assuming a density of spiro-MeOTAD of 1 g cm >,
tert-Butylpyridine (tbp) was added to the solution at a con-
centration of 1.26 uL mg ™" (tbp: spiro-OMeTAD). Lithium bis-
(trifluoromethyl sulfonyl)imide salt (Li-TFSI) (170 mg mL™" in
acetonitrile) was added. After drying overnight, back contacts
were applied by thermal evaporation of 150 nm of silver.

Solar-cell performance parameters were measured using
solar-simulated AM 1.5 sunlight was generated with an ABET
solar simulator calibrated to output 100 mW cm™2 using an
NREL- calibrated KGS5 filtered silicon reference cell, and the J—V
curves were recorded with a Keithley 2400 source meter. The
solar cells were masked with a metal aperture defining an active
area of 0.09 cm?. For TA a measurement the device was held at
open-circuit in a nitrogen filled holder and was photoexcited
at 2.33 eV (10 uJ/cm, pulse length 400 ps). Excitation fluence for
films was 2 uJ/cm?,
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