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Organolead trihalide perovskites are emerging excellent active materials for thin film solar cells. Here,
the formation and evolution of methylammonium lead iodide perovskite thin films grown by the low-
temperature thermal annealing induced interdiffusion process is investigated. It is found that thermal
annealing not only drives the formation of perovskite but also affects the morphology, optoelectronic

=

properties and correlated device performance. The thermal annealing at 105 °C quickly drives the
formation of phase-pure perovskite in a short time of 15 min, and followed thermal annealing up to two
hours continuously increases perovskite crystallinity and grain size without losing film continuity or
coverage. The measured Hall mobility increases monotonically to 36.0 cm? V™' s upon annealing, which
is correlated with the increased crystallinity and grain size. Device efficiencies increase with improved

o

short circuit current density and fill factor under longer annealing time up to two hours, and the highest
device efficiency of 13.4% is achieved. It is found that the reduction of work function in the perovskite
films, caused by increased annealing duration, is linearly correlated with the open circuit voltage loss,
which points out a path for the further increase of the device efficiency.

requires high-temperature sintering process, and photocatalytic

1. Introduction TiO, raises the risk of deteriorating device stability under UV
light.*> Recent demonstration of a low temperature solution-
processed  TiO,-free  hybrid  solar cell  employing
perovskite/fullerene bilayer structure as the active layer, provides
a possibility to produce perovskite photovoltaic devices by using
the recently developed large scale, high throughput solution
deposition methods for polymer solar cell.***> However the poor
perovskite film quality with very rough and non-continuous
ss perovskites leads to low device efficiency due to the quick
crystallization of perovskite from the blended precursor
solution.”” It has been recently realized by the community that
there is a strong correlation between the perovskite film quality
and the device performances. In one of our recent studies,* spin
6 coating lead iodine (Pbl,) and methylammonium iodide (MAI)
stacked layers was found to form continuous and pin-hole free
perovskite films, as illustrated in Figure 1. It was found the
thermal annealing right after the spin coating of the stacked layers
was critical to improve the device efficiency. One can speculate
os that the thermal annealing here has two different functions that is
different from regular thermal annealing processes: 1) driving the
interdiffusion of Pbl, and MAI precursor for the formation of the
perovskite, and 2) inducing the recrystallization and grain growth
in the formed perovskite films. In this manuscript, we report the
70 thermal annealing effect on structural, electrical, optical
properties of methylammonium lead iodide (MAPDI;) perovskite
thin films and correlated device performance. We observed
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Solar energy is a reliable, renewable and clean resource in
contrast to conventional fossil fuels. Thin film photovoltaics, with
features like low cost, light weight, easy fabrication, are
promising for solar energy harvesting.'> One effective way to
reduce the cost of photovoltaic devices is to increase their
efficiencies.’ Thermal annealing is broadly applied in both
organic and inorganic thin film solar cells to improve device
performance.*'" In organic solar cell, thermal annealing was
often used to increase the crystallinity of polymers and to form
30 the optimized polymer/fullerene domain sizes for charge
generation in polymer solar cells.*®!>' In inorganic thin film
solar cells, thermal annealing treatment governs the performance
of devices by playing versatile functions, such as facilitating the
incorporation of alkali into polycrystalline Cu(In, Ga)Se, (CIGS)
thin film for defect passivation,'®'>'® increasing crystallinity,'”'®
coarsening the crystalline domains,'"'? and homogenizing crystal
structure in CIGS active layer.”*

Recently, organolead halide perovskites are emerging as a
new generation of photovoltaic materials for both sensitized
solid-state mesoporous structure solar cells and thin film solar
cells."*'*? The materials are inexpensive, nature-abundant and
solution processable. Efficiency above 15% was achieved by
perovskite-based devices with both planar and mesoporous
structure after few years of development.?"**2>3!32 Mesoporous
45 structure which usually applies TiO, as electron conductive layer
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strong influence of thermal annealing on crystallinity, grain size
of the perovskite films as well as the carrier mobility and
concentration, correlating well with the device performance.

2. Experimental Section

MAI synthesis: MAI was synthesized by the method reported
elsewhere.’” Typically, hydroiodic acid (HI) (15.0 mL, 57 wt% in
water, Alfa Aesar) solution was mixed with methylamine (MA)
(13.5 mL, 40 wt% in aqueous solution, Alfa Aesar) in an ice bath
with stirring for 2 h under the nitrogen atmosphere. The resulting
solution was evaporated by a rotary evaporator to remove the
solvent. The MAI was precipitated during evaporation process
and was purified by washing it three times with diethyl ether.
After that, the obtained powder was dried in vacuum.

Film formation and device fabrication: The Pbl, and MAI were
dissolved in anhydrous dimethylformamide (DMF) and 2-
propanol with a concentration of 400 mg ml" and 40 mg ml™,
respectively. To produce high performance device, a relative high
concentration of MAI solution was used here. Before the device
fabrication, the indium tin oxide (ITO) glass substrates have been
cleaned by water, acetone and isopropyl alcohol (IPA). After that,
poly(3,4-ethylenedioxythiophene)poly(styrenesulfonate)
(PEDOT:PSS) was spin coated on the substrate at a rotation
speed of 3000 rpm for 60 s. The 25 nm thick PEDOT film was
thermally annealed at 135 °C for 20 mins. Hot Pbl, precursor
solution (70 °C) was spin coated on the PEDOT:PSS surface in
nitrogen at a rotation speed of 6000 rpm for 45 s, and then the
Pbl, film was dried at 70 °C for 15 mins. The MAI solution
(room temperature) was spin coated on the top of Pbl, film at a
rotation speed of 6000 rpm for 35 s. The spin coated MAI layer
was dried at 75 °C for 10 mins. It’s known that high annealing
temperature of above 150 °C can cause quick decomposition of
the formed perovskite films (Figure S1).%*** In our study, in order
to avoid significant decomposition, the as-fabricated films were
annealed in nitrogen at a relatively low temperature of 105 °C
with varied annealing time from 15 mins to 3 hrs.

In order to reduce the surface defects of the perovskite film an
additional phenyl-C61-butyric acid methyl ester (PCBM) film
was spin coated on top of the formed perovskite layer from a 20
mg ml”' PCBM solution in dichlorobenzene (DCB), as described
elsewhere.® After that, 20 nm Cg, 7 nm 2,9-dimethyl-4,7-
diphenyl-1,10-phenanthroline (BCP) and 100 nm aluminium
layer was sequentially deposited onto the film by thermal
evaporation. The resulted devices have a structure of ITO/
PEDOT:PSS (25 nm)/MAPbI; (280 nm)/PCBM (20 nm)/Cg (20
nm)/BCP (8 nm)/Al (100 nm). The working area of these devices
is 6 mm’.

Film characterization: The single path absorption spectra of the
perovskite film were measured by Evolution 201 UV-Visible
spectrometer (thermo Scientific). X-ray diffraction (XRD)
patterns of the film were obtained by a Rigaku D/Max-B X-ray
diffractometer with Bragg-Brentano parafocusing geometry. A
Co-Koa tube was employed in XRD measurement with a working
wavelength of 1.79 A. The morphology of the film was studied
by Quanta 200 FEG Environmental Scanning Electron
Microscope (SEM). Hall Effect and conductivity measurements
were conducted in air by using six contacts Hall bar method,
during which the DC current flowing through the perovskite film

was applied by Keithley Model 2400 and the Hall voltage was
recorded by Keithley Model 4200. The validity of the
e measurement was verified by measuring a standard n-type Si
sample with a doping level of 1.8x10" cm™. The work function
of the perovskite films was measured by ultraviolet photoelectron
spectroscopy (UPS), which was performed in a VG ESCA Lab
system equipped with an ultrahigh vacuum system and a He
discharge lamp. The UPS spectra were recorded using unfiltered
He I (21.2 eV) excitation source, and the samples were biased at -
5.0 V to observe the low-energy secondary cutoff. The UV light
spot size on the sample was about 1 mm in diameter.
Device characterization: Xenon-lamp-based solar simulator
70 (Oriel 67005, 150 W Solar Simulator) was used to provide
simulated AM 1.5G irradiation (100 mW/cm?). The light intensity
was calibrated by a KG5 colour-filtered Si diode (Hamamatsu
S1133). Keithley Model 2400 was used for the current-voltage
measurement. The series resistance was obtained by fitting the
75 current density-voltage (J-¥) curves in the bias range of 1.3-1.5
V, and the shunt resistance was obtained by fitting the J-V curves
at bias range of -0.2-0.2 V.

o
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Figure 1. Schematic illustration of the fabrication procedure of
interdiffusion grown perovskite film: interdiffusion process on the two of

80 stacked precursor layers starts after deposition and reaches completeness
during further thermal annealing.

3. Result and Discussion

ss 3.1. Ultraviolet-Visible Absorption Study

In order to understand the formation and evolution process of
MAPDI; film during thermal annealing processes, the optical
properties of the fabricated films was firstly studied. As shown in
Figure 2, the film dried at 75 °C for 15 mins has broad absorption
9 with absorption edge around 800 nm, confirming the formation of
MAPDI; right after drying. The absorption in long wavelength
range around 600-800 nm increased gradually in the first hour of
annealing, which indicates that the reaction between precursors
was not completed right after drying, and a thermal annealing is
os required to drive the interdiffusion of MAI and Pbl, precursors
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into each other. The absorption remains unchanged after one hour
of annealing.
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Figure 2. Single path absorption spectra of MAPbI; perovskite films
dried at 75 °C for 10 mins and annealed at 105 °C for varied durations.

0

3.2. X-Ray Diffraction Study

In order to understand the formation and evolution of perovskite
films’ phase and crystallization by thermal annealing, XRD
measurement of the films has been carried out. Figure 3(a) shows
the XRD patterns of the annealed films with different annealing
time. The peaks origin from MAI (23.13°) and Pbl, (14.96°)
phase disappeared after the first 15 mins of thermal annealing at
105 °C, confirming the quick reaction between the MAI and Pbl,
under thermal annealing. The XRD peaks observed in 16.69°,
0 23.50°, 33.40° and 37.45° are assigned to (110), (112), (220) and
(310) crystal planes of the MAPbI; perovskite structure, which
agrees with previous studies using Cu-Ka radiation source.”2%%
No peak from impurity phase was observed after 15mins of
thermal annealing, indicating the formation of perovskite phase
under 105 °C is efficient. After 3 hrs of thermal annealing, small
amount of Pbl, phase showed up, which should origin from the
decomposition of perovskite after long time annealing. All the
annealed films have similar XRD patterns while the diffraction
peaks become sharper with the increased annealing time. As
illustrated in Figure 3(b), the full width at half maximum
(FWHM) of the (110) peak reduce gradually from 0.226° to
0.150° when thermal annealing time increased from 15 mins to 3
hrs. It should be noted that both increased crystallinity with less
defects and larger grain size with less grain boundaries can result
s in a sharper XRD peak. The increased crystalline grain size with

o

by
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thermal annealing was confirmed by the following SEM
characterization. Also, the Hall effect and UPS measurement
showed a decreased hole concentration with increased annealing
time, which indicates a reduced doping effect caused by the
defects because point defects in MAPbI; work as dopants rather
than generating trap states in the bandgap.*®*' Thus, the sharper
peak observed here should result from both enlarged grain size
and increased crystallinity. In addition, it is observed that the
intensity of (110) diffraction peak at 16.69° increased gradually
in the first 1.5 hrs of annealing, and then kept almost the same in
the following 1.5 hrs, as shown in Figure 3(c). Meanwhile, the
relative intensity of (110) diffraction peak to the (310) diffraction
peak does not change significantly during thermal annealing, as
shown in Figure 3(c). Thus the increased (110) peak intensity
should be caused by increased crystallinity rather than crystal
orientation change.

3.3. Scanning Electron Microscopy Study

The increase of grain size in perovskite films upon thermal
annealing was confirmed by the SEM study. The SEM images in
Figure 4 (a-b) show the overall film morphology of the perovskite
films after thermal annealing of 15 mins or 3 hrs, respectively.
The perovskite films grown on ITO/PEDOT: PSS by
interdiffusion method were continuous and compact even after 3
hrs of thermal annealing, which is in contrast to the discontinuous
films fabricated from pre-mixed precursors.”’ Figure 4 (c-g) show
the morphology change of the perovskite film during thermal
annealing. The grain size distribution derived from these images
is shown in Figure 4 (h). The average grain size increased with
the thermal annealing, consisting with the gradually decreased
FWHM of XRD peaks in Figure 3(b). After 15 mins of thermal
annealing the average gain size was 190 nm, and then it increased
to around 350 nm and 380 nm after 2 hrs and 3 hrs annealing,
respectively. The maximum grain size was 600-700 nm. It is
noticed that the grain size is comparable with or larger than the
thickness of the film so that there is minimized grain boundary in
the charge collection direction of the annealed perovskite films,
which contributes to the high efficiency in the perovskite solar
cells.

3.4. Hall Effect Measurement

In order to study the influence of thermal annealing on the carrier
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Figure 3. (a) XRD patterns of MAPbI; perovskite films annealed at 105 °C for varied durations; (b) Evolution of film’s FWHM of (110) diffraction peak
with increased annealing time; (c) Variation of XRD peak intensity at 26=16.69° (left Y-axis) and its relative intensity to (310) peak (right Y-axis) with

increased annealing time.
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concentration and carrier mobility of the perovskite film, we
conducted Hall effect measurement. The perovskite’s electronic

150 300 450 600 750
Grain size (nm)

Figure 4.(a-b) Morphology of MAPbI; perovksite films annealed at 105

5 °C for (a) 15 mins, and (b) 3 hrs; (c-g) Enlarged SEM images of MAPbI;
films with different annealing times: (¢) 15 mins, (d) 1 hr, (e) 1.5 hrs, (f)
2 hrs, and (g) 3 hrs; (h) Grain size distribution of the films with varied
annealing duration.

10 property is sensitive to the fabrication methods. All the films
grown by interdiffusion method showed p-type behaviour which
is in contrast to the n-type perovskite formed from pre-mixed
perovskite precursor.*>* Recently calculation results on atomic
defects in perovskites showed that Pb and MA vacancy acts as p-

is type dopant and I vacancy act as n-type dopant.***' In the
interdiffusion-grown perovskite films, a fixed amount of Pbl,
layer was prepared (150 nm), and then a relatively high
concentration precursor solution (40 mg ml™") was used to deposit
a MAI layer on the top of Pbl, layer,* which most likely resulted

20 in point defects like Pb vacancies during interdiffusion process
and thus resulted in p-type perovskite films. Figure 5 shows the
variation of hole concentration and hole mobility with annealing
time. There is a clear increase of Hall mobility from 13.7 cm® V!

s' to 28.7 ecm® V' 57!, accompanied with a reduction of hole
25 concentration from 5.9x10* em™ to 2.7x10"* ¢m™, for films with

w
»
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~
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i °\ /6/ -
o o/ ? °
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Figure 5. Carrier concentration and Hall mobility of the perovskite films
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with varied annealing durations.

30 increased annealing time from 15 mins to 1 hr. It again indicates
the formation of stoichiometric, phase pure, perovskite. The Hall
mobility further increases from 28.7 cm>V's™ t0 36.0 ecm® V's
! accompanied by the slight reduction of hole concentration from
2.7x10" em™ to 2.4x10"* ecm™ with continued thermal annealing

35 up to 3 hrs. This increased mobility correlates well with increased
grain crystallinity and grain size in the perovskite films revealed
by XRD and SEM measurements. The reduced hole
concentration can be explained by fewer defects such as atomic
vacancies, interstitial atoms or grain boundaries which can be a

40 source of excess carriers. It is interesting that the Pbl, from slight
decomposition at the third hour did not increase the hole
concentration. This may result from the small amount of Pbl, in
grain boundaries which did not work as dopant and was less
likely to cause defects since Pbl, has a larger bandgap (2.3 eV).*

45
3.5. Device’s Photovoltaic Performance

The larger grains reduced the total grain boundary area, which is
expected to reduce the charge recombination at the grain
boundaries and improve device performance. The interdiffusion
so grown perovskite films with proper thermal annealing possess
desired features for perovskite thin film photovoltaic application,
including full coverage on substrates, complete conversion of
precursors, improved crystallinity and enlarged grain size. To
investigate the annealing effect on the device performance, we
ss fabricated devices with structure of ITO/PEDOT: PSS (25
nm)/MAPbI; (280 nm)/PCBM (20 nm)/Cq (20 nm)/BCP (8
nm)/aluminium (100 nm). Here, the PCBM/C¢, bilayer was
applied on the top of the annealed perovskite film to passivate the
surface defects on the perovskite film, which was found critical in
o0 achieving high efficiency devices.*****® Figure 6(a) compares the
J-V curves of the perovskite devices with different thermal
annealing time at a temperature of 105 °C. The short-circuit
current density (Jsc), open-circuit voltage (Voc) and fill factor
(FF) derived from J-V curves were summarized in Figure 6(b).
65 The Jgc increased from 14.9 mA ecm™ to 19.0 mA cm™ after 2 hrs
of thermal annealing. The FF also increased steadily from 69% to
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78% after 2 hrs of thermal annealing and did not decrease in the
following annealing process. The maximum PCE of 13.4% was
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Figure 6. Performance of the MAPDI; perovskite devices made of films

s after 105 °C annealing for different durations: (a) Photocurrent density-
voltage curves of the devices under simulated AM 1.5 irradiation (100
mW cm?); (b) Variation on devices’ parameters, Jsc, Voc, FF and PCE,
with increased annealing durations.

10 obtained by annealing the perovskite films at 105 °C for 2 hrs due
to the significantly increased FF and Jsc. The much increased FF
and Jsc can be explained by the reduction of bulk trap density and
increased carrier mobility, which origin from the increased
perovskite stoichiometry, crystallinity and grain size. It’s worth to
notice that the obtained perovskite device has a FF as large as
78%, which is larger than that of most perovskite photovoltaic
devices with planar heterojunction or mesoporous structure had
FF of 60% - 75%." " In addition, the shunt resistance increased
from 1.51x10* ohm to over 3.71x10* ohm with longer annealing
20 time, as shown in Table 1. This should be attributed to the
reduced carrier concentration, which gives a lower leakage in
devices. Also, reduced series resistances were observed, which
should come from increased carrier mobility, improved interface
and better crystallinity with fewer defects.

Nevertheless, the thermal annealing on interdiffusion grown
perovskite film led to a reduced Vpc, as shown in Figure 6 (b).

o

o

Table 1. Shunt and series resistances of the devices with perovskite films
annealed after varied duration

Annealing 0.25 1 1.5 2 3
Time (hr)
Series resistances
(ohm cm?)
Shunt
resistances

(x10* ohm)

546 349 1.67 1.78 1.43

151 1.68 257 383 3.71

30
Three hours of annealing pulled down the Vo from 0.95 V to
0.88 V. Generally, an increased grain size leads to larger Voc
because of the reduced charge recombination at grain boundaries,
while the increased grain size with annealing time observed in

35 this work ruled out the grain boundary recombination as the
dominating factor for the reduced Voc. We noticed that the hole
concentration was reduced with thermal annealing. This reduction
of carrier concentration has a negative impact to Voc. The Voc of
photovoltaic device is ultimately determined by the quasi-Fermi

40 energy level splitting of the electrons and holes under
illumination:

+Ap)(n + An
Voo = kyin 2D H A

l_ )
sswhere kz, T, p, n, Ap, An, n,-z are Boltzmann constant,
temperature, hole concentration in dark, electron concentration in
dark, photogenerated hole concentration, electron concentration
and intrinsic carrier concentration, respectively. Since our
materials are p-type (p>>n), and photons generated equal number
so of electrons and holes, the equation (1) can be simplified as:

(p + Ap)Ap
n? 2

where Ap is a constant that is determined by the incident light
intensity and by assuming the charge generation efficiency is
ss same for all the films. Therefore a smaller hole concentration
gives a reduced Voc as is the case for perovskite solar cells
reported here.
The reduced hole concentration in annealed perovskite films is
also confirmed by the UPS study. The work function of the
0 annealed perovskite films gradually reduced from 5.21 eV to 5.08
eV with increased annealing time. It should be noted the work
function of the perovskite films formed by interdiffusion is much
different from those formed from premixed precursors.*® A
reduced work function lifts the Fermi energy toward the middle
os of the bandgap, yielding a smaller hole concentration as
measured, as shown in Figure 7(a). It shows that annealing is a
method to control work function and even doping concentration
in interdiffusion-grown perovskite films. Since hole
concentration is exponentially dependent on both the shift of
70 Fermi energy level and the Vo, it is expected that there is a linear
relationship between the work function and Vpe. Figure 7(b)
shows the plot of Vo and work function on the same figure with
shifted Voc. A clear linear correlation between them was
observed for the devices with annealing time less than two hours.
s The discrepancy for the three hour annealing sample might be
caused by the decomposition of the perovskite films, yielding a
larger Voc than that predicted from Fermi energy shift. The

VOC = kB Tln
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Figure 7. (a) Energy diagram of Fermi energy shifting during thermal
annealing; (b) MAPbI; perovskite films’ work function and Voc of the
corresponding devices with increased annealing durations.

results shown here point out a future direction to increase the
device efficiency is to slightly increase the carrier concentration
of the perovskite layer without causing significant charge
recombination.

4. Conclusion

Interdiffusion method for fabricating perovskite solar cell
provides a low cost and feasible solution to achieve high
performance due to the formation of continuous absorber films
with full surface coverage. By understanding thermal annealing
effect on perovskite films, we demonstrated the crystallinity and
grain size is critical to optimize the device performance.
Increased annealing time at relatively low temperature (105 °C)
overall improved device performance by increasing Jsc and FF.
The highest PCE of 13.4% was achieved when perovskite
absorber layer was treated by 2 hrs of thermal annealing at 105
°C. In addition, it is expected that annealing process can optimize
the performance of perovskite solar cells with mesoporous
architecture or formed from blending precursors.
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