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Low-Temperature Fabrication of Efficient Wide-Bandgap
Organolead Trihalide Perovskite Solar Cells

Cheng Bi, Yongbo Yuan, Yanjun Fang, and Jinsong Huang*

To exceed the Shockley-Queisser efficiency limit, tandem solar
cell devices with complementary absorption spectra is needed
to increase the absorption of sunlight over a wide range of
wavelengths while minimizing thermodynamic loss in indi-
vidual cells. Crystalline-Si (c-Si) technology produces excellent
single-junction solar cells with power conversion efficiencies
(PCEs) of 24%-25%, and has been commercialized extensively
to produce panels at relatively low costs, but it has not become
competitive yet with nonrenewable energy sources. Enhanced
device performance is still required to reduce the price of
solar electricity to below $0.06 (kW h)™! so that photovoltaics
become a cost effective solution as a standard electricity source.
To produce efficient tandem cell with c-Si, a material is needed
that can be deposited inexpensively on ¢-Si and has a bandgap
matched with ¢-Si in tandem cells. To match the bandgap of ¢-Si
(1.12 eV), a material with bandgap of 1.72 eV is needed to pro-
duce a short-circuit current density (Jsc) of =20 mA cm™ under
air mass (AM) 1.5 spectrum, which can potentially produce
high device efficiency above 30%.I'? These requirements can
be met by using the organometal trihalide perovskite materials.

Organometal trihalide perovskite are nature abundant, solu-
tion processable, low-cost materials that have been converted to
efficient single-junction photovoltaic devices with power con-
version efficiency above 15%.3- Similar to silicon solar cells,
the intrinsic voltage loss in perovskite solar cells is among the
lowest. It is therefore most promising to combine these two
types of most efficient solar cells to boost the device efficiency
without significantly adding device fabrication cost. However,
it is not feasible to directly apply the developed high efficiency
single-junction perovskite solar cells onto silicon solar cells for
tandem devices due to the following two reasons: 1) the optical
bandgap of the perovskites in most efficient perovskite solar
cells is 1.55 eV that is still too small to match the bandgap of
Si solar cells in tandem devices; 2) most of these devices use
mesoporous titanium oxide as electron extraction layers, which
were formed at high temperature above 400 °C for the best
device performance.> The high-temperature process can dra-
matically degrade the bottom silicon cells.

In this paper, we demonstrate a high performance mixed
halide perovskite photovoltaic device with an enlarged bandgap
of 1.72 eV fabricated by a low-temperature solution process
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(100 °C). An efficiency of 13.1%, which is the highest reported
efficiency for wide-bandgap perovskite solar cells to the best of
our knowledge, was achieved by carefully tuning the thickness,
morphology, and surface passivation of the perovskite layers.
These fabrication techniques and conditions are compatible
with the bottom silicon cells for future tandem cell application.

One merit of the hybrid organometal trihalide perovskite
materials for photovoltaic application is its bandgap can be
favorably tuned between 1.17 and 3.11 eV by incorporating
varied halide (Cl, Br, and I), metal and organic ions.>’-'°)
In this work, we tuned the bandgap of the perovskite to
1.72 eV using mixed halide perovskite of CH;NH;Pbl; Br,
(MAPDI; ,Br,). For the MAPDI;_ Br, film formation, lead iodine
(PbL,) layers were first spun on the indium tin oxide (ITO)/
poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) sub-
strates from dimethylformamide (DMF) solution, and then
CH;NH;Br (MABr):CH;3;NH;3I (MAI) blended precursor solu-
tion with different blend ratios were spun onto the PbI, layers.
The continuous and pinhole-free MAPbI; Br, films were
formed by the annealing-driven interdiffusion process, while I
and Br were spontaneously incorporated into the mixed halide
perovskites, as shown in Figure la. Detailed film and device
fabrication process can be found in the experimental section.
The perovskite’s bandgap can be tuned by varying MABr per-
centage in the blended precursor solution. Here, 150 nm thick
PbI, layers were used to react with MABr:MAI blended solution
containing different MABr:MAI ratio. The absorption spectra of
as-fabricated perovskite films in Figure 1b shows a continuous
blue shift of the absorption cut-off edge with increased Br per-
centage ratio in the precursor blend. The optical bandgap (Eg),
which was shown as an inset in Figure 1b, has a nearly linear
relationship with molar percentage of Br with as relationship
of Eg (eV) = 1.54 + 0.294y, where y is the molar percentage
of MABr in the MABr:MAI precursor solution. The absorp-
tion edge was shifted to 676 nm when pure MABr solution
was used, and a bandgap of 1.72 eV was obtained by blending
56.3 mol% MABr into the precursor. By assuming a linear rela-
tionship of Br incorporation with the bandgap of MAPbI; Br,,
we derived a composition of MAPbI, 4Br, ¢ for the mixed halide
perovskite that has a bandgap of 1.72 eV. In our previous study
of Cl incorporation into MAPbI; by interdiffusion, it was found
the Cl incorporation involved two steps: first formation of
Cl-rich perovskite phase dispersed in MAPDI; before thermal
annealing, and then homogenization of the two phases to one
single phase after thermal annealing.'”! Tt can be explained by
low formation energy of Cl-rich perovskite. Here, it is found
that the film's optical bandgap did not change before and after
thermal annealing-induced diffusion process, as shown in
Figure 1c, indicating the Br in perovskite has the comparable
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Figure 1. a) The schematic of fabricating MAPbI;_Br, film by using two stacked precursor layers; b) optical absorption of films grown from varied
MABYr percent in the MABr:MAI blended precursor solution, and the inset figure showing the linear correlation of bandgap to MABr percent in blended
solution; c) absorption of the MAPblI, ,Br ¢ films after drying and thermal annealing; d) XRD pattern of MAPblI, 4Bry ¢ and MAPbI; film, and magnified

region showing (004)y, (220)1, and (200) peak in the inserted figure.

incorporation rate with I. The increased absorbance after the
annealing suggests that although Br can be readily incorporated
even at room temperature, a thermal annealing at 100 °C is still
needed to drive the interdiffusion of two stacking precursor
layers into each other to complete the reaction.

The interdiffusion grown MAPDI, 4Br, ¢ film was studied by
X-ray diffraction (XRD) measurement to confirm the incorpora-
tion of Br in to the lattice of MAPDI;. Figure 1(d) shows the
XRD pattern of the MAPbDI, 4Bry film annealed for 80 min,
and the XRD pattern of a MAPDI; film was also shown for com-
parison. All the XRD peaks of the MAPbI, 4Bry¢ film shifted
to larger diffraction angles, and only one single phase exists,
indicating the successful incorporation of Br into MAPbI;
after interdiffusion process. It is also found that the Br incor-
poration transferred the perovskite crystal from tetragonal
structure to cubic structure, because the (004) peak at 33.17°
in MAPbDI; disappeared in XRD pattern of MAPDI, ,Br,, as
shown in the inserted pattern in Figure 1d.#l The lattice con-
stant of MAPDI, 4Bry¢ was calculated to be 0.617 nm, agreeing
with the previously reported value of MAPDI; ,Br, with a same
bandgap.”! The relative intensity of different diffraction peaks
of the MAPDI, 4Br ¢ films had negligible change, suggesting Br
incorporation caused no preferred grain orientation, which is
again different from that of Cl incorporation into MAPbI;. The
difference can be explained by the similar atom size of Br with
I, while Cl has much smaller size than I.
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After determining the composition for a proper bandgap, we
continue to improve the morphology of the MAPDI, ,Br, ¢ films
for high-efficiency devices. To get a high-performance photovol-
taic device, a proper thickness for the perovskite layer is needed
to absorb most of light for maximum charge generation. For
MAPDI, 4Br ¢ perovskite, a film thicker than 600 nm is required
to absorb above 90% light in its whole absorption spectrum
region, as can be derived from the thickness-dependent absorp-
tion curves shown in Figure 2a. Nevertheless, a too thick active
layer always increases the chance of charge recombination,
reducing charge collection efficiency. Charge recombination
is generally associated with defects in crystals. Recent theo-
retical calculations by Hong and co-workers and Yin et al.l'-20]
revealed that this unique family of materials is tolerant to point
defects because the point defects do not generate trap states in
the bandgap, explaining the very large charge diffusion length
in organometal trihalide perovskites. However, the grain bound-
aries can cause severe charge recombination due to nonstoichi-
mometric composition at grain boundaries. Our previous study
showed that grain boundaries can lose MAI during thermal
annealing, and generates a high density of charge traps.?!"??!
Therefore, large crystalline grains are preferred to minimize
the charge recombination in the thick MAPDI, 4Br ¢ film. How-
ever, we found it difficult to grow large MAPDI, ,Br, ¢ grains by
thermal annealing. The average gain size of MAPDI, ,Bry¢ is
limited to be around 300-350 nm even after extended thermal
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Figure 2. a) Thickness-dependent absorption of MAPbI, Brye film;
b) cross-section SEM images of 600 nm thick MAPbl, 4Br, ¢ devices with
solvent (SA) and thermal (TA) annealed perovskite film.

annealing to 2 h, while further increasing annealing tempera-
ture would pose risk of obvious perovskite decomposition.[?324
Therefore, we adopted a solvent assisted thermal annealing
method to boost the grain size. DMF, which is a good solvent
for all the precursors, was added into the annealing atmosphere
to assist the grain grown.[?’! Here, a controlled film with only
thermal annealing was also included for comparison to dem-
onstrate the effect of solvent annealing in MAPbI, 4Br¢ films.
Figure 2b shows the cross-section scanning electron microscopy
(SEM) images of the devices fabricated from thermal- and sol-
vent-annealed MAPbI, 4Br ¢ films with a thickness of 600 nm.
It clearly shows that thermal-annealing produced small grains
with average size of around 300 nm, while solvent annealing
yielded large grains with size comparable to or larger than the
film's thickness, which allows charge carriers transport in a
single grain without encountering grain boundary before being
collected. A decrease of total charge recombination is expected
from the significant reduction of total boundary area, which
can result in more efficient charge collection for an improved
photocurrent and fill factor (FF), which was demonstrated in
the device performance study.

We fabricated devices with different MAPDI, 4Bry, thick-
ness with a planar device structure of ITO/PEDOT:PSS/
MAPDbI, 4Brj¢/phenyl-C61-butyric acid methyl ester (PCBM)
(20 nm)/Cgy (20 nm)/2,9-dimethyl-4,7-diphenyl-1,10-phenanth-
roline (BCP)(8 nm)/aluminum (100 nm), as shown in Figure 3a.
Figure 3b shows the photocurrent density-voltage (J-V) curves
of best performing MAPbI, Bry¢ devices with varied thick-
nesses from 260 to 600 nm. To examine the effect of solvent
annealing on device performance, the photocurrent of the best
thermal-annealed 420 nm thick MAPDI, 4Br,, device was also
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Figure 3. a) The schematic of MAPbI,4Bry¢ photovoltaic device struc-
ture; b) J-V curve and c) EQE of the devices with varied MAPbI, 4Brg ¢ film
thickness. TA and SA in the figure mean thermal and solvent-annealing
treatment for the perovskite film, respectively.

shown in the Figure 3b. Clearly, the thermal-annealed films
yielded lower Jsc and FF than the solvent-annealed films,
which can be explained by the stronger charge recombination
due to the larger grain boundary area in thermal-annealed
films. Increasing the MAPDI, ,Bry¢ film thickness to 600 nm
produced a larger Jsc of 17.3 mA cm™2, as compared with
15.2 mA cm™ from 260 nm thick film device. It can be
explained by the stronger absorption in the long wavelength
range between 600 and 750 nm, as proven by the absorp-
tion curves in Figure 2a of the films and EQE curves of these
devices at Figure 3c. The maximum EQE was above 80.0% for
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Table 1. Film thickness-dependent performance for the device of ITO/
PEDOT: PSS/MAPbI, 4 Brys/ PCBM/Cgo/BCP/Al TA and SA in the table
mean thermal- and solvent-annealing treatment for the perovskite film,
respectively.

Thickness Jsc Voc FF PCE PCE
[nm] [mA cm™2] V] [%] [%] average [%] best
260(SA) 14.7+0.7 1.04£0.2 68.2+2.7 10.5+£0.7 11.2
420(SA) 16.7+0.8 1.02+£0.2 709+438 120+£1.1 13.1
600(SA) 16.8+£0.7 1.01£0.2 71.5+£4.0 11.9+£1.1 13.0
420(TA) 13.0+0.5 1.04+£02 625+3.8 8.4+0.7 9.1

all the devices with different thickness, indicating the devices
have excellent charge collection efficiency and negligible charge
recombination. All EQE curves have a cutoff around 720 nm,
confirming the bandgap of 1.72 eV. Increasing the thickness of
MAPDI, 4Br, ¢ was also found to increase the FF from 70.6% to
75.5%, but reduce open-circle voltage (Vo) from 1.04 to 1.00 V.
Devices with both 420 and 600 nm thick films showed compa-
rable good performance with power convert efficiency of 13.0%.
The thickness-dependent device efficiency was summarized in
Table 1 for both the best and the average devices. The average
efficiency of the 420 and 600 nm thick devices treated by solvent
annealing reached 12.0% and 11.9%, respectively, while devices
with 260 nm film generally yielded a lower average efficiency of
10.5%. The device performances and their variations are sum-
marized in Table 1. The insensitivity of PCE to perovskite film
thickness between 420 and 600 nm relieves the requirement of
accurate thickness controlling, and thus benefits the device fab-
rication yield.

One unique structure of our planar heterojunction device is
that a layer of spun fullerene derivatives on the top of perovskite
layers was introduced in addition to the thermal evaporated Cgy
layer.?!l Tt was found PCBM had additional passivation effect
on grain boundary and film surface in MAPDI; devices because
inserting PCBM was found to further reduce the total trap den-
sities and eliminate the photocurrent hysteresis.???! Since, it is
not clear if any other fullerene derivatives have better passiva-
tion effect on MAPDI, 4Br( ¢ device or the varied energy level of
fullerene derivatives would impact the electron transfer from
MAPDI, 4Bry¢ to them, in this study varied fullerene layers
including PCBM, indene-Cg tri-adducts (ICTA) and indene-Cg,
bisadduct (ICBA) were tested in 420 nm thick MAPbI, 4Bry¢
devices to examine their influence. Figure 4a-d shows the J-V
curves of the devices using different spun fullerene derivative
layers under increasing and decreasing applied bias. The pho-
tocurrents were measured at a rate of 0.06 V min™' under AM
1.5 illumination. It was found that both PCBM and ICTA can
effectively passivate the MAPDI, ,Br,¢ films, resulting a PCE
larger than 12.0%, Jsc of 17.5 mA cm™2 and FF of 70.0%, while
ICBA or no spun fullerene passivation overall yielded a lower
PCE with smaller Jsc, reduced FF and significant decreased
Voc. Nevertheless, it is noted that only PCBM passivated device
showed no photocurrent hysteresis when changing the photo-
current sweep directions, while the device with ICTA, although
showed a similar PCE as compared with PCBM device under
increasing applied bias, was observed to have photocurrent hys-
teresis with lower Jsc and FF when changing the photocurrent
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Figure 4. a—d) J-V curve and e) tDOS of the MAPbI,,Bry¢ devices
with PCBM, ICTA, ICBA, and without fullerene derivative passivation,
respectively.

sweep direction. The similar observation was also found in
the devices with ICBA and no fullerene. The devices’ perfor-
mance measured with forward and reverse sweep direction is
summarized in Table 2. The observed photocurrent hysteresis
may come from the insufficient passivation on charge traps in
MAPDI, ,Br, perovskite films.?'?2 To investigate the varied
fullerene derivatives’ passivation effect on grain boundary and
surface traps, we used thermal admittance spectroscopy (TAS)
to measure the trap density of states (tDOS) in these devices.
TAS is well-established technique for tDOS measurement for
thin film solar cells.?!?226:27] Figure 4e shows the tDOS for the
devices with different fullerene derivatives. It is observed that
the device with PCBM had overall the lowest tDOS over the
whole region, explaining the least photocurrent hysteresis in
these devices. The device with ICTA had 2-3 times larger tDOS
in the shallow trap region of 0.34-0.40 eV, 75%-100% larger
tDOS in deeper trap region (0.40-0.52 eV) than that of the
device with PCBM. In addition, the devices with ICBA and no
spun derivative overall have much higher tDOS, especially in
deep trap region. The low device efficiency and observed photo-
current hysteresis can be explained by the higher tDOS. In our
previous study, we already established the shallow traps were
mainly passivated by spun fullerene derivatives because they
can diffuse into grain boundaries under thermal annealing,
while deep traps at perovskite surface were passivated by both

Adv. Energy Mater. 2015, 5, 1401616
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Table 2. Performance of the devices passivated by varied fullerene derivatives (ITO/PEDOT: PSS/MAPbI, 4 Brq¢/fullerene derivatives/Cgo/BCP/Al).

Fullerene Jsc Voc FF PCE
derivatives [mA cm™?] forward/reverse [V] forward/reverse [%] forward/reverse [%] forward/reverse
PCBM/Cqp 17.5/17.5 1.00/1.01 70.0/68.1 12.2/12.0
ICTA/Cqp 17.5/17.1 1.01/1.05 70.9/62.5 12.5/11.2
ICBA/Cgp 15.4/15.3 1.02/1.02 66.9/61.2 10.5/9.6
None/Cgp 14.4/14.0 0.87/0.94 54.4/46.9 6.8/6.1

spun fullerene derivative and Cgy. The varied passivation capa-
bility by these different fullerene derivatives to MAPbI, 4Bry¢
possibly originated from the different penetrating ability of the
fullerene derivatives into the grain boundaries, and the selec-
tive passivation of charge traps with different energy levels.
This result clearly proves that, the trap states in MAPbI, 4Bry¢
can also be efficiently passivated by PCBM, despite of the
broadened bandgap.

The best performing device was obtained using PCBM pas-
sivation on a 420 nm thick perovskite film. A PCE of 13.1%
was achieved with Jsc of 17.5 mA cm™, V¢ of 1.02 V and FF
of 73.7%, as shown in Figure 5a. This Jsc is close to the ideal
value of 20 mA cm™ so that the photocurrent of the perovs-
kite cell and Si cell can match with each other. The EQE curve
in Figure 5b shows that the maximum EQE reached 84.8%
at 530 nm, and was above 80.0% in the wavelength range of

(a)

470-650 nm. It should be noted that the ITO substrate used
here is different from those used in the study of perovskite
thickness-dependent device performance. The ITO in this
highest efficiency device had less transparency in blue region,
causing a slight reduction of EQE between 400 and 475 nm.
One can infer that the transparency of ITO substrate could
have non-negligible impact photovoltaic device efficiency, and
thus the further device optimization should also include the
improvement of light harvesting.

In summary, a high performance perovskite photovoltaic
device with 1.72 eV bandgap was developed by a low-temper-
ature solution process for Si/perovskite tandem solar cell.
Hybrid halide was used to enlarge the bandgap by precise
control of Br incorporation into perovskite to obtain 1.72 eV
bandgap that was optimized for a most efficient Si/perovskite
tandem solar cell. The optimized thickness of perovskite layer
was between 420 and 600 nm that is thicker than that of the
reported most efficient MAPDI; devices. Solvent annealing was
used to grow large grains so grain size can reach the thick-

(\’g 2.5F S '9";5 ] ness of the perovskite layer even for thick films, which sig-
o 0.0 pusssmsrasiog 3 nificantly reduced charge recombination and improved device
E 25} ° 4 performance. PCBM passivation was found necessary to achieve
E =0l “ ] e optimized device with a PCE of 13.1%. The low-temperature
2 75 3 processed, high efficiency, large bandgap perovskite solar cells
@ “'er e )} developed in this work have potential to be integrated with Si
i -10.0¢ ° 7 solar cell for high efficient silicon/perovskite tandem devices.
= 125} o |
[ " Q
o 9
E -15.0 1
S . .

O 175 ] Experimental Section

-20.0 Material Synthesis and Perovskite Film Formation: The MAI was
0.2 0.0 0 2 0 4 0 6 O 8 1. 0 1.2 synthesized by following the method reported in other literature.l?l For
Voltage (V) the film fabrication, a Pbl, layer was firstly spun onto the top of ITO

(b) 100 18 substrate at a spin rate of 6000 rpm from a hot Pbl, DMF solution

90 16\7&\ (100 °C). To obtain varied thick MAPbl,4Bry¢ film, the Pbl, layers

] were prepared from precursor solutions with different concentration:

80 14 400, 600, and 800 mg mL~" Pbl, DMF solutions were used for 260,
70 12E 420, and 600 nm MAPbI, Brog film, respectively. The as-prepared
X 60 — Pbl, film was dried in a hotplate at 100 °C for 5 min and then a MAI:
g 50 10&, MABr layer was spun coated on the top of the Pbl, layer at a spin rate
] 8 5 of 6000 rpm for 35 s. To obtain the expected bandgap of 1.72 eV, an
w 40 8 optimized concentration of MAI: MABr solution with a specific blend
30 6 '8 ratio was used. 40 mg mL™" blended solution with 47.5 wt% MABr,

4 & 60 mg mL™' blended solution with 50 wt% MABr, and 80 mg mL™

20 2 5 blended solution with 50 wt% MABr were used to fabricate 260, 420,
10F E and 600 nm MAPbI, 4Bry ¢ films, respectively. The stacked two precursor

0 10 £ layers were then dried at 70 °C for 5 min and sequently annealed at 100 °C

300 400 500 600 700 800 for 80 min. The films were placed in a hot plate with a cover of a glass

Wavelength(nm)

Figure 5. a) J-V curve and b) EQE of the best performing device.
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petri dish during annealing. To apply solvent annealing, 8 yL DMF
solvent was added to the edge of the petri dish when the annealing
started. The solvent annealing process was taken in 100 °C for 80 min.
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Device Fabrication: After annealing, a layer of PCBM was spun on the
prepared perovskite film from a 20 mg mL™" dichlorobenzene solution
at a spin rate of 6000 rpm for 35 s and then the film was thermally
annealed for 1 h at 100 °C. To prepare the samples with varied fullerene
derivatives for passivation effect study, ICTA and ICBA layers were
prepared in exactly the same way. To finish the device fabrication, 20 nm
Ceo, 8 nm BCP, and 100 nm Al electrode were sequentially deposited
by thermal evaporation. The device area was 7.5 mm? and was defined
by the overlap of the Al electrode with the film and anode. All the film
fabrication was processed in nitrogen-filled glovebox.

Film Characterization: Evolution 201 UV-Visible spectrometer (thermo
Scientific) was used to measure the absorption spectra of the perovskite
films. A Rigaku D/Max-B X-ray diffractometer with Bragg—Brentano
parafocusing geometry was used to obtain the XRD patterns. The
diffractometer had a Co—Ko: tube with emitted wavelength of 1.79 A.
The cross-section SEM images were taken by a Quanta 200 FEG
environmental SEM.

Device Characterization: Device's J-V measurement was performed
under the simulated AM 1.5G irradiation (100 mW cm™) from a Xenon-
lamp-based solar simulator (Oriel 67005, 150 W Solar Simulator), and
a Si diode (Hamamatsu S1133) equipped with a Schott visible-color
glass-filtered (KG5 color-filtered) was used to calibrate the light intensity.
Keithley model 2400 was used for current-voltage measurement. LCR
(inductance (L), capacitance (C), and resistance (R)) meter (Agilent
E4980A) was used to perform TAS measurement for the devices’ tDOS
derivation. The devices’ tDOS was derived from angle frequency-
dependent capacitance and voltage-dependent capacitance based
on the equation: NT(Ew):—;/—bv‘Vj—gk%, where , C, g, kg, and T are
the angular frequency, capacitance, elementary charge, Boltzmann's
constant, and absolute temperature, respectively. Vy,; and W are the
built-in potential and depletion width, and can be derived from voltage-
dependent capacitance. The angular frequency @ was defined by the

equation: E, =kgTln ©o , where @y is the attempt-to-escape frequency.
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