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interesting effects light has on the perovskite film and lattice.[25–27] Troughton et al.
presented PVSCs with efficiency of 10.0%
by exposing the as-deposited mixed halide
(CH3NH3PbI3-xClx) PVSK film to a nearinfrared halogen lamp for 2.5 s.[28] The
same research group improved the powerconversion efficiencies (PCEs) of the same
structure to 11.3% by photonic flashannealing via a xenon lamp in 1.15 ms.[29]
Regardless of the lamp’s type, their
photon-annealed devices did not perform
as well as their hot-plate-annealed counterparts. Lavery et al. irradiated CH3NH3PbI3
thin film with intense light pulsed for
2 ms from a xenon lamp. The resulting
devices showed PCEs up to 12.3%, comparable to that of hot-plate-annealed samples.[30] Pool et al.
applied radiative thermal annealing to the formamidinium lead
iodide (FAPbI3) PVSK solar absorbers. They achieved PCEs up
to 14.15% with the radiative thermal annealing, similar to their
best efficiency of 13.80% from hot-plate thermal annealing.[31]
Although the above-mentioned studies employed photonic
annealing, they could not take full advantage of photonic treatments because they never went beyond the concept of thermal
annealing: they still used temperature to quantify the photonic
annealing process. Also, their light sources were not energy
efficient for the mission of perovskite annealing. They utilized sources that had wide wavelength distributions and part
of their spectra was infrared (IR) light radiation. This is not
ideal because PVSK materials for photovoltaic purposes usually have an extremely weak absorption in the IR range.[32] For
instance, a halogen lamp contains a major portion of IR light,
and hence the photonic annealing might be even less efficient
than the thermal annealing. As a direct result, the IR radiation
will first heat everything else around the PVSK material but not
the perovskite itself. The annealing energy as heat will then
transfer to the perovskite layer through thermal conduction.
Therefore, the IR annealing approach is similar to, but less efficient than, the traditional hot-plate thermal annealing, as this
IR method has one more energy loss mechanism during the
conversion from the IR photonic energy to the thermal energy.
On the other hand, the major output of xenon lamps is visible
light, which will transmit through transparent precursor films,
such as the MAI-PbI2-DMSO adduct.[15] This also leads to inefficient photonic annealing of the targeted PVSK active layer.

A rapid layer-specific annealing on perovskite active layer enabled
by ultraviolet (UV) light-emitting diode (LED) is demonstrated and
efficiency close to 19% is achieved in a simple planar inverted structure
ITO/PEDOT:PSS/MAPbI3/PC71BM/Al without any device engineering. These
results demonstrate that if the UV dosage is well managed, UV light is capable
of annealing perovskite into high-quality film rather than simply damaging it.
Different in principle from other photonic treatment techniques that can heat
up and damage underlying films, the UV-LED-annealing method enables layerspecific annealing because LED light source is able to provide a specific UV
wavelength for maximum light absorption of target film. Moreover, the layerspecific photonic treatment allows accurate estimation of the crystallization
energy required to form perovskite film at device quality level.

1. Introduction
Perovskite solar cells (PVSCs) have experienced rapid development in the last 10 years with a record certified efficiency
of 23.3% reported.[1–3] Compared to the dominant technologies such as silicon photovoltaics (PVs), PVSCs have the great
advantages of solution processability and low-cost manufacturing potential.[4–13] However, the current mainstream fabrication methods of PVSCs involve thermal annealing. Thermal
annealing is a lengthy and energy-inefficient process, serving as
a potential bottleneck in the large-scale, commercial production
of PVSCs.[14–24] Thus, thermal annealing needs to be excluded
from the chain of fabrication before the economical manufacturing scale-up of PVSCs can be realized. As an alternative,
photonic energy can be utilized directly for many physical and
chemical processes, whereas thermal energy acts primarily
by increasing the temperature and desired changes come as
a byproduct. So far, photonic treatments have been sparingly
tried for annealing the perovskite active layers despite the
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We believe that the key objective of thin-film annealing
is to concentrate on a single layer while minimally affecting
other layers. This will bring significant advantages, such as
avoiding overheating and damage of underlying films. Such
highly layer-selective annealing capabilities can never be realized by hot-plate thermal annealing since all stacking layers are
heated up simultaneously. Likewise, layer-specific annealing
has not been accomplished by photonic approaches using the
above-mentioned light sources either. In order to fully realize
the layer-specific potential of photonic treatments and break
through the limitations of thermal annealing, a specialized
light source with a carefully selected wavelength must be used
to ensure that the vast majority of the photons generated by the
light source will be absorbed and utilized by the PVSK active
layer. Light-emitting diodes (LEDs) are one such light source
that can have an emission spectrum as narrow as 10 nm. When
given the same amount of output power as the prior researches’
lamps, LEDs have many more photons concentrated in a narrow
spectrum, leading to much more efficient absorption and effective photonic treatment of the target layer. Different LEDs
have their unique signature peak wavelengths in every range
including ultraviolet (UV), visible, and IR. The wavelength of
LED irradiation can be specifically chosen to match the peak
absorption of the target layer. The strong photonic absorption
and exponential decay of light intensity in the aiming layer will
have the energy supply concentrated on a single layer, leading
to a highly selective and layer-specific photonic treatment. Furthermore, as solid-state devices, LEDs are more efficient for
energy conversion from electricity to light than other kinds
of lamps. As a result, the overall energy consumption in the
mass production of PVSCs can be substantially reduced. In
addition, LEDs have advantages like much better longevity and
zero warm-up time, which makes LED light much cheaper and
more reliable in the long run than other lamps, and suitable for
pulsed irradiation as well.
In this study, we demonstrate accurate-controlled photonic
annealing on CH3NH3PbI3 (MAPbI3) PVSK thin film by using
365 nm LEDs. This wavelength selection aligns well with the
peak absorption of MAPbI3 in the ultraviolet A (UVA) range at
≈354 nm.[33] There is a misconception that UV light is the cause
of MAPbI3 decomposition.[34–36] We consider that this is not a
proper conclusion without mentioning the dosage of the UV
exposure. Annealing PVSK thin film is essentially an energyabsorbing and energy-consuming crystallization process. Any
annealing method can actually damage the PVSK film if the
energy supply is not well controlled. For example, overheating
can destroy PVSK films but that does not prevent the widespread usage of thermal annealing.[37–39] We show that with
well-controlled dosages, UV irradiation can facilitate perovskite
reaching a good crystalline state and favorable surface morphology. The resulting devices with simple planar inverted
structure (p-i-n) ITO/PEDOT:PSS/MAPbI3/PC71BM/Al can
achieve efficiency over 18% without annealing the [6,6]-phenyl
C71 butyric acid methyl ester (PC71BM) layer, though the current
density versus voltage characteristics (J–V curves) show obvious
hysteretic behavior between the forward scan and reverse scan.
In cases where PC71BM also undergoes proper UV illumination, the hysteresis can be eliminated, while the best device PCE
reaches a new height close to 19%. These results fully justify
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that if the UV dosage is well managed, UV light is capable of
annealing PVSK into high-quality thin film rather than simply
damaging it. In addition, the UV-LED-annealing approach also
provides a convenient route for accurately estimating the energy
required to grow PVSK films of good quality for high-performance devices. We believe that energy is more appropriate
than temperature for characterizing the crystallization process.
With the temperature and time known for thermal annealing,
it is still not possible to estimate the actual energy required to
form high-quality PVSK thin films. On the contrary, the crystallization energy can be calculated from UV annealing with
the irradiance and the illumination time, assuming an almost
full absorption of the incident light. By using LEDs with nearly
one single wavelength, an almost-full absorption (>99.99%) can
be guaranteed by the thickness of MAPbI3 active layer around
400 nm in our solar cells. The product of the irradiance of the
light source and the illumination time yields a neat estimation
of the energy that is necessary for fully crystallizing the MAPbI3
film to a quality required for device applications. In addition to
the traditional MAPbI3 material, this novel photonic treatment
approach could also find applications on other emerging PVSK
material systems for photovoltaics as well as all other PVSK
thin film based semiconductor devices, such as PVSK lightemitting diodes and photodetectors.

2. Results and Discussion
2.1. UV-LED-Annealing of MAPbI3 and PC71BM Films
The CH3NH3PbI3 (MAPbI3) PVSK films were directly deposited onto poly(3,4-ethylenedioxythiophene:poly(styrenesulfo
nate) (PEDOT:PSS) coated ITO-glass substrates in a glove box.
CH3NH3I (methylammonium iodide (MAI)) and lead iodide
(PbI2) dissolved in N,N-dimethylformamide (DMF) containing
dimethyl sulfoxide (DMSO) were dripped and spin-coated onto
the PEDOT:PSS layer to form the MAI-PbI2-DMSO adduct.
Toluene was used to perform the anti-solvent wash during the
spin-coating process, resulting in a transparent film of MAIPbI2-DMSO intermediate. After the spin-coating, films of
MAI-PbI2-DMSO adduct on substrates were transferred out
of the glove box for UV irradiation. In order to attain effective photonic annealing, the UV source employed in this study
is a UVA LED with the peak wavelength at 365 nm. As illustrated in Figure 1a, the extinction coefficient k (absorption) of
MAPbI3 has its peak value in the UVA range at ≈354 nm.[33]
Such peak absorption wavelength is in great match with the
peak wavelength of 365 nm and narrow bandwidth of the
spectrum from LED light source utilized. The thicknesses of
normal MAPbI3 films (usually >300 nm) and the large extinct
coefficient of MAPbI3 at 365 nm ensure an almost-full absorption (>99.99%) of the incoming UV light photons. The distance between the film surface and the UV light source was
kept at 15 mm, corresponding to an irradiance of 2.22 W cm−2
when the output power was set to be 100%. For annealing the
MAPbI3 layer, the UV illumination time was varied from 1 to
13 s, with 1 s as increments. The UV-treated films were first
checked visually for color changes. The transparent film began
to change color quickly after the start of the UV illumination,
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Figure 1. a) Spectral extinction coefficients of MAPbI3 PVSK film; b) illustration of UV annealing on the PVSK light-absorbing (active) layer, which starts
as the transparent MAI-PbI2-DMSO adduct; c) dark brown MAPbI3 film forms after proper UV annealing (>9 s); and d) illustration of UV annealing on
the PCBM ETL layer, which does not show any visible color change.

reaching light brown at ≈3 s, brown at ≈7 s, and turning into
dark brown at ≈9 s, after which the visible color change slowed
down and became negligible. With 13 s of UV illumination, the
dark brown film began to turn whitish, indicating the decomposition of MAPbI3 into MAI and PbI2. The color change from
transparent (Figure 1b) to dark brown (Figure 1c) indicates the
transformation from the MAI-PbI2-DMSO adduct to MAPbI3
film. With UV annealing more than 9 s, the obtained films
appeared dark brown with a very smooth film surface. Back in
the glove box, a thin layer of PC71BM film as the electron-transport layer (ETL) was spin-coated directly on the UV-annealed
PVSK film. We noticed that the PC71BM dissolved in chlorobenzene (CB) had a high probability of partially washing off
the underlying MAPbI3 PVSK layers with UV annealing time
less than 9 s. This phenomenon indicates that duration less
than 9 s of given UV intensity is not enough to form robust
MAPbI3 films. The substrates after deposition of PC71BM films
were also transferred out of glove box for UV irradiation with
the same LED source, as shown in Figure 1d. There was no
change to the PC71BM films that could be detected visually.
Sharing the same spin speed, two different spin-coating times
were used to deposit PC71BM films: 35 s followed by further
UV annealing, and 70 s for driving off the remnant CB solvent without UV annealing. The PC71BM layers were not able
to endure the 100% output of UV radiation at the same distance, even for 0.5 s. Thus, reduced UV intensity lower than
100% (50%, 30%, and 10%) was tried for 1 and 0.5 s duration.
Thermal-annealed samples were also fabricated as references
for comparison.
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2.2. PV Performances of PVSCs with UV-LED-Annealing
Only on the PVSK Layer
The impact of UV annealing on the efficiency of PVSCs was
investigated systematically. In order to explore the potential of
UV annealing, inverted planar (p-i-n) PVSCs with a configuration of ITO/PEDOT:PSS/MAPbI3/PC71BM/Al were fabricated. Figure 2 shows the J–V characteristics of PVSCs based
on thermal-annealed MAPbI3 films and UV-annealed MAPbI3
films with different UV-irradiation times, but without annealing
of any kind (neither thermal nor UV annealing) on PC71BM
layers. The corresponding photovoltaic performance parameters for PVSCs, such as efficiency and fill factor (FF), have also
been summarized in Figure 2. A typical control PVSC with the
PVSK layer thermal-annealed at 100 °C for 30 min exhibited
PCEs of 12.56% and 14.50% from forward and reverse scans,
respectively. In contrast, the UV-treated samples achieved
notable concurrent enhancements of the PCE, FF, open-circuit
voltage (VOC), and short-circuit current density (JSC). PVSCs
with UV annealing of 11 s yield much better photovoltaic performance, with PCEs of 16.24% and 18.66% from forward and
reverse scans, respectively. The detailed photovoltaic parameters
of the devices are listed in part a of Table 1. Figure 2b shows
the effect of UV annealing time on the performance of PVSC
devices (reverse scan only for comparison). It is obvious that
UV annealing of 11 s produces PVSK solar cells with not only
the highest efficiency and fill factor, but also the largest VOC and
JSC. Even 9 s of UV annealing yields better device performance
than the thermal-annealed devices. PVSCs with UV annealing
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Figure 2. a) Performance comparison between thermal-annealed and UV-annealed PVSCs; b) the J–V characteristics of PVSCs in reverse scan with
different UV annealing time from 7 to 13 s on the PVSK active layer only. For all the devices involved, no annealing of any kind (neither thermal nor
UV annealing) was applied on PC71BM layers.

of 13 s show an apparent misshaped J–V curve, much lower
FF, VOC, and JSC, due to the degradation of the MAPbI3 PVSK
film from over-dose exposure. PVSCs with UV annealing of 7 s
exhibit extremely low current density and show a bad shape in
the J–V curve because of insufficient energy to form the highcrystalline MAPbI3 PVSK film required at a device level. Nonetheless, the demonstrated UV-annealed devices showed much
better photovoltaic performance than their thermal-annealed
counterparts, highlighting the effectiveness of such a photonic
treatment for constructing high-performance PVSCs. Furthermore, UV-annealed PVSCs can be fabricated within much
shorter annealing time (in the order of seconds) and thus have
better compatibility with those scale-up processing methods
such as large-scale roll-to-roll manufacturing.

2.3. Device Performance with UV-LED-Annealing for both the
MAPbI3 PVSK Active Layer and the PC71BM ETL Layer
The J–V curves of PVSCs with both thermal and UV annealing
only on MAPbI3 films show obvious hysteresis between

reverse and forward scan modes (Figure 2a). Such behavior
was observed in further examination at different scan rates
(Figure S1a, Supporting Information). It is anticipated that this
hysteretic behavior was caused by the nonannealed PC71BM
layers, which functioned as an incomplete electron transport
layer, resulting in imbalanced electron and hole charge transport and collection.[40] In order to find the right dosage for
UV annealing of the PC71BM films and remove the hysteresis, different exposure times and UV intensities were examined. Because UV annealing of 11 s with 100% (2.22 W cm−2)
intensity works best for PVSK layer, this condition was kept
unchanged while the optimization of UV annealing on PC71BM
was executed. The thickness of the PC71BM layer in our devices
is around 55 nm (Figure S2, Supporting Information), much
thinner than the MAPbI3 active layer. With this thickness
and the extinction coefficient of the PC71BM at 365 nm,[41]
only ≈50% of the 365 nm UV light will be absorbed by the
PC71BM layer. In consequence, shorter time and/or lower UV
light intensity should be used on the PC71BM layer to prevent the unabsorbed half of the UV light from over-exposing
the underlying MAPbI3 thin film, which has already received

Table 1. Photovoltaic parameters of the devices from both the UV and thermal annealing.
MAPbI3 annealing

PC71BM annealing

Scan directions

Efficiency [%]

FF

VOC [V]

JSC [mA cm−2]

N/A

Forward

12.56

62.66

0.95

−21.10

Reverse

14.50

72.30

0.95

−21.12

Average

13.53

67.48

0.95

−21.11

Forward

16.24

69.75

1.03

−22.60

Reverse

18.66

79.87

1.03

−22.68

Average

17.45

74.81

1.03

−22.64

Forward

14.68

72.52

0.96

−21.09
−21.06

Part a
Thermal

UV

Part b
Thermal

UV

Thermal

UV

Adv. Energy Mater. 2020, 10, 1902898

Reverse

14.80

73.20

0.96

Average

14.74

72.86

0.96

−21.08

Forward

18.80

80.08

1.04

−22.58

Reverse

18.90

80.33

1.04

−22.63

Average

18.85

80.21

1.04

−22.61
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Figure 3. Optimization of UV annealing on the PC71BM layer: a) using 100% UV intensity on PC71BM with different irradiation time from 0.5 to 2 s;
b) irradiating the PC71BM layer for 1 s with different UV intensities from 10% to 50%, while result of 10% UV intensity for 0.5 s on PC71BM is also
included. For all the devices involving in the PC71BM annealing optimization, 11 s of 100% UV intensity was applied to the PVSK layers.

the optimized 11 s of 100% intensity UV irradiation. First, we
tried shorter exposure times from 0.5 to 2 s with unchanged
UV intensity, i.e., 100% output from the UV LED source. Two
seconds of 100% intensity UV light on PC71BM layer means an
energetic equivalent of 1 s of 100% UV light goes to PVSK layer.
As a result, the total exposure time of PVSK layer to the UV
light of 100% intensity is 12 s, which is beyond the optimized
value 11 s for PVSK layer. With extremely high UV intensity in
this study, even one more second of exposure will make a huge
difference in film quality. Figure 3a shows the J–V characteristics in both reverse and forward scans, with the corresponding
photovoltaic performances briefed. It is evident that the 100%
UV intensity is effective in removing the hysteresis. However,
this intensity is so strong that even for 0.5 s, the device performance parameters dropped significantly compared to those
of the best device without UV annealing on the PC71BM layer
(Figure 2a). The performance degradation could be attributed
to the damage to either PC71BM layer or PVSK layer, or possibly both. We then fixed the exposure time at 1 s but varied
UV intensities from 10% to 50% of the 2.22 W cm−2 output.
Figure 3b displays a clear trend in which 10% UV intensity for
1 s results in the best device performance with hysteresis-free
J–V characteristics. At 10% intensity, further decreasing the
irradiation time to 0.5 s fed energy deficient to get rid of the
hysteresis behavior. After all, it turns out that UV annealing on
the PC71BM layer is capable of eradicating hysteretic behavior,
and the highest efficiency can be accomplished concurrently
as long as appropriate UV exposure is performed on both the
MAPbI3 and PC71BM layers.
In order to verify and prove that UV annealing of 11 s is
indeed the optimal condition that applies not only for PVSCs
without PC71BM UV annealing (Figure 2b), but also for solar
cells with UV irradiation on PC71BM ETL layer, different UV
annealing times from 9 to 11 s were used on the PVSK layer
while keeping the same optimized UV condition on the
PC71BM layer, i.e., 10% UV intensity with an exposure time
of 1 s. Figure S3 (Supporting Information) shows that UV
annealing of 11 s is apparently the optimal condition for the
MAPbI3 layer in our inverted planar device configuration. A
combination of 11 s + 100% UV on MAPbI3 active layer and
1 s + 10% UV on the PC71BM layer produces the best device
performance with averaged PCE of 18.85%, fill factor of 80.21%,
VOC of 1.04 V, and JSC of 22.61 mA cm−2 from both forward
Adv. Energy Mater. 2020, 10, 1902898

and reverse scans. For comparison, PVSCs were fabricated with
thermal annealing at 100 °C for 30 min on both the MAPbI3
and PC71BM layers. Figure 4a shows comparison between
our best thermal-annealed device and champion UV-annealed
device. The UV-annealed device demonstrates much better
photovoltaic performance than the thermal-annealed counterpart. Detailed PV parameters of related devices are listed in part
b of Table 1. To the best of our knowledge, PCE of 18.85% is the
highest efficiency achieved among the PVSCs with the inverted
planar architecture of ITO/PEDOT:PSS/MAPbI3/PC71BM/
Al, and 18.85% is also the highest demonstrated efficiency for
any photonic-annealed PVSK solar cells reported. Figure 4b
exhibits the external quantum efficiencies (EQEs) and the corresponding integrated short-circuit current densities of the
best thermal-annealed device and the champion UV-annealed
device. For the UV-annealed device, the EQE of around 90%
across the whole visible spectrum yields an integrated JSC of
22.46 mA cm−2, which is very close to the values obtained from
J–V measurements (Table 1, part b). In contrast, the integrated
JSC of 20.82 mA cm−2 for the thermal-annealed device is also in
good match with the values obtained from J–V measurements
(Table 1, part b). The EQE of the UV-annealed device is universally higher than that of the thermal-annealed device across
the entire measured wavelength range, especially from 350 to
550 nm and from 700 to 750 nm. The EQE data explain why
the UV-annealed device is better than their thermal-annealed
counterpart; i.e., the UV-annealed device is more efficient on
either generating or extracting charge carriers than the thermalannealed device. The EQE measurement is a better indication
of the mechanism than other characterization methods such
as X-ray diffraction (XRD), UV–vis, and top-view scanning
electron microscopy (SEM) since the EQE is on the device
level while other listed methods are just on the film level. For
example, larger grain sizes under SEM might explain higher
optical absorbance, but cannot guarantee better photovoltaic
performance.[12] Higher efficiency simultaneously requires
better optical and electrical properties. Good optical absorption
alone would not warranty better PV performance, as exhibited
by thermal-annealed devices in this study. We hypothesize that
it is the better balance and coupling between the optical absorption and charge transport that results in the improved PV performance from the UV-annealed devices. Figure 4c,d exhibits
the performance reproducibility of PVSCs with UV annealing
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Figure 4. a) Hysteresis-free J–V characteristics of PVSCs with both PVSK and PC71BM annealed (either UV annealed or thermal annealed); b) EQEs
and integrated Jsc’s of the best thermal-annealed PVSC and the champion UV-annealed PVSC. Histograms of c) PVSCs (50 devices) with UV annealing
of 11 s (100% intensity) on the MAPbI3 layer but no UV annealing on the PC71BM layer, and d) PVSCs (50 devices) with UV annealing of 11 s (100%
intensity) on the MAPbI3 layer and UV annealing of 1 s (10% intensity) on the PC71BM layer.

only on the MAPbI3 active layer and UV annealing on both
the MAPbI3 and PC71BM layer, respectively. For PVSCs with
UV-LED annealing on both the MAPbI3 film and PC71BM layer,
a median efficiency around 17% from 50 devices along with
the champion efficiency of 18.85% was accomplished. These
efficiencies and reproducibility from high-quality devices are
solid evidence for the feasibility of rapid UV-LED-annealing
on the PVSK active layer to achieve high-performance PVSK
solar cells. To accurately assess the hysteretic behaviors, the J–V
characteristics have been measured at different scan rates of
0.2 and 0.02 V s−1 in both forward and reverse scanning directions (Figure S1, Supporting Information). Regardless of scan
rate, devices without PC71BM annealed exhibit a strong hysteretic effect (Figure S1a, Supporting Information), while devices
with PC71BM annealed demonstrate hysteresis-free J–V curves
(Figure S1b, Supporting Information). This is a clear evidence
that UV annealing of charge transport layer is capable of and
effective at eliminating the hysteresis.[42]

2.4. Crystallization Energy of PVSK Films
In addition to being an efficient tool for the creation of highquality MAPbI3 films, this absorption-based UV-LED-annealing
also allows calculation of the crystallization energy required
for the MAPbI3 PVSK films to reach a device-quality level.
Adv. Energy Mater. 2020, 10, 1902898

This crystallization energy could serve as a characteristic parameter in evaluating the quality of PVSK films, since it is, in
essence, the energy rather than the temperature that crystallizes
the PVSK films. The absorption of light propagating through
a material can be calculated by the equation A(k, z) = 1 − exp
(−4πkz/λ), where k, z, and λ are the extinction coefficient,
thickness of the material, and wavelength of the light, respectively.
The total energy being absorbed by the material can be denoted
as E = S × ∫ A(k , z) × I dt , where S, I, and t are the area of the
device, UV irradiance, and time of UV exposure, respectively. If
the absorption A(k, z) is nearly a constant (A) and the UV irradiance I is independent of the time t, the total absorbed energy
can be simplified to the form E = S × A × I × t. This is indeed
the case of the MAPbI3 layer, explained as follows. The k value
is obtained from ref. [33] and the thickness of ≈400 nm is measured from the cross-sectional SEM image shown in Figure S2
(Supporting Information). For the UV light of 365 nm wavelength, the absorption A(k, z) of the MAPbI3 film is calculated to
be >99.99%, which is an almost-full absorption (A = 1). The UV
LED employed in this study offers a maximal output of 24 W cm−2
(at zero distance), which equates to the intensity of 240 suns at AM
1.5 condition but with pure UV light. During the experimental
procedure, the distance between the target and the UV source
is kept at 15 mm for a larger illumination area. At this distance,
the corresponding irradiance I is measured to be 2.22 W cm−2
using a UV radiometer calibrated at 365 nm. This intensity
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level does not depend on time as it is uniformly maintained
over the entire device area during the whole UV annealing
process. Our single device has an active area of 0.142 cm2,
precisely measured by counting the pixels through software
ImageJ. With the density of 4.286 g cm−3 and molar mass of
620 g mol−1, the mass and the molar amount of MAPbI3 in a
device (volume of 400 nm × 0.142 cm2) are 2.43 × 10−5 g and
3.93 × 10−8 mol, respectively. The absorbed UV energy can
be calculated as the product of the device area of 0.142 cm2,
the absorption of A = 1, the irradiance of 2.22 W cm−2, and
the illumination time of 11 s, resulting in a value of 3.47 J.
If this amount of energy is completely used for crystal formation, the crystallization energy needed for the MAPbI3 film
to reach a quality necessary for high-performance devices is
1.43 × 105 J g−1 or 8.83 × 107 J mol−1. In terms of the thermal
effect, it is speculated that there was no obvious temperature
increase in the PVSK film during the UV annealing. It is hard
to monitor the temperature inside the MAPbI3 film or the substrate during the UV annealing, since the UV-exposure time
is too short. However, the minimum energy required to heat
certain amount of the related substances including glass, ITO,
PEDOT:PSS, and MAPbI3 materials together to a temperature
can be estimated using equation Q = (CpρVΔT)/(ρV) = CpΔT,
where Cp, ρ, V, and ΔT are the specific heat, density, volume,
and the temperature increased value, respectively. The volume
is the product of thickness z and device active area S. The
relevant physical properties of various materials are listed in
Table S1 in the Supporting Information. Assuming an average
specific heat capacity of 1 J g−1 K−1, the minimum energy will
be 100 J g−1 for increasing the temperature of ΔT = 100 K,
which is an extreme case. Compared with the absorbed
photonic energy, this 100 J g−1 is completely negligible. In
other words, the thermal effect of the UV annealing is trivial
unless the temperature is increased by more than 10 000 K,
which is impossible and not realistic. Therefore, in theory, the
crystallization energy of the MAPbI3 PVSK film is very close to
1.43 × 105 J g−1 or 8.83 × 107 J mol−1.
As mentioned before, the calculated theoretical energies
are only valid if the film under UV annealing has a constant
absorption (A = 1) throughout the entire UV annealing time.
However, while annealing, the PVSK film underwent a conversion from MAI-PbI2-DMSO adduct to MAPbI3 crystal.
The change of absorption A with time during the entire UV
annealing process needs to be found before the theoretical calculated energies can be validated. Figure 5a illustrates a schematic of the UV transmission study including cleaned ITO/
glass substrate, PEDOT:PSS-coated ITO/glass, and MAI-PbI2DMSO/PEDOT:PSS/ITO/glass. The values of transmission
intensities were monitored using the UV radiometer through
an 11 s irradiation period, as shown in Figure 5b. The UV
source intensity is the irradiance measured at 15 mm from the
UV LED source. This intensity level is set as the benchmark
and labeled as 100% in Figure 5a. It can be seen that the transmission through a bare ITO-glass substrate is 93.3%. The UV
source intensity (100%) has been attenuated by less than 6.7%,
indicating a great transparency of ITO-glass to the 365 nm UV
light. It is interesting that coating a thin layer of PEDOT:PSS
does not further decrease the transmitted UV intensity, but
actually increases it slightly to 93.9%. It is speculated that this
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thin layer of PEDOT:PSS does not absorb the incident UV light,
but rather slightly enhances the anti-reflectivity of the ITOglass, resulting in an overall increase of light transmission. The
MAI-PbI2-DMSO deposited on PEDOT:PSS/ITO/glass under
11 s of UV irradiation is in fact the UV annealing process itself.
It can be seen that in the first 3 s (Figure 5b), a tiny amount of
light passed through the PVSK film. The maximum transmission of 1.73% (Figure 5a) occurs at the very beginning, corresponding to the MAI-PbI2-DMSO adduct in the UV annealing
process. As shown in Figure 5b, the transmission intensity
quickly drops below 1% in the first 3 s and finally reaches
0.09% at the end of the 11 s duration, when the film is already
complete MAPbI3. In addition, the reflection of UV light was
also monitored during 11 s UV annealing of the PVSK film.
The results show that the reflecting UV intensity was so low
that it is trivial, regardless of measuring angle (direction). With
negligible reflection, the actual absorption of the PVSK film
(first adduct and then MAPbI3) can be obtained by comparing
the transmission data through different structures. In specific,
the transmission difference between the PEDOT:PSS/ITO/
glass (93.9%) and MAI-PbI2-DMSO/PEDOT:PSS/ITO/glass
(1.73%) can be seen as the absorption of the MAI-PbI2-DMSO
adduct. Its value is 93.9% − 1.73%, giving the MAI-PbI2-DMSO
adduct film an absorption A greater than 92%. Similarly, the
absorption of the MAPbI3 film can be acquired by subtracting
the transmission of MAPbI3/PEDOT:PSS/ITO/glass (0.09%)
from the transmission of the PEDOT:PSS/ITO/glass (93.9%),
yielding an absorption A just under 94%. Thus, the real absorption A of the PVSK film during the 11 s of UV annealing is in
the range from 92% to 94% with an average around 93%. This
indicates the absorption of the MAI-PbI2-DMSO adduct film is
almost the same as that of the crystallized MAPbI3 film for the
UVA light utilized in this study. Therefore, it is safe to conclude
that the absorption of the PVSK film can be approximated as a
constant throughout the entire UV annealing time. Although
this value is not the same as the 100% in the theoretical calculations, the prior method of estimating the crystallization energy
of the MAPbI3 film remains valid, only with the absorption
value now being another constant A = 93%. As a result, the
more accurate crystallization energy of MAPbI3 film required
for achieving a high-performance PVSC device is adjusted
from 1.43 × 105 J g−1 (8.83 × 107 J mol−1) to 1.33 × 105 J g−1
(8.21 × 107 J mol−1). Earlier, the theoretical absorbance calculation predicted that the MAPbI3 film would absorb 99.99% of the
incident UV light. In reality, however, experimental transmission measurements showed that the MAPbI3 film only absorbed
92%–94% of the light. This is because, like any other LED
source, the employed UV LED does not emit light with an absolutely single wavelength. As shown in Figure 5a, the radiation
released from the UV LED has a peak wavelength of 365 nm
with wavelength edges extending to 350 nm in the deeper UV
direction and to over 380 nm in the visible direction. Specifically, there is a tiny portion of visible light included in the irradiation from our UV LED source. This visible light accounts for
the 1.73% transmission through the visually transparent MAIPbI2-DMSO adduct film and the 0.09% transmission through
the dark-brown MAPbI3 film. Also, it is worth noting that UV
intensity can be increased much higher (up to 24 W cm−2)
if the source–target distance is reduced. With higher UV
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Figure 5. a) Schematic of transmission measurement through different layers, including cleaned ITO/glass, PEDOT:PSS/ITO/glass, and the conversion
of MAI-PbI2-DMSO to MAPbI3 on top of PEDOT:PSS/ITO/glass. The UV source intensity is labeled as 100% as benchmark for all the transmission
percentage denotation. b) Transmission and reflection intensities during 11 s of UV irradiation. The PVSK layer underwent a transformation from
MAI-PbI2-DMSO adduct to MAPbI3 during this 11 s period.

intensity, the UV annealing time can be significantly shortened.
In our experiment, the optimized UV exposure time of 11 s is
based on a UV intensity of 2.22 W cm−2, which is the direct
consequence of the 15 mm source–target distance. The illumination height of 15 mm from target was chosen to uniformly
cover the PVSK active area due to the limitation of our LED
UV light source. If a high-intensity UV LED array is used, the
annealing time could be further dropped even below 1 s, which
will be a perfect match for large-scale roll-to-roll manufacturing.
After all, no matter what intensity (and consequent annealing
time) is implemented, the gravimetric and molar energy should
remain identical for the same PVSK material to reach the same
level of film quality.
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3. Conclusions
In summary, we demonstrated rapid LED UV light annealing
on PVSK active layer and achieved efficiency over 18% in a
simple planar inverted structure ITO/PEDOT:PSS/MAPbI3/
PC71BM/Al without any further device engineering. With subsequent UV annealing of the PC71BM ETL layer, PCE close to
19% from the best cell has been attained without any hysteresis. To the best of our knowledge, our PCE above 18% is the
highest efficiency accomplished from photonic treatments.
Different in principle from other photonic treatment techniques, our LED UV annealing method is based on complete
light absorption, rather than inefficient photonic-to-thermal

1902898 (8 of 10)

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advancedsciencenews.com

www.advenergymat.de

annealing that could heat up and damage flexible substrates.
The LED light source is able to provide a specific UV wavelength for maximum light absorption and is very efficient in
energy conversion from electricity to photonic radiation. Furthermore, the complete UV light absorption and negligible
reflection and heat transfer to surrounding materials allow
us to accurately estimate the crystallization energy required
to form PVSK film at device quality level. With the feature of
rapid and layer-specific annealing, our fast LED UV annealing
technology paves the way for high-speed printing of high-performance PVSCs on flexible substrate for mass production. In
addition to the traditional MAPbI3 material, this novel photonic
treatment could also be applied to other emerging PVSK material systems in photovoltaic applications and could be extended
to all other PVSK thin-film based semiconductor devices, such
as PVSK LEDs and photodetectors.

Supporting Information

4. Experimental Section

Keywords

Materials Preparation: PEDOT:PSS (Clevios AI 4083) was obtained
from Heraeus Co. PbI2 (99.999%) was purchased from VWR. MAI
(98%) was purchased from Greatcell Solar (formerly known as Dyesol).
PC71BM was purchased from Nano-C. N,N-dimethylformamide
(DMF, anhydrous, 99.8%), DMSO (anhydrous, 99.9%), toluene
(anhydrous, 99.8%) and CB (anhydrous, 99.8%) were purchased from
Sigma-Aldrich. All chemicals were used as received without further
purification.
Device Fabrication: The ITO-glass substrates were ultrasonically
washed within deionized water (1% Hellmanex), acetone, and
isopropanol each for 30 min successively. After drying, the cleaned ITOglass substrates were treated by the UV–ozone for 15 min and then used
immediately for sequential deposition of different layers. PEDOT:PSS
layer was spin-coated (5000 rpm for 45 s) and annealed at 150 °C for
20 min. To form a PVSK precursor, 2 millimol of PbI2 and 2 millimol of
MAI were mixed and dissolved in 1.4 mL DMF with 2 millimol of DMSO.
The as-prepared MAPbI3 precursor and PC71BM solutions (20 mg mL−1,
dissolved in CB) were stirred overnight. The PVSK precursor solution
was dripped onto the PEDOT:PSS-coated ITO-glass substrates kept at
room temperature. The spin-coating of PVSK films was conducted in
an N2-filled glove box (below 1.0 ppm O2 and H2O) at 4000 rpm for
45 s. Ten seconds after the start of the spin-coating, 500 µL toluene
was dropped onto the PVSK layer. PC71BM layer was spun at 4000 rpm
for 35 s (subject to UV annealing) to 70 s (no annealing). Finally, the
devices were completed by the thermal evaporation of aluminum as
counter electrode (≈100 nm).
UV Annealing and Irradiance Measurements: UV annealing was
achieved by a Dymax RediCure LED emitter with the peak wavelength
at 365 nm. Both the irradiance from the LED source and the
transmission irradiance through different layers, including cleaned
ITO/glass, PEDOT:PSS/ITO/glass, and the conversion of MAI-PbI2DMSO to MAPbI3 on top of PEDOT:PSS/ITO/glass, were measured
by a radiometer RM-22 (from Opsytec) with a UVA sensor (also from
Opsytec, spectral range from 330 to 455 nm) calibrated at 365 nm.
Characterization: The XRD spectra were collected by a Bruker D8
Discover X-ray diffractometer. The absorption spectra were recorded
using a UV–vis spectrophotometer (UV-1800 from Shimadzu). Both the
cross-sectional and the top-view SEM images were taken using the JEOL
7000 field-emission scanning electron microscope. The J–V curves were
measured by a semiconductor device analyzer (Agilent B1500A) under
simulated AM 1.5 condition (Newport 91195A) with a power density of
100 mW cm−2, which was calibrated with a standard reference cell (Oriel
91150 V). The EQE was measured with a monochromator (Newport
74100), a xenon lamp (Newport 66902), a Si detector (Newport 71640),
and an optical power meter (Newport 70310).

crystallization energy, layer-specific annealing, perovskites, solar cells,
UV LED
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