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High-performance perovskite photodetectors are demonstrated based on a CH3NH3PbI3/SnO, heterojunction on
glass substrates. This heterojunction can be fabricated with a facile and low-cost spin-coating method at low
temperature. The photoresponse of the photodetectors is dramatically increased with such a heterojunction
structure. The optimized device shows a responsivity of 1.65 A/W, which is more than twice to the reference
device with a CH3NH;3PbI; layer on bare glass (0.67 A/W). Besides, the device also exhibits a fast response speed

with rise and decay times both of about 10 ms. The inserted SnO, layer not only improves the morphology and
crystallinity of the CH3NH3PbI; films but also increases the dissociation efficiency of the excitons in CH3NH3PbI;
through electron transfers from CH3NH3PbI; to SnO,, which increases the hole collection efficiency due to the
suppressed charge carrier recombination probability of the devices and prolonged lifetime of the holes in

CH;NH;PbI; films.

1. Introduction

Hybrid organolead halide perovskites CH3NH3PbX; (X = Cl, Br, I)
have received a great attention in applications in light-emitting diodes
[1,2], solar cells [3-5], photodetectors [6,7], and lasers [8] due to their
large absorption coefficient, high carrier mobility, long exciton diffu-
sion length, and low-temperature fabrication process [9-15]. These
tremendous intrinsic properties make them more suitable as light ab-
sorption materials for solar cells and a power conversion efficiency
(PCE) of 22% have been realized recently [16]. Apart from solar cells,
perovskite photodetectors have drawn more attention since the first
device was reported in 2014 [17-27]. The working of a photodetector
involves the formation of excitons after photon absorption, the dis-
sociation of excitons into electrons and holes, and the collection of
electrons and holes by the electrodes. Numerous methods have been
reported to improve the performance of the devices. Zhang et al. de-
monstrated increased absorption efficiency of the perovskite photo-
detectors through controlling the morphology of the CH;NH3PbI; per-
ovskite films [28]. Zhao et al. optimized the electrode materials to
increase the charge carrier collection efficiency [29]. The charge carrier
collection efficiency can also be improved by introducing a MoO3 buffer

layer at the Au/CH3;NH3Pbl; interface [30]. For a lateral perovskite
photodetector based on pristine perovskite film, the dissociation of
excitons is derived by the forces of built-in internal electric field and/or
applied external electrical field. To increase the exciton dissociation
efficiency, a heterojunction has been adopted. For example, two di-
mensional materials graphene [31] and MoS, [32] have been selected
to construct heterojunction perovskite photodetectors and high per-
formance is demonstrated. On the other hand, nanostructured metal
oxides have also been exploited, such as ZnO nanowires [33,34] and
TiO, nanotubes [35]. However, the synthesis of the two dimensional
and nanostructure materials is very complicated and expensive.

SnO, is an n-type semiconductor and can form a smooth and
homogenous film via a facial and low-cost spin-coating method at a low
temperature. Recently, it has been adopted as the electron-transporting
material for perovskite solar cells. Because of its suitable energy levels
in alignment with CH3;NH3PbI;, efficient electron transfer from
CH3NH;3PbI; to SnO, occurs and high PCE has been demonstrated
[36-43]. In this work, spin-casted SnO, films from an aqueous solution
is combined with CH3NH;3PbI; to form heterojunction perovskite pho-
todetectors. The device with an optimized SnO, layer achieves a re-
sponsivity of 1.65 A/W with a fast response speed with rise and decay
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times both of about 10 ms. The performance is dramatically higher than
the reference device with a pristine CH3NH3PbI; layer on bare glass.

2. Experimental section

All chemicals were purchased commercially and used as received.
CH3NH3Pbl; was synthesized by mixing CH3NH3I and PbI, at 1:1
(0.162:0.462 g) equimolar ratio in N, N-dimethylformamide (DMF,
0.7 ml) and dimethyl sulfoxide (DMSO, 0.3 ml) at 70 °C, stirring for 12 h
inside a nitrogen-filled glove box. Glass substrates were cleaned by
ultra-sonication in acetone, deionized water, and acetone for 10 min,
respectively, and dried naturally. Then they were treated in an ultra-
violet-ozone chamber for 10 min before deposition of the SnO, layer.
The devices were fabricated by spin-coating of the SnO, aqueous so-
lution onto the pre-cleaned glass substrates with different rate and then
annealing at 150 °C for 30 min, which forms SnO, layers with different
thicknesses. The substrates were then loaded into the glove box, fol-
lowed by spin-coating the as-synthesized CH3NH3PbI; precursor solu-
tion on them with a rate of 500 rpm for 5 s and 3000 rpm for 60 s. After
20s delay, 300 pl chlorobenzene was quickly added during the spin-
coating procedure. The substrates were then annealed at 70 and 105 °C
for 2 and 10 min, respectively. During the annealing process, the color
of the CH3NH3PbI; films changed from light yellow to black, indicating
that the ABO; structure was gradually formed at high temperature
during the evaporation of the DMF and DMSO solvents. Au electrodes
were thermally deposited onto the CH3NH3PblI; films in a vacuum
chamber at a pressure of ~4 x 10~ *Pa through a shadow mask, de-
fining the channel length and width of 1000 and 60 um, respectively.

X-ray diffraction (XRD) pattern was measured with a diffractometer
(Rigaku D/ Max- 2500) using Cu Ka radiation (A = 1.54056 A). The
current-voltage (I-V) characteristics were measured using a program-
mable source meter (Keithley 2400) under illumination of an AM 1.5G
solar simulator (Newport 94023A) with an intensity of 100 mW/cm?.
Scanning electron microscopy (SEM) images were measured on a
Hitachi S4800. Absorption spectra were recorded with a Shimadzu UV-
3101PC spectrophotometer. The external quantum efficiency (EQE)
data was measured with a Stanford SR803 lock-in amplifier under
monochromatic illumination at a chopping frequency of 130 Hz by a
Stanford SR540 chopper. All measurements were performed under
ambient conditions and at room temperature.

3. Results and discussion

The spin-casted SnO, films exhibit a smooth and homogenous
morphology, as shown in Fig. S1. The thicknesses of the SnO, films
decrease with the increased spin-coating rate and they are about 140,
120, and 90 nm for the films with a spin-coating rates of 3000, 4000,
and 5000 rpm, respectively (Fig. S2). The surface morphology and
cross-sectional images of the CH3NH3PbI; films on glass and SnO, films
are shown in Figs. 1 and 2. The average grain sizes of all the
CH3NH3PbI; films are all about 500 nm, and this large grain size can
reduce the grain boundary and hence increase the charge carrier col-
lection efficiency. However, some pin-holes can be found for the
CH3NH;3PbI; film on bare glass, while a more compacted and homo-
genous morphology is found for the films on SnO,. This suggests that
the SnO, facilitates the growth of the perovskite films, which is one of
the reasons that the perovskite solar cells with a SnO, electron-trans-
porting layer can achieve a high PCE [36-43]. The thickness of the
CH3NH;3PDbI; film on bare glass is about 650 nm. The CH3NH3PbI; films
on 3000 and 4000 rpm SnO-, films have a thickness comparable to that
on bare glass, which are 670 and 630 nm, respectively. However, it
dramatically decreases to 330 nm on 5000 rpm SnO, film. This dis-
crepancy should be attributed to the altered surface properties of the
SnO, films with decreased thickness.

Fig. 3 depicts the XRD patterns of the CH;NH3PbI; films on bare
glass and SnO, films. The XRD patterns show obvious diffraction peaks
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at 14.26°, 28.34°, and 32.02°, which can be assigned to the reflections
from (110), (220), and (310) crystal planes of CH3NH3Pbl3, respec-
tively. No obvious diffraction peak of Pbl, is observed for all the films,
indicating a full conversion of Pbl, to CH3NH3PbI;. However, the full
width at half maximum of the diffraction peak at 14.26° of the
CH3NH;3PbI; film on bare glass is 0.105°, while it reduces to 0.092°,
0.099°, and 0.096° for the films on 3000, 4000, and 5000 rpm SnO,
films, respectively. This indicates that the crystallinity is improved for
the films on SnO,. The improved morphology and crystallinity are fa-
vorable to construct high-performance perovskite photodetectors.

Fig. 4 draws the absorption spectra of the CH;NH3PbI; films. All the
films show a similar broad absorption band in the visible region with an
edge of about 780 nm, corresponding to a band-gap of 1.59 eV. The film
on 3000 rpm SnO, has a little higher absorption intensity than that on
bare glass, which is consistent with the thickness of CH3NH3PbI; films
shown in Fig. 2. As SnO, primary absorbs at ultraviolet regions due to
its large band-gap (Fig. S3), the different absorption intensity can be
attributed to their different thickness and morphology.

Based on these CH3NH;3PbI; films, lateral photodetectors with the
structure shown in the inset of Fig. 5 are fabricated. Fig. 5 depicts the I-
V characteristics of the photodetectors under illumination of an AM
1.5G solar simulator with an intensity of 100 mW/cm?. All the devices
present a nearly linear I-V curve under illumination, indicating the
formation of Ohmic contact between CH3NH3Pbl; and Au electrodes.
The photocurrent of the device on bare glass is about 1.0 pAat + 10 V.
The photocurrent is dramatically increased for the devices on SnO,
layers. The device on 3000rpm SnO, achieves a photocurrent of
2.23 pA, which is more than twice to that of the reference device on
bare glass. Moreover, all the devices show no obvious hysteresis for the
I-V curves with different scan directions (Fig. S4), which indicates the
high reliability of these devices for practical applications. Besides, the
devices also exhibit a high reproducibility, as shown in Table S1 with
the data averaged from 6 devices with the same device configurations.

The responsivity (R) of a photodetector is defined as:

R = AI/PS (@)

where AI(AI = Ipporo — Lian) is the difference between the photocurrent
and dark current, P is the incident light intensity, and S is the effective
illumination area. Fig. 6 shows the R of the photodetectors at 1V de-
rived from their EQE spectra. All the devices display a broad photo-
response from 350 to 800 nm, which is consistent with their absorption
spectra shown in Fig. 4. The device on 3000 rpm SnO- has the highest R
in the whole response wavelengths, which is attributed to its highest
photocurrent. A maximum R of 1.65 A/W is obtained at 705 nm, while
it is only 0.76 A/W for the reference device on bare glass, confirming
the improved photocurrent of the device with a CH3NH3PbI3/SnO,
heterojunction.

As demonstrated in Figs. 1 and 3, the morphology and crystallinity
of the CH3NH3PbI; films on SnO, layers are improved. These would
result in enhanced exciton diffusion length and charge carrier mobility
and hence the photocurrent of the devices. On the other hand, the
CH3NH;3PbI; film on 3000 rpm SnO» is 20 nm thicker than that on bare
glass. This small difference in thickness has little contribution to the
dramatically boosted photoresponse shown in Fig. 5. The energy levels
of CH3NH3PbI; and SnO, are shown in the inset of Fig. 5 [37], which
demonstrated that a heterojunction is formed between these two ma-
terials. Under illumination, excitons are generated in CH3NH3PbI; and
then dissociated into free charge carriers derived by the force of applied
external electrical field. The CH3NH3PbI3/SnO, heterojunction will
increase the exciton dissociation efficiency through electron transfers
from CH3NH3PbI; to SnO, [44,45]. This can be further confirmed by
the quenched photoluminescence of CH3NH3PbI; after inserting a SnO,
layer [39-42]. The electron transfer process also suppresses the charge
carrier recombination probability of the devices and prolongs the life-
time of holes in CH3NH3PbI; films. As a result, the photocurrent of the
heterojunction devices is dramatically enhanced. The photocurrent is
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1.00um

1.00um

Fig. 1. Top-viewed SEM images of the CH3NH;3PbI; films spin-coated on (a) bare ITO, (b) 3000 rpm SnO,, (¢) 4000 rpm SnO,, and (d) 5000 rpm SnO,, respectively.

decreased with thicker SnO, layers, which is attributed to the lower
thickness of CH3NH3PbI; layers, as shown in Fig. 2. We should note that
the SnO, layer is isolated, thus the electrons in SnO, layer are difficult
to transport to the electrode, which may result in the accumulation of
the photo-generated electrons in SnO, layer. Thus the improved re-
sponsivity of the devices should be attributed to their improved hole
collection efficiency. On the other hand, non-excitonic nature of the
perovskite materials has been proposed, and the excitons generated in
the perovskite film will dissociated into free charge carriers im-
mediately [46]. Even in such a mechanism, the photogenerated elec-
trons in perovskites can also transfer to SnO, layer, which finally

increases the photoresponse of the devices.
The detectivity (D*) can be calculated by the following formula if
the shot noise from the dark current is the major contribution [45]:

Dx = R/\/2qJd

where q is absolute electron charge and J; (Jg = I4a/S) is dark current
density. The dark current of the devices are all below 10 ~1° A, which is
beyond the precision limitation of Keithley 2400. However, the D* is
higher than 10'2 Jones in the whole response region taking into account
a dark current of 10710 A,

Photoresponse speed is another figure of merit factor for a

@

1.00um

5.0kV 7.8mm x5

Fig. 2. Cross-sectional SEM images of the CH3NH3Pbl; films spin-coated on (a) bare ITO, (b) 3000 rpm SnO,, (c) 4000 rpm SnO,, and (d) 5000 rpm SnO,, respectively.
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Fig. 3. XRD patterns of the CH;NH3PbI; films spin-coated on (a) bare ITO, (b) 3000 rpm
Sn0,, (c) 4000 rpm SnO,, and (d) 5000 rpm SnO,, respectively.
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Fig. 4. Absorption spectra of the CH3NH3PbI; films spin-coated on (a) bare ITO, (b)
3000 rpm SnO, (c) 4000 rpm SnO,, and (d) 5000 rpm SnO,, respectively.
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Fig. 5. I-V curves of the photodetectors with different SnO, layer under illumination of
an AM 1.5G solar simulator with an intensity of 100 mW/cm?. Inset: device structure of
the photodetectors (upper) and work mechanism of the heterojunction photodetectors
(lower).
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Fig. 6. Responsivity of the photodetectors with and without a SnO, layer.
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Fig. 7. Photoresponse behavior of the photodetector with a SnO, layer.

photodetector. The rise time and decay time are defined as the time
taken for the initial current to increase to 90% of the peak value, or vice
versa, respectively. The transient photoresponse behavior of the device
on 3000 rpm SnO, is investigated under illumination of a white light
with the light switched on and off at a bias voltage of 1 V, as shown in
Fig. 7. The rise and decay times of the device are both about 10 ms.
Such a response speed is one of the highest values among the reported
heterojunction perovskite photodetectors [24,30,33].

4. Conclusion

In conclusion, electron transporting material SnO, is used to con-
struct photodetectors by combining with a perovskite material
CH3NH3PbI; and high-performance devices are demonstrated. These
devices can be processed with a facile and low-cost spin-coating method
at low temperature. The optimized photodetector exhibits high re-
sponsivity, detectivity, and fast response speed. A high responsivity of
1.65 A/W is obtained, which is more than twice to the reference device
with a pristine CH3NH3PbI; layer on bare glass. The enhanced perfor-
mance is attributed to the simultaneous improved morphology and
crystallinity of the CH3NH3PbI; films as well as the increased exciton
dissociation efficiency in CH3NH3Pbl; through electron transfers from
CH3NH;3PbI; to SnO,, which suppresses the charge carrier recombina-
tion probability of the devices and prolongs the lifetime of holes in
CH3NH3PbI; films. These results suggest that the introduction of a
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heterojunction to the CH3NH3Pbl; based photodetector is a promising
strategy to enhance the performance of the device. Such a structure
may have potential applications in constructing high performance and
low-cost perovskite photodetectors.
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