FUNCTIONAL
FULL PAPER UNCLONA
Photodetectors www.afm-journal.de

High-Performance Near-IR Photodetector Using
Low-Bandgap MA, sFA( sPbg sSn sl; Perovskite

Xiaobao Xu, Chu-Chen Chueh, Peifeng Jing, Zhibin Yang, Xueliang Shi, Ting Zhao,

Lih Y. Lin, and Alex K.-Y. Jen*

Photodetectors with ultrafast response are explored using inorganic/organic
hybrid perovskites. High responsivity and fast optoelectronic response are
achieved due to the exceptional semiconducting properties of perovskite
materials. However, most of the perovskite-based photodetectors exploited

to date are centered on Pb-based perovskites, which only afford spectral
response across the visible spectrum. This study demonstrates a high-perfor-
mance near-IR (NIR) photodetector using a stable low-bandgap Sn-containing
perovskite, (CH3NH;)o 5(NH,CHNH,)o 5Pbg sSngsl3 (MAg sFA 5Pbg sSng sl3),
which is processed with an antioxidant additive, ascorbic acid (AA). The
addition of AA effectively strengthens the stability of Sn-containing perovskite
against oxygen, thereby significantly inhibiting the leakage current. Conse-
quently, the derived photodetector shows high responsivity with a detectivity
of over 10'? Jones ranging from 800 to 970 nm. Such low-cost, solution pro-
cessable NIR photodetectors with high performance show promising poten-

(FOM) parameters of a photodetector
which determine their usefulness are
responsivity (R), detectivity (D*), noise
equivalent power (NEP), linear dynamic
range (LDR), and response speed. To date,
myriads of efforts have been devoted to
improve the FOM of photodetectors.

In the past decades, various solution-
processed photodetectors have been devel-
oped by using low-cost organic semicon-
ductorsP”l and nanomaterials.®! Many
of them have been demonstrated with
a laudable response rate and detectivity
rivaling the performance of traditional
inorganic semiconductors like silicon and
InGaAsl'% that are fabricated by sophisti-
cated and quite costly vacuum-deposition

tial for future optoelectronic applications.

1. Introduction

Photodetectors that transduce optical signals into electric signal
have served as important function components in many opto-
electronic applications, such as fluorescence microscopy, spec-
troscopy, clinical chemistry, imaging, chemical/environmental/
elemental analysis, and the scientific research.'*l In general,
photodetectors can be defined into two types, the broad-band
type and the narrow-band type, based on the spectral response
bandwidth of the photoactive materials. The key figure-of-merit

Dr. X. Xu, Dr. C.-C. Chueh, Dr. Z. Yang, Dr. X. Shi, Dr. T. Zhao,
Prof. A. K.-Y. Jen

Department of Materials Science and Engineering
University of Washington

Seattle, WA 98195-2120, USA

E-mail: ajen@uw.edu

Dr. C.-C. Chueh

Department of Chemical Engineering

National Taiwan University

Dr. P. Jing, Prof. L. Y. Lin

Department of Electrical Engineering

University of Washington

Seattle, WA 98195-2120, USA

Prof. A. K.-Y. Jen

Department of Biology and Chemistry

City University of Hong Kong

Kowloon, Hong Kong

DOI: 10.1002/adfm.201701053

Adv. Funct. Mater. 2017, 27, 1701053

1701053 (1 of 6)

procedures. Recently, the hybrid perovs-

kite-based photodetectors have attracted

significant research attention due to the

exceptional semiconducting properties of
organic/inorganic hybrid perovskites (ABXj;, where A is a mon-
ovalent cation [CH3NH;" (MA), NH,CHNH," (FA), or Cs*], B is
a divalent metal cation (Pb** or Sn?*), and X is a halide anion
(CI%, Br, or I7)),l1"33 including intense light-harvesting capa-
bility and excellent charge carrier mobility.'*7 In addition,
the facile solution processability of perovskites combining their
diversity in structure modifications affords promising merits
for practical applications.[131]

It is worth mentioning that the optical bandgap (E) of such
materials can be manipulated by engineering their composi-
tions.l2%21 The pristine Pb-based perovskites (APbX;) generally
possess an absorption edge located in the visible region while
the Sn-based family (ASnX;) shows an extended absorption
edge to near-IR (NIR) wavelengths. Therefore, by increasing the
Sn ratio in perovskite compositions, one can gradually expand
the photoresponse of perovskite materials to the NIR region.
Taking MAPb;_,Sn,I3 as an example, the resulting optical E,
can be tuned from 1.55 to 1.17 eV by gradually increasing the
Sn content in the composition.?22¢l This feature provides great
potential for this class of materials to be used for photodetec-
tors, which requires fast, sensitive, low-cost, and spectrally tun-
able materials.

Numerous perovskite photodetectors have been shown to
possess high responsivity, excellent detectivity, large photo-
to-dark current ratio, and fast response.l?8l However, most
of them are designed to detect visible light,?”-?% with some for
X-ray and gamma-ray,?’! while efficient perovskite photodetec-
tors for the NIR region are still lacking due to easy oxidation
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and fast crystallization of Sn-containing perovskites preventing
the fabrication of high-quality films.[2%]

In this study, we report, for the first time, a perovskite photo-
detector with a high-performance NIR detector by using a stable
low E, Sn-containing binary perovskite, MA,sFAqsPbgsSngsTs,
which is processed with an antioxidant additive, ascorbic acid
(AA).B% The AA additive with the laudable antioxidant property
can not only retard the formation of Sn vacancy caused by the
Sn oxidation but also facilitate the film formation by modu-
lating the perovskite crystallization kinetics. As a result, the
derived photodetector possesses an inhibited leakage current
and an enhanced signal-to-noise ratio, achieving a high respon-
sivity of over 0.1 A W' with a detectivity of over 10'> Jones
ranging from 800 to =1000 nm.

2. Results and Discussion

As mentioned earlier, the Sn-containing perovskites generally
degrade rapidly due to their propensity to oxidation, which
engenders the poor reproducibility and device performance.?!
To address this issue, we have recently introduced AA, which is
a decent antioxidant as additive to assist the processing of Sn-
containing perovskite.*®32 Tt was revealed that the AA additive
can not only retard the Sn*? oxidation but also promote the film
formation since the counter anion of AA can serve as a Lewis
base to modulate the crystallization kinetics and to passivate
the associated Sn-derived defects. As a result, the performance
and stability of Sn-containing perovskite solar cells were signifi-
cantly improved,% which outperform those using conventional
SnF, as a processing additive.[3334

Figure 1a presents the top view scanning
electron microscopy (SEM) image of the fab-
ricated MAO.SFAOASPbOASSnO,SI3 film with the
AA additive, wherein a uniform and compact
morphology can be clearly observed. The
method for depositing the perovskite films
adopted the solvent-washing techniquel?*! and
the details are described in the “Experimental
Section.” The corresponding X-ray diffrac-
tion (XRD) profile of MA;sFA(5PbgsSngsl;
film with/without the AA additive is shown
in Figure 1b, where the characteristic peaks
well indexed the formation of perovskite, and
their sharp feature indicates high crystallinity
of the prepared film. All these results validate
the high quality of MAjsFA(sPbgsSngsl;
film derived from the AA additive, which
endows its outstanding concomitant opto-
electronic properties for device applications.

To confirm the enhanced antioxida-
tive property enabled by AA additive, we
have compared the electrochemical imped-
ance spectroscopy (EIS) spectra of the
MA(sFA(sPbysSngsl; films derived from
SnF, and AA additives in a dummy cell con-
figuration measured at 0 V bias in dark. As
shown in Figure S1 (Supporting Information),
the resistance of the SnF,-derived film
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decreased significantly after storing in air for 3 h while the AA-
derived film maintained at the similar level. The enhanced con-
ductivity of the SnF,-derived film can be traced to its increased
carrier density due to Sn?* oxidation.?% This result clearly reveals
the better antioxidative property of AA additive over SnF,, for
which it acts as an effective oxidation scavenger due to its C=C
double bond.303%]

The perovskite photodetector using MA(sFA( sPbg5Sng 15 is
then fabricated in the configuration of ITO(indium tin oxide)/
PEDOT (ploy(3,4-ethylenedioxythiophene)):PSS(poly(styrene-
sulfonate))/MA( sFA sPbg sSngsI3/PCq BM(phenyl-C61-butyric
acid methyl ester)/bis-Cgo/Ag. The cross-sectional SEM image
shown in Figure 1c clearly illustrates its stratified architec-
ture, where the thicknesses of the PEDOT:PSS, PCBM, and
perovskite layer are =30, 50, and 300-350 nm, respectively.
The normalized absorption of the MA(sFA(sPbysSngsls
film along with the external quantum efficiency (EQE) of
its derived photodiode is illustrated in Figure 1d. As shown,
the MAgsFA(sPbysSngsl; film possesses an estimated E, of
1.24 eV, which results in a broad photoresponse between 350
and 1000 nm of the derived device. The photoluminescence
(PL) spectrum of our MA,sFA,sPbysSngsl; film is also pre-
sented in Figure S2 (Supporting Information). Similar to our
previous study,?! the bandgap evaluated from PL is larger than
the value extracted from the corresponding UV-vis absorption
spectrum. This clearly verifies its potential application for NIR
photodetector or for all perovskite tandem photovoltaics.? To
make it different from the traditional MAPDI;, we will focus
on the optoelectric property of this photodiode for wavelength
ranging from 800 to 1000 nm.
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Figure 1. a) Top-view SEM image of MAsFAqsPbgsSngsls film with AA additive. b) The cor-
responding XRD profile of the MAysFAqsPbgsSngsls film. c) The cross-sectional SEM image
of the photodiode with a configuration of ITO/PEDOT:PSS/perovskite/PCgBM/bis-Cgo/Ag.
d) The normalized UV-vis absorption spectrum of MAgsFAq sPbgsSngsls film and the EQE of
its derived photodetector.
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Figure 2. a) The Nyquist plots of the studied photodetectors derived from different additives
b) J-V curves of the studied

measured in dark without biasing (inserted is lumped RC-circuit).
photodetectors measured in dark and under illumination.

The corresponding photocurrent density—voltage (J-V) char-
acteristics under AM 1.5 (100 mW cm™) and the statistic of the
fabricated photodiodes are presented in Figure S3 (Supporting
Information). As can be seen, the AA-derived photodiode showed
an enhanced photovoltage, which indicates lower defect recom-
bination of photogenerated charges.l’”] Note that the hysteresis
still exists in [-V curves with different scan direction. The EIS
measurements of the photodiodes were also conducted and the
corresponding Nyquist plots were shown in Figure 2a. By fitting
the measured curves with a lumped RC-circuit (resistance-capac-
itance circuit),*® the interfacial charge recombination resistance
of the AA-derived device was estimated to be 3373 Q cm?, which
exceeds the value (2285 Q cm?) of the SnF,-derived device. Under
illumination (as shown in Figure S4 of the Supporting Infor-
mation), the interfacial recombination resistance in the device
with AA is almost two times larger than that in the device with
SnF,. This clearly manifests the reduced leakage current in the
AA-derived device.*) Note that the high leakage current of a
photodiode has been cited as a main factor that ruins the device
performance.*0)

Figure 2b shows the -V characteristics of the SnF,- and AA-
derived photodiodes measured in dark, under a monochromatic
light of 940 nm (photon flux = 1.1 x 10'3) and under 1 sun illu-
mination (100 mW, AM 1.5). Both devices showed clear recti-
fication behavior. However, the AA-derived device possesses a
more reduced (over 1 order of magnitude) dark current (i.e.,
leakage current) under reverse bias com-
pared to that of the SnF,-derived device. This

dependency with the incident light intensity.
This is important because beyond this range
the light signal intensity cannot be precisely
detected. The LDR of our fabricated photodi-
odes was measured by recording the photo-
current under varied light intensities of monochromatic light
of 940 nm between =10° and =10'3 as shown in Figure 3b.
Intriguingly, the AA-derived photodetector showed a wide LDR
extended down to 2 x 10° (photon number) while the LDR of
the SnF,-derived device deviated from the linear relationship at
~10' (photon number). This discrepancy might result from the
distinct leakage currents mentioned above. The relatively larger
leakage current of the SnF,-derived photodiode could ruin the
precision of lower intensity light detection compared to the AA-
derived device. Note that the EQE of the AA-derived photodiode
almost remains constant under varied intensities of monochro-
matic light (940 nm), which not only affirms its excellent NIR
detectivity but also reflects the high quality and stability of the
fabricated Sn-containing perovskite device.

The response speed to the incident light of our fabricated
device was then examined. Basically, the response speed can be
divided into two parts: rising response to light on and decaying
process to light off. Those responses are strongly correlated
with the thickness of the photoactive layer and charge-trans-
porting interlayers, which dominate the charge transport and
collection in device.*!l

Figure 4a showed the representative photoswitching curves
of the AA-derived photodiode to an incident monochromatic
light of 940 nm with frequencies of 10 Hz and 50 kHz, respec-
tively. It is worth mentioning that when the switching fre-
quency is small, the resulting photocurrent can show clear “on”
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Figure 3. a) Spectral responsivity of the studied photodetectors and b) their corresponding
LDR measured under an NIR illumination of 940 nm with varied light intensities.
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AA-derived device is 7.4 ps. This result sug-
gests that the frequency response of the

o fabricated NIR photodiode is transit-time-

limited. Meanwhile, it also indicates that
the selected charge-transporting interlayers
in our fabricated photodiode may not be
o optimal, which is similar to that previously
reported.*?l It warrants more systematic
interfacial engineering to further improve
5 the device performance.

3 a

02 e 04 1°Frequen::°y JHz " The noise of our fabric.ated NIR photo-
o 9 3.5x10" detector was finally examined, which was
°£ 8r (© 20x10" [0 (@ | P characterized from the Fourier transform
<7 ooy D/’ - § of its corresponding dark current versus
= °f Z15x10" f DDD AA. 250" 8 time. As shown in Figure 4c, the estimated
3 i' o oo, A et > noise is =1.5 pA Hz''/? and is frequency
§ s 2 oxt0" | DDD ' 2  independent, which indicates that the white
e, AE% {10 @ noise dominates the noise current instead of
g 1 5.0x10" -\: AA AAAAAA g . &  1l/fnoise. Note that this value was also close
ol i ull 1010 to the shot noise limit (=2.11 pA Hz '/?)
B ool - o e s oxt0" calcul..ated from the dark current using

- " Frequency /Hz - A/nm Equation (3)I143

Figure 4. a) Photocurrent response of the AA-derived photodetector (with an active area of
0.8 cm?) to an optical signal (940 nm) with switching frequencies of 10 Hz and 50 kHz. b) Nor-
malized response loss of the AA-derived photodetectors versus the light modulation frequency
at a 940 nm LED. c) Noise current extracted from the Fourier transform of dark current (moni-
tored by Keithley 6430 with Remote PreAmp) of the AA-derived device, and d) its estimated

noise equivalent power (NEP) and the detectivity.

and “off” states. However, when the frequency reaches 50 kHz,
both rising and decaying processes cannot be fully completed
and relaxed. The response of our AA-derived photodiode to the
incident monochromatic light (940 nm) with varied switching
frequencies is shown in Figure 4b. The resulting photocurrent
could only reach =92% of its maximum value at the steady “on”
state when the applied switching frequency was 50 kHz.

The temporal response bandwidth of our photodetector
is characterized by a 3 dB bandwidth, which represents a fre-
quency of light signal that yields a photocurrent with a ratio of
0.707 relative to the maximum value obtained at the steady “on”
state. For our Sn-containing perovskite NIR photodetector, the
—3 dB point frequency (f 34g) is about 100 kHz, which is almost
the same order magnitude as that of MAPDI; photodiodes.'!"3]
As mentioned earlier, the response bandwidth is closely corre-
lated with the charge carrier transit time () and the resistance—
capacitance (RC) time constant, and is limited by the slower
between them according to Equation (2)#0

tn) ome)
¢ o 27RC

where R is the total series resistance, including the photodiode
resistance, contact resistance, and load resistances in the meas-
urement system; and C is the sum of capacitance of the device
and the parasitic capacitance of the measurement system. To
assess the limiting factor, the transport time of photogenerated
carriers is then investigated since it is germane to ¢, which can
be extracted from the transient photocurrent decay as shown
in Figure S5 (Supporting Information). The extracted t of our

(2)
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where I is the dark current and Af is the
response bandwidth. Here, there are three
contributions to the white noise: shot noise,
Johnson noise, and thermal fluctuation
“flicker,” while the latter two are both related to the thermal
agitation.*Y Taking the testing condition (experiment part) into
consideration, it is reasonable to ascribe the shot noise cur-
rent to dominate noise current, which is also associated with
the fluctuations in a measured signal due to the random arrival
time of the charge carriers.

Providing the measured noise current and EQE, the NEP and
the D* can be obtained according to the following equations

1
NEP=R (4
T

where i, is the noise current, R is the responsivity, and A is
the active area. The calculated NEP and D* of the AA-derived
photodiode were plotted in Figure 4d. As can be seen, an excel-
lent detectivity D* of >10'? Jones was achieved for the NIR light
between 800 and 970 nm, suggesting the high performance of
the fabricated Sn-containing photodetector. Notably, this detec-
tivity for NIR light is comparable to the value achieved for vis-
ible light in the MAPDI; photodetector.['!

3. Conclusion

In summary, we have demonstrated a high-performance NIR
photodetector derived from a stable low E, Sn-containing per-
ovskite, MAysFA,sPbysSngsl;. By employing an antioxidant
additive, AA, a high-quality MA,sFA(5PbgsSngsI; film can be

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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obtained. Moreover, the AA additive can effectively improve
the stability of Sn-containing perovskite against oxygen to sig-
nificantly reduce leakage current. Consequently, the derived
photodetector demonstrated high responsivity with a detectivity
of over 10'2 Jones between 800 and 970 nm, rivaling the per-
formance of the conventional inorganic photodetectors. Such
a low-cost, solution processable NIR photodetector with high
performance demonstrates the great potential of using small-
bandgap perovskites for future applications.

4. Experimental Section

General Methods: All chemicals and reagents were purchased from
Sigma-Aldrich without further purification. All solutions were filtered
with a 0.45 um PTFE (polytetrafluoroethylene) filter prior to use.

Photodiode Fabrication: 1TO glass was first cleaned by detergent
followed by ultrasonication with detergent, DI water, acetone, and
isopropanol for 10 min immersion, respectively. Then, the substrates
were dried by nitrogen flow and treated with ultraviolet-ozone for
20 min before the deposition of PEDOT:PSS. The PEDOT:PSS (Al 4083)
solution was spin-coated onto the cleaned ITO glass at 5000 rpm for
30 s and annealed at 150 °C for 10 min in air. To prepare the precursor
solution of MAPbI; perovskite, MAI (159 mg) and Pbl, (462 mg) were
dissolved in a mixed solvent of dimethylformamide (DMF; 630 uL) and
dimethylsulfoxide (DMSO; 70 uL) while FAI (172 mg) and Snl, (372 mg)
were dissolved in a mixed solvent of DMF (800 L) and DMSO (200 L)
to constitute the precursor solution of FASnhl;.

Finally, the binary metal perovskite precursor solution was prepared
by mixing MAPbI; (70 uL) and FASnl; (100 puL) precursor solutions.
Afterward, the 35 pL perovskite precursor was dipped onto the
PEDOT:PSS layer and spin-coated at 5000 rpm for 35 s in the glove box.
Toluene (700 pL) was dripped in situ onto the substrate at the tenth
second. Afterward, the perovskite films were annealed at 100 °C for
3 min. PCBM solution (20 mg mL™" in chlorobenzene) was then spin-
coated onto the perovskite film at 2000 rpm for 30 s, followed by the
deposition of bis-Cg layer (2 mg mL™" in isopropyl alcohol, spin-coated
at 3000 rpm for 35 s). Finally, Ag electrode with a thickness of 120 nm
was evaporated under high vacuum (<2 x 107 torr).

Characterization: XRD was measured by an X-ray diffractometer
(Bruker F8 Focus Powder for regular XRD and Bruker D8 Discover 2-D
XRD for refined XRD). SEM was measured by FEI Sirion and operated
at 5 kV. The absorption spectra were measured by a Varian Cary 5000
UV-vis spectrometer. The PL decay measurement was conducted with
an IR detector (id 220-FR-MMF, id Quatique SA Geneva/Switzerland).
The J-V curves were recorded by a Keithley 2400 Source measurement
unit; a 450 W xenon lamp was used to produce light; and the light
intensity of (100 mW cm™2) was calibrated by a standard Si photodiode
detector. The EQE spectra were measured by a joint system of a
monochromated 450 W xenon lamp (Oriel) and a sourcemeter
(Keithley 2400), which calculated using a calibrated Si photodiode
(OSI-Optoelectronics).

EIS Measurement: EIS measurements were done using the CHI660E.
The Z-view software (v2.8b, Scribner Associates Inc.) was used to
analyze the impedance data. The EIS experiments were performed in
the dark. The impedance spectra of the MAPbI;-based devices were
recorded at potential of 0 V at frequencies ranging from 0.01 Hz to
1 MHz, the oscillation potential amplitudes being adjusted to 20 mV.
The photocathode (ITO attached with NiO) was used as the working
electrode, and the Ag counter electrode was used as both the auxiliary
electrode and the reference electrode.

Photoswitching Curves: The photoswitching curves of photodiode
were measured using a light-emitting diode (940 nm) modulated by
the function generator as excitation source. Square waves with different
frequency were applied. The photodiode was directly connected to the
oscilloscope (Tektronix TDS 684C) with an insert resistor of 50 Q.
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Noise Current Measurement: The noise current was extracted from
the dark current which is recorded by a sourcemeter (Keithley 6430
with Remote PreAmp using four-wire sense connections). A Fourier
transform was applied.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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