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ABSTRACT: Organometallic halide perovskites are a class of
solution-processed semiconductors exhibiting remarkable
optoelectronic properties. They have seen rapid strides toward
enabling efficient third-generation solar cell technologies.
Here, we report the first material-tailoring of TiO,/perov-
skite/spiro-OMeTAD junction-based photodiodes toward
applications in photodetection, a field in need of fast, sensitive,
low-cost, spectrally tunable materials that offer facile
integration across a broad range of substrates. We report
photodetection that exhibits 1 us temporal response, and we
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showcase stable operation in the detection of over 7 billion transient light pulses through a continuous pulsed-illumination
period. The perovskite diode photodetector has a peak responsivity approaching 0.4 A W' at 600 nm wavelength, which is
superior to red light detection in crystalline silicon photodiodes used in commercial image sensors. Only by developing a
composite Al,0;/PCBM front contact interface layer were we able to stabilize device operation in air, reduce dark current, and
enhance the responsivity in the low-bias regime to achieve an experimentally measured specific detectivity of 10'* Jones.
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erovskites of the form CH,;NH;PbX,_.Y, (MAPbX,_Y,
for short), where X and Y include halides from the list I,
Br, and Cl, are spectrally tunable from 390—790 nm," possess a
direct bandgap exhibiting a steep absorption edge,” and have
demonstrated remarkable efficiency in photogenerated charge
collection. As a result, they have achieved certified photovoltaic
power conversion efficiencies reaching 20.1%.> This rapid and
impressive progress in solar harvesting has also spawned the
exploration of diverse applications of perovskite thin films
across the domain of semiconductor devices. Perovskite active
layers have now enabled high-brightness light emitting diodes,*
optically pumped lasers,’~” and efficient solar-powered water
splitting systems.® Recently, perovskites have been investigated
for their prospects in light sensing as photodetectors.”'®
Photodetectors are evaluated based on responsivity, speed,
and sensitivity. Responsivity is the output photocurrent, I,
divided by the incident optical power, P,,, R = I.,,/P,, (AW™).
Speed is judged from the rise and fall response times, ¢, and ¢,
respectively, of a transient photocurrent. Sensitivity measures
the ability to detect a weak light signal and is reported as
specific detectivity, D¥ = R (A-Af)"? I..”' (Jones, cm Hz'/?
W). Devices with higher responsivity and a smaller noise
current can achieve a signal-to-noise ratio of 1, which
corresponds to the noise-equivalent intensity (i.e., the detection
limit) at a lower incident intensity. Specific detectivity is
normalized to device area, A, and the frequency bandwidth, Af,
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enabling comparison among different device architectures,
areas, and measurement bandwidths.

Many advances in high-efficiency perovskite photovoltaic
cells have exploited mesostructured n-i-p TiO,/perovskite/
spiro-OMeTAD semiconductor junctions; however, for appli-
cations in photodetection, planar devices are of considerable
interest in light of their potential for a high degree of pixel-to-
pixel uniformity. Prior efforts on developing perovskite
photodiodes for photosensing have primarily focused on planar
p-i-n architectures with an organic front electrode.'”'® Here, we
began from the principle that the excellent quantum efficiency
of n-i-p perovskite photodiodes could also be leveraged in
planar large-area pixels for photodetection. The higher work
function top electrodes in these devices compared to their p-i-n
counterparts are of continued interest to the perovskite
optoelectronic device community. We would strive to use
materials stack control to customize the device to this
application, maximizing responsivity and minimizing the dark
current for improved sensitivity in light detection.

The best perovskite solar light harvesting devices achieve an
open-circuit voltage, V., of 1.1 V,lé a short-circuit current
density, J,, of 20 mA em™2'¢ and a diode ideality factor, n, of
2." From this, the reverse saturation current density of the
diode, J,, is estimated to be on the order of 10 pA cm™ from
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V.. = nkTq " In(J,./J, + 1), where k is Boltzmann’s constant, T
is the temperature, and q is the electronic charge. In reality, the
total dark current density, Jg,4, includes both the aforemen-
tioned contribution from J, and also any parallel shunt path
currents. In non-ideal perovskite photovoltaic cells having a
finite shunt resistance, Ry, the open-circuit voltage is given by
V. = nkTq " In([J. — Voo/Ry]/Jo + 1). Shunt paths do not
play a critical role in limiting V. until Ry, becomes extremely
small. A shunt path with a resistance of 1 kQ cm?* will only
reduce the theoretical V,_ of a perovskite solar cell from 1.1 to
1.0971 V; however, shunt paths of this magnitude can
immensely increase the net dark current under reverse bias.
For example, a 0.1 V potential difference across this shunt
carries a current of 0.1 mA cm ™2, which is a 107 fold increase
over the 10 pA cm™ theoretical minimum.

As a result, past highly successful work to optimize solar cell
performance does not necessarily ensure that dark currents will
be compellingly low for photodetection. In photodetectors,
because D* scales with ;"% it is imperative to investigate
materials strategies that systematically minimize dark current in
light sensors via materials stack engineering.

We therefore set about measuring and then minimizing the
dark current of perovskite diodes. Seeking to minimize leakage
associated with physical shunts that involved direct TiO,/spiro-
OMeTAD physical connections, we focused on developing an
electron-accepting composite electrode. We endeavored to
produce a thin, pinhole-free compact layer of Al,O;, electing to
apply it via atomic layer deposition (ALD) onto the
nanostructured TiO,. This strategy has previously been
reported in electroluminescent devices to enhance radiative
efficiency* and has been postulated to passivate TiO, surface
trap states.'® To explore a further means of suppressing dark
current, we added a thin layer of phenyl-Cg,-butyric acid methyl
ester (PCBM, a fullerene derivative), which we posited might
provide further advantages as an additional hole-blocking
barrier atop TiO, (where the latter can exhibit hole traps at
interfaces that may serve as recombination, and thus
generation, centers contributing to dark current). PCBM has
also been shown to passivate interface charge trap states at
perovskite semiconductor junctions'”*° and in perovskite
polycrystalline grain boundaries.”’ The use of PCBM further
provides an added degree of freedom in the selection of the
amplitude of the barrier to back-injection from TiO, to
MAPbIL,.*?

The architecture that minimized perovskite photodiode dark
current is shown in Figure la. The flat-band energy alignment
is shown in Figure 1b. The energy band diagram is based on
literature values for FTO,* TiOZ,24 PCBM,* MAPbI3,2 spiro-
OMeTAD,” and Au.”® The dark current density, J,,, from 0 V
to —0.5 V, a typical operating regime for a low-noise, low-
voltage photodiode, is shown for three cases in Figure 1c: TiO,
alone, with the addition of Al,O5, and with the further addition
of PCBM. These three cases are designated as photodiodes 11,
I2, and I3, respectively, and this terminology is used throughout
the manuscript. When ALD Al,O; and PCBM are combined,
the dark current is reduced by 1 order of magnitude compared
to the reference case (conventional TiO, to MAPbI; junction).
The thicknesses of each interface layer were optimized to
maximize the ratio of responsivity over dark current density
(Figure S1, Supporting Information (SI)).

The spectral responsivity at zero bias is reported in Figure 2a.
Perovskite thin films are remarkably efficient light absorbers,
highlighting their promise for high-responsivity photodiodes.
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Figure 1. Perovskite diode photodetector architecture and dark
characteristics. (a) Device material stack; the approximate thickness of
each layer from FTO to Ag is 200, 50, 1, 10, 250, 200, 100, and 100
nm. (b) Energy band alignment of the device material stack. (c) Effect
of the front contact material stack on the dark current density. The
addition of AL,O; and further addition of PCBM reduce the dark
current. The notations and color scheme for I1, 12, and I3 are used
throughout the manuscript.

The addition of the interface layers in devices I2 and I3
improves the responsivity in the green and red regions (560—
660 nm) as well as the near-infrared at 750 nm. The increases
in responsivity are consistent with the posited passivation of
charge-trapping recombination centers at the interface. Device
I3 achieves a peak responsivity as high as 0.395 A W™ at 600
nm wavelength. This is comparable to commercial large-area
silicon photodiodes detecting at the same wavelength™ and
superior to typical thin-photodiode silicon complementary-
metal-oxide-semiconductor (CMOS) pixels in the red wave-
length range.”® Here, the strong direct-bandgap absorption of
perovskites enables them to outperform crystalline silicon,
which has weaker absorption near its direct-to-indirect
transition.

In contrast to devices I1 and 12, photodiode I3 exhibits bias-
independent responsivity (Figure 2b), even down to zero bias.
This is a result of efficient minority carrier diffusion in the
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Figure 2. Responsivity measurements. (a) Spectral responsivity at zero bias with 0.1 mW cm™ irradiance. The responsivity sharply increases above
the bandgap of MAPbI; at 780 nm. The responsivity in the green and red (560—660 nm) and in the near-infrared at 750 nm is enhanced with the
addition of Al,O, and PCBM. (b) Responsivities at 0, —0.5, and —1 V bias at 600 nm wavelength with 0.1 mW cm™ input irradiance. The interface
stack greatly improves the zero bias responsivity with device I3 being bias-insensitive. (c) Photocurrent linearity upon varying the 640 nm input

irradiance at 0 V bias. (d) Responsivity dependence on input irradiance at 640 nm with 0 V bias. For devices 12 and I3, the input irradiance is flat
over 4 decades, corresponding to a dynamic range exceeding 80 dB.

Q
o

C ) 0.9%| o H
[]
28| N ~
— = ]
" s
- tise = tran =
-~ A . @ 12 s 32 ps
3 [ g
A O
5 0%y,
5
O
0 50 100 01 23 0246
Time (us) Time (ps) Time (us)
¢ d 0 3 6 9 12 15 18 21 24
4 Time (h)
Q -
=2 3 o N
\m./ @ o @
23t g 1-;_'-\-'_{»\11/.@5:.
> o = - LY
2 é AA;::. -.-!' T, -f-' "
g2 208 iy
a ti ©
I rise Rt R ‘M
x o e ‘A A, AslL N
A el A s L Ty
1 06
107 107 1072 012345678910
Irradiance (W cm ) Detected Light Pulses (x108)

Figure 3. Perovskite photodetector speed at 0 V bias. (a) Transient current output of device I3 to a time-varying input light signal (640 nm, S0 s
period square wave, 20 mW cm™* peak-to-peak). (b) Photocurrent rise and fall of device I3 at an input irradiance of 20 mW cm™ Laser pulse is
triggered on (rise)/off (fall) at time ¢ = 0. (c) Rise and fall time dependence on input irradiance for all devices. On average, device I3 is the fastest
and least dependent on input irradiance. d) Device stability in air under continuous illumination (640 nm, 40 us period square wave, 100 yW cm™
peak-to-peak). Photocurrent of device I3 is stable over 24 h, after the detection of one billion laser pulses. Device I2 experiences an initial decay in
photocurrent to 90% of its initial value, and device I1 experiences gradual photocurrent decay to 60% of its initial value.
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Figure 4. Perovskite photodetector noise current and detectivity. (a) Measurement of noise current. The measured noise current is compared to the
theoretical shot and Johnson noise limits. Using our measurement setup, we are able to approach the theoretical shot limit to within an order of
magnitude. (b) The noise current dependence on bias. Because of its reduced dark current density, device I3 has the lowest noise current density. (c)
Specific detectivity at —0.2 V, 600 nm, and 0.1 mW cm™ compared to the shot limit for each device. (d) Spectral specific detectivity at —0.2 V and

0.1 mW cm™ input irradiance.

perovskite absorber layer being unimpeded by charge trapping
at the semiconductor junction. For devices I1 and 12, the
external bias provides charge carriers that can fill trap states,
enabling photogenerated charges to traverse the junction
without impediment. As a result, device I3 operates efficiently
at a low reverse bias, thereby producing a lower background
current and lower noise. Consistent with the enhanced
responsivity at zero bias, device I3 also shows the best
performance in photovoltaic mode when operating as a solar
cell (Figure S2, SI). To study the device response under varying
degrees of input irradiance, we illuminated the samples with an
above-bandgap laser at A = 640 nm. The photocurrent and
responsivity of devices I2 and I3 are linear across greater than 4
decades of intensity, corresponding to a linear dynamic range
exceeding 80 dB (Figure 2c, d). Device I1 begins to lose
response at irradiances near 10 yW cm™2

To investigate the photodetector speed of response, we
illuminated the device using a time-varying square wave light
signal having a 50 ps pulse duration and 50% duty cycle. We
used the same 640 nm wavelength laser, which can be
modulated up to 20 MHz, to obtain the intensity dependence,
as shown in Figure 2c and d. Devices I11—I3 exhibit similar
response times. Device I3 is marginally faster in sweeping
carriers out following illumination. The transient photocurrent
response of device I3 (time base referenced to a trigger of the
input laser signal) is shown in Figure 3a. The rise and fall times
are detailed in Figure 3b. Rise and fall times are defined as the
time to transition between 10% of the minimum current to 90%
of the maximum, and from 90% down to 10%, respectively. It
was previously believed that perovskite photodiodes based on
lithium-salt doped hole-transport layers are inherently slow
with initial reported response times of 30 ms.'’ The
photodiodes in this work exhibit a rise time of 1 ys and a fall
time of 3 ys, which is a 10* increase over prior work on n-i-p
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perovskite photodiodes and comparable to the best reported
values for perovskite photodetectors.'>" In all devices, the fall
time is slower than the rise time with the slower component
typically attributed to the diffusive contribution to photocurrent
during discharging.”” We hypothesize that variations in the
fabrication of the perovskite active film and the TiO, and spiro-
OMeTAD electrodes between this work and the similar n-i-p
device studied in ref 12 may account for the observed
differences in device speed.

The dependence of rise and fall times on input irradiance for
all photodiode architectures is given in Figure 3c. The devices
(I3 in particular) operate near their fastest temporal response
over two full decades of input irradiance: the rise time remains
consistent over more than 2 orders of magnitude of intensity,
whereas the fall time increases from 2 us to upwards of 3—5 us.

Perovskite semiconductors demand investigation with
respect to their stability over time under illumination and
bias. We studied these devices over a 24 h period in air. Figure
3d demonstrates that the output photocurrent of device I3
remains constant over a period of 24 h following the detection
of 1 billion light pulses, whereas device I2 experiences an initial
decay down to 90% of its initial value, and I1 decays slowly
down to 60% of its initial value. The improved stability with the
addition of these interface layers may be attributed to physically
and electrically separating the (posited to be unstable) TiO,
and spiro-OMeTAD interfaces in devices 12 and I3. The
improved stability is consistent with prior reports employing
PCBM, demonstrating a stabilization of photocurrent under
solar irradiation,'® and a stabilization of the dark current at a
fixed reverse bias.”' We have further encapsulated a device of
architecture I3 and have demonstrated stability of the
photocurrent over a period of 1 week, after the detection of
over 7 billion light pulses, in air (Figure S3, SI).
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To evaluate the specific detectivity of the photodetector, we
measured the noise current as a function of reverse bias. In the
ideal case, the noise current would approach the shot noise
limit under reverse bias, and approach the Johnson—Nyquist
noise limit as the bias approaches zero. Shot noise associated
with the quantized nature of electrons is given by the
Poissonian-derived (2l Af)"/?, where q is the electronic
charge constant, and I, is the net dark current.”' Johnson—
Nyquist (also referred to as Johnson or thermal noise) is the
bias-independent noise associated with thermal excitation of
charge carriers in any resistive component at nonzero
temperatures and is given by (4kTAf/R)"? where k is
Boltzmann’s constant, T is temperature, and R is resistance.®
The measured noise current is compared relative to the best-
case shot noise and Johnson noise limits, shown in Figure 4a.
The devices reported herein approached the shot noise limit
within less than a factor of 10 under reverse bias. This finding
illustrates the need to measure, rather than infer from dark
current measurements, the noise and hence the specific
detectivity in all photodetectors.

The noise current is shown as a function of bias in Figure 4b.
Because of the improvements in dark current density, devices 12
and I3 have reduced noise current. The specific detectivity at
—0.2 V and 600 nm wavelength, in reference to the theoretical
shot limit, is given for all devices in Figure 4c. The measured
D* values increase with the increase in the theoretical shot limit
for each device.

Device I3 achieves a peak D* of 10" Jones. Sensitivities of
this order are comparable to those of commercial silicon
photodetectors, whose detectivity typically peaks in the range
of 4 X 10" Jones.”” The spectral dependence of D* is given in
Figure 4c. D* of device I3 approaches 10" Jones across the
wavelength range 400—780 nm, exhibiting high sensitivity
throughout the visible and into the near-infrared region. A
statistical analysis of the key figures of merit for each device
architecture is summarized in Table S1 in the SL

Rapid optical absorption and excellent charge transport
properties underlie the promising responsivity of these
perovskite photodiodes. Their approach to unity quantum
yield limit is attractive in a diode that does not require the
application of an external bias. Perovskites, due to their facile
processing, are inherently compatible with not only large-area
devices, such as in this work, but also with pixel-based CMOS
readout circuits.>® The thermal budget required in the
processing of perovskites is far below the allowed thermal
budget of fully fabricated CMOS circuitry. Therefore, perov-
skites are a promising candidate for on-chip CMOS
incorporation following the silicon back-end.

Further progress in increasing normalized detectivity will
focus on reducing the dark current. For their full potential on
this front to be reached, perovskite photodiodes—with their
impressively high open-circuit voltages up to 1.1 V—are in
principle capable of extremely low reverse saturation current
densities of 10 pA cm™>. Suppressing dark current further and
thereby facilitating even higher D* values will require added
effort toward eliminating sources of shunt paths and ensuring
that any such paths remaining are even more highly rectifying.
This work suggests substantial promise for perovskite active
layers beyond solar energy harvesting and into the realm of
sensing applications.
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B METHODS

TiO, Substrate Fabrication. Cleaned glass substrates
coated with fluorine-doped tin oxide (TEC 15; Pilkington)
were used in this work. TiO, (50 nm) was deposited onto these
substrates via magnetron sputtering at an argon pressure of 7.5
mTorr at a rate of 0.08 A s™' with an Angstrom Engineering
Amod deposition system in an Innovative Technology
glovebox. The substrates were then treated with a 120 X
1073 M solution of TiCl, in a 70 °C oven for 30 min, followed
by rinsing with deionized water, and annealing on a 520 °C hot
plate for 45 min in ambient air.

Al,O; and PCBM Deposition. In the devices where Al,O,
was employed, a 1 nm layer was deposited onto the TiO,
coated substrates in a Cambridge Nanotech Savannah S100
atomic layer deposition system using Aluminum tris(2,2,6,6-
tetramethyl-3,5-heptanedionate) and deionized H,O as pre-
cursors for Al and O, respectively. For both precursors, a pulse
duration of 15 ms and a purge time of 20 s was used. The
chamber temperature was 150 °C, and the N, carrier gas flow
rate was 20 sccm. For devices employing PCBM, a 10 mg/mL
solution of PCBM was prepared in chlorobenzene. The layer
was deposited via spin coating at 4000 rpm for 20 s. The
substrate was then annealed for 20 min at 70 °C.

CH;NH;Pbl; Perovskite Active Layer Deposition. A
solution of Pbl, (350 mg/mL) was prepared in dimethylfor-
mamide (DMF). The layer was deposited via spin coating at
6000 rpm for 30 s. Both substrate and solution were heated to
70 °C prior to deposition. The film was then annealed at 70 °C
for S min. A solution of methylammonium iodide (40 mg/mL)
and a separate solution of methylammonuim chloride (15 mg/
mL) were prepared in 2-propanol. The two solutions were
mixed in a 2:1 (MAI:MACI) ratio by volume. The resulting
solution was deposited using spin coating at 3000 rpm for 30 s.
The film was then annealed at 75 °C for S min, 100 °C for 10
min, and 150 °C for 10 min.

Spiro-OMeTAD and Au/Ag Deposition. A solution of
spiro-OMeTAD (2,2/,7,7’-tetrakis(IN,N-di-4-methoxyphenyla-
mino)-9,9’-spirobifluorene) was synthesized by dissolving
spiro-OMeTAD (63 mg/mL) in chlorobenzene. Twenty
microliters of 4-tert-butylpyridine was added to the solution,
followed by 70 uL of a solution (170 mg/mL) of
bis(trifluoromethane)sulfonimide lithium salt dissolved in
acetonitrile. This solution was deposited via spin-coating at
5000 rpm for 30 s. Au and Ag were deposited in an Angstrom
Engineering A mod deposition system in an Innovative
Technology glovebox. Au (100 nm) was deposited via e-
beam evaporation at a rate of 1.5 A s™', and 100 nm of Ag was
deposited via thermal evaporation at a rate of 2.0 A s™". The
device active area, defined by an evaporation shadow mask, is
0.07 em?.

Dark Current Density Measurements. Dark current was
measured in air with a Keithley 2400 source meter, which was
also used as the bias source.

Photocurrent Measurements. Spectral and bias-depend-
ent responsivity was measured in air by illuminating the device
through a 0.049 cm’ aperture with a collimated 220 Hz
chopped light source (450 W xenon lamp through a
monochromator with order-sorting filters). The power was
measured with a calibrated Newport 818-UV power meter. The
photocurrent signal was measured with a Stanford Research
Systems lock-in amplifier set to voltage mode. Speed was
measured by illuminating the device with a 640 nm Melles—
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Griot (S6RCS009/HS) laser diode driven by an Agilent
33120A function generator. The photocurrent was measured
in air with an Agilent Infiniium Oscilloscope (DSO8104A)
across a 50 € input impedance triggered by the laser diode
driving pulse. The power was measured with a calibrated
Newport 818-UV power meter.

Noise Current Measurements. Noise current was
measured in air in a dark and electrically shielded box with a
Stanford Research Systems lock-in amplifier set to voltage
mode at an internal reference of 220 Hz to match the
equivalent noise bandwidth of the responsivity measurements.
The input was read across an external series 8.2 MXQ resistor in
an electrically shielded enclosure, and bias was applied by a
Keithley 2400 source meter in series with the device.

AM 1.5G Solar Cell Measurements. A Keithley 2400
source meter was used as a bias source and to measure current.
The AM 1.5G solar spectrum was simulated with a xenon lamp
and spectral filters. The spectral mismatch of the system was
measured using a calibrated reference solar cell (Newport). The
total AM 1.5 spectral mismatch (taking into account the
simulator spectrum and the spectral responsivities of the test
cell, reference cell, and broadband power meter) was measured
to be ~16.4%. A multiplicative factor of 0.836 was applied to
the output current-density of the cell to most accurately
represent the true AM 1.5G photocurrent. The uncertainty of
the current—voltage measurements was estimated to be +3.3%.
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Interface thickness optimizations, photovoltaic performance,
long-term stability, and device statistical breakdown. The
Supporting Information is available free of charge on the
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