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Perovskite films are promising candidates for fast, sensitive and large area photodetectors. A gain in perovsktite based
detectors has been observed in several architectures, but a model describing the underlying mechanism is still missing
or at least incomplete. Here we present measurements of CH3NH3PbBr3 films under reverse bias exhibiting breakdown
at 4 ∼ 5 V and small photocurrent gain . 2, which based on a phenomenological model we explain tentatively by
tunnel-assisted injection from the TiO2 electron transport layer and carrier multiplication, mediated by the electric field
due to mobile ions.

During the last decade an extensive research and devel-
opment effort has been spent on perovksite based detec-
tors for visible light.1,2 High sensitivity has been demon-
strated in such devices, and in several cases a photocurrent
gain has been observed,3–12 meaning that the number of ex-
tracted carriers is larger than the absorbed number of pho-
tons per unit time. Perovskite detectors with various device
architectures have shown gain, accompanied, to date, by a
time response slower than ∼ 1 µs. Gains between 150 and
2400 have been observed in vertical devices, based either on
CH3NH3PbI3 or CH3NH3PbBr3 perovskites, using a meso-
porous TiO2 layer,3,6 or compact thin TiO2 layers8 as hole
blocking layers (HBL), or not using any HBL at all.3 Some
authors report vertical architectures specifically designed to
include interface trap states.7 Also, vertical devices with Au
contacts directly deposited on the two faces of a CsPbBr3 sin-
gle crystal have shown gain.12 The smallest rise and fall times
among the above vertical architectures was between 5.7 µs
and 41 µs.7

Lateral devices using metal contacts directly deposited on
the perovskite4,5,9–11 have shown gain up to ∼2000,5,9 with
the smallest rise and fall times being 20 µs and 39 µs,
respectively.9

The underlying physical mechanisms of the observed gain
has not been fully understood in all cases. This is partly due to
the peculiarity of halide perovskites in which beside electrons
and holes also ions may take part in the conduction mecha-
nism. A model based on ion migration was proposed to ex-
plain the observed gain e.g. by Domanski et al.6 Some struc-
tures work as photoresistor, where the incident light increases
the conductivity of the active layer,9 while others are believed
to be governed by the modification of a carrier injection bar-
rier at one of the perovskite interfaces, due to charge accumu-
lation or trapping7.

The presence of gain in a photodetector is critical to achieve
high sensitivity, which is of special importance in applications
working at low light intensities. Also, fast time response is im-
portant in many cases. Silicon avalanche photodiodes (APD)
and silicon photon multiplier devices (SiPM) are well estab-
lished and widely used in detector applications with the above
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requirements. Their working principle is based on avalanche
multiplication,13 where the high electric field under reverse
bias allows to accelerate charge carriers to a sufficiently high
energy to initiate impact ionization, thus generating additional
electron-hole pairs. Successive ionizations can happen de-
pending on the active layer thickness and electric field, giving
eventually rise to an avalanche and an associated potentially
large gain.

Impact ionization so far has not been considered in liter-
ature as a possible co-mechanism to interpret the observed
gain, neither on its own nor eventually masked by the mech-
anisms described above. Carrier multiplication has been ob-
served, however, in CsPbI3 perovskite nanocrystals.14 It has
also been argued15 that methylammonium lead halide per-
ovskites fulfil criteria that enable multi-carrier generation
through impact ionization. Also, an ionic avalanche-like
mechanism has been proposed recently to explain the obser-
vation of persistent photocurrent in MAPbI3.16

In order to understand whether impact ionization and
avalanche multiplication could be observed in lead halide per-
ovskites, we have studied methylammonium lead bromide
(CH3NH3PbBr3, referred to as MAPbBr3 in the following)
thin film devices17 deposited on mesoporous-TiO2/compact-
TiO2/FTO/glass substrates. We used laser etched Fluorine-
doped Tin Oxide (FTO) glass substrates (Pilkington) as trans-
parent conductive substrates for the fabrication of four-pixel
devices. The FTO glass substrates are cleaned in an ul-
trasonic bath using acetone and 2-propanol for 10 minutes
each. A 30 nm thick compact TiO2 layer is deposited us-
ing spray-pyrolysis technique at 460 °C. Then, diluted TiO2
paste (30NR-D, Greatcell Materials) in ethanol (1:5 w/w) is
deposited by spin coating to obtain 220 nm thick mesoporous
TiO2 layer. After that, the samples are soaked for 10 minutes
under UV lamp to improve the surface wettability. Perovskite
solution is prepared by mixing MABr (Greatcell Materials)
and PbBr2 (TCI chemicals) precursors in dimethyl sulfoxide
with 1.4 M concentration. The perovskite film is deposited
by spin coating at 4000 rpm for 20 s using solvent quenching
method. Toluene is deposited as anti-solvent after 10 s. Then,
the perovskite films are annealed at 80 °C for 10 minutes. Ad-
ditionally, the obtained 300 nm thick films are recrystallized
by exposure to methylamine gas for 1-2 seconds in air and
annealed at 80 °C to remove any by-product of the reaction.
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Finally, 80 nm thick Au electrodes are thermally evaporated at
rate of 0.3 Å/s for the first 10 nm and then increased to 1 Å/s.
A photograph of the measured device is shown in Fig. 1(a).
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FIG. 1. Photo of the studied mesoscopic device (a), material stack
and energy alignment (b) and schematic figure of the proposed car-
rier injection processes (c). The band edge energies in eV used in the
simulations are indicated in (b). The band profile in (c) is shown for
-4 V reverse bias in dark. The band bending in the perovskite layer is
due to the accumulation of positive charged mobile bromium vacan-
cies (VBr) at the gold anode, which results in a negative background
charge.

The devices have been characterised under reverse bias up
to -6 V, in dark and under white light with intensity of ∼ 0.25
suns. From the measured current we calculated the photocur-
rent gain as

G(V ) =
Ilight(V )− Idark(V )

Ilight(Vref)− Idark(Vref)
(1)

where Vref is a reference voltage at which the current is
assumed to be purely photo-generated with no gain. This
usually corresponds well with the short circuit current, as
long as extraction efficiency is good. In our case we used
Vref = −1 V, since at this bias the photocurrent reached a
plateau with slightly larger value than at short circuit. Current-
voltage characteristics have been measured using a standard
JV measurement setup and by pulsed measurements, both pro-
vided by a all-in-one measurement platform Arkeo (Cicci Re-
search). In pulsed mode, the device has been illuminated at
each voltage by a white light emitting diode (LED) with pulses
of 200 ms and duty cycle of 50%. The Ilight (Idark) current has

been measured before switching off (on) the LED, taking the
mean value over approximately 20 ms. Pulsed measurements
have been performed in order to exclude that the observed ef-
fects are due to a slow transient during constant illumination.

The measurement data are presented in Fig. 2 (symbols). A
small gain is observed, with consistent values between the two
measurement methods. Around -5 V, the device apparently
shows breakdown behaviour, which we ascribe to an increase
in injection current induced by the electric field, as described
in the following.
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FIG. 2. Comparison between measured JV characteristics in dark
and under illumination with the model results. The simulation results
have been obtained for a mean vacancy density of V•Br = 7.5×1017

cm−3, and adding a series resistance of 4 Ω·cm2. For comparison
we report also the characteristics from pulsed measurements. The
lower panel shows the gain, calculated according to eq. (1). Symbols
show measured data, colored lines are simulation results. The dotted
lines are obtained without including multiplication and tunneling, the
dashed lines including only multiplication, and full lines are for the
complete model.

We have developed a phenomenological model in order to
qualitatively reproduce reverse bias behavior and gain. Our
model is based on the assumptions that current under small
reverse bias is due to carrier injection from the TiO2 into
the perovskite due to tunneling, similar to what has been
proposed by Bowring et al.18, and that the electric field in
the perovskite layer can become sufficiently large to trigger
carrier multiplication by impact ionization, as illustrated in
Fig. 1(c). Tunneling-assisted carrier injection has been cal-
culated numerically based on the band and quasi-Fermi level
profiles, which have been obtained by solving the station-
ary drift-diffusion model19 including photo-generation, mo-
bile ions and avalanche multiplication.

It is commonly agreed that mobile ionic species in halide
perovskite are playing an important role.20–22 To account for
the effects due to bias-induced ion accumulation on the poten-
tial profile, we explicitly included ionic species in the model.
We assumed that only positively charged bromium vacan-
cies (V•Br) are mobile, such that they accumulate at the per-
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ovskite/Au interface, while the band bending near the inter-
face with the electron transport layer (ETL) is determined by a
fixed negative background charge density, which compensates
the total amount of V•Br.

18 In fact, under our model assump-
tions, the presence of mobile ions and their rearrangement due
to the increased external field at negative bias is crucial for the
reverse bias behaviour. To determine the band profile, we ex-
plicitly include the ETL in the drift-diffusion simulation be-
cause it can affect the electric field in the perovskite layer and
modify the carrier injection.

For the photo-generation profile we used results from opti-
cal simulations for solar cells of similar structure,17 adjusting
the intensity such as to reproduce the measured short circuit
current. The small dark current at low reverse bias has been
added empirically to the model as a constant generation at the
TiO2/MAPbBr3 interface. Since its value does not consider-
ably change between different devices with different or even
absent hole transport layer (see Fig. 5 in supporting mate-
rial), we tentatively assign it to a trap assisted generation at the
MAPbBr3/TiO2 interface, enhanced possibly by the large in-
terface area in the mesoporous layer. We assume the dominant
recombination process at the light intensities used during the
measurements (0.1 – 1 sun) to be interface recombination21,23,
and a carrier recombination velocity of 106 cm/s has been
added at the gold/MAPbBr3 interface, in order to model the
reduced extraction efficiency in cells without hole transport
layer.

For the avalanche generation we used the standard model13

Gav = αn| jn|+αp| jp|, (2)

where Gav is the resulting generation rate of electron-hole
pairs in cm−3s−1, and | jn,p| are the moduli of the electron
and hole fluxes, in cm−2s−1. The impact-ionization rate coef-
ficients αn and αp are strongly field dependent, and different
models exist for them. We have used the Chynoweth law13

given by αn,p = an,pe−bn,p/F(x), where F(x) is the local elec-
tric field strength. Since neither experimental nor theoretical
data is available on impact ionization and avalanche multi-
plication in lead-halide perovskites, we tentatively used val-
ues similar to the ones of GaAs, being a direct semiconduc-
tor with bandgap in a similar energy range. After slight ad-
justments, the used values were an = ap = 3 · 106 cm−1 and
bn = bp = 2.4 ·106 V/cm.

The total device current has finally been calculated by
adding a tunnel-assisted injection current, which has been
evaluated using the simulated band profile. The model is
based on band-to-band tunneling, assuming that electrons
from the MAPbBr3 valence band can tunnel to the conduc-
tion band or directly to the TiO2. The current is calculated
as24,25

J =− q
π h̄

∫ dk2
⊥

(2π)2

Emax∫
Emin

dE T (E,k⊥) [ fL(E)− fR(E)]

≈ q
π h̄

EV,max∫
EC,min

dE
∫ dk2

⊥
(2π)2 T (E,k⊥). (3)

Here we have assumed that the electron occupation in the va-
lence band is fR ≈ 1 and in the conduction band and TiO2 it
is fL ≈ 0, according to the calculated quasi-Fermi levels. The
integration in energy goes from the conduction band energy in
the TiO2 to the maximum valence band energy. For the trans-
mission function T (E,k⊥) we used the WKB approximation
with complex wave-vector from a two-band k·p model.25 Ef-
fective masses have been taken from literature.26

To qualitatively reproduce the measured JV characteristics,
we adjusted the amount of bromium vacancies in the simula-
tion, and we added an additional external series resistance of
rs = 4 Ω·cm2 in order to fit the linear part of the JV curve at
large bias. Moreover, we assumed n-type doping in the ETL
with a density of 5×1019 cm−3. All parameters are reported
in Table 1 of the supporting material.

Figure 2 shows the experimental JV characteristics, mea-
sured as described above, together with the model results. The
dotted curves are simulation results without avalanche multi-
plication and tunnel-assisted injection, while the dashed lines
include avalanche multiplication and the continuous lines also
tunnel-assisted injection. Note the slight increase in photo-
generated current even without multiplication, which is due to
the effect of electron recombination at the gold anode. The
gain predicted by the model is compatible with the the mea-
sured gain, which remains below 2 for this device. Note that
above ∼ 4.5 V the experimental extraction of gain is ham-
pered by the large current component of injection from the
TiO2. The simplified model cannot predict the drop in gain,
because the tunneling current is added a posteriori to the cur-
rent obtained from the drift-diffusion simulation, which does
therefore not influence Ilight− Idark.

The simulation results have been obtained assuming a mean
bromium vacancy density of 7.5×1017 cm−3. This value is at
the higher end of what has been reported in literature.27 The
discrepancy in the dark currently may be due to additional
current contributions, e.g. due to electronic traps near the
TiO2/MAPbBr3 interface. The difference in breakdown volt-
age between the two measurement methods can be attributed
to differences in charge distribution, for example due to dif-
ferent measurement times. A slightly larger mean vacancy
density of 8×1017 cm−3 shifts the breakdown to the measured
value, and slightly increases gain, too.

In Fig. 3 we show the band profiles, electric field distribu-
tion , avalanche generation rate and electron and hole current
densities obtained from the simulations for two different re-
verse bias voltages of -1 V and -4.5 V. For comparison, the
photogeneration current as the cumulative integral of the gen-
eration rate is also reported in the lowest panel. It can be ob-
served that under the hypotheses of our model with increasing
negative bias the region with large electric field grows, so that
avalanche generation is predicted over an increasing distance
and with increasing rate. From the carrier current densities it
is seen that at -1 V multiplication is not relevant, as the hole
current closely follows the photogeneration current. The off-
set between the two is due to interface recombination at the
gold contact.

Since the change in photocurrent and thus gain is small, it
could be argued that the observed effect is entirely due to a
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bias dependent extraction efficiency that is improving with in-
creasing reverse bias. However, extracting the absorbed pho-
ton to current efficiency (APCE) from the measured incident
photon to current efficiency (IPCE), performed on the same
device at different negative biases and corrected by the calcu-
lated absorption efficiency (see supporting material Fig. 2),
results in values larger than 100% starting from bias between
-4 and -5 V, as shown in Fig. 4. This suggests the presence of
an internal gain mechanism, as assumed in our model. Note
also that the increase in APCE from 0 V to -4 V by a factor
of ∼ 2 is compatible with the measured photocurrent gain in
Fig. 2.

An alternative explanation of the observed gain could be
a change of the electric field due to illumination and thus of
the tunneling rate. However, for our model parameters the
electric field changes negligibly with illumination, so that an
additional ingredient to the model would be needed, like e.g.
trap states near the interface. However, a mechanism as de-
scribed in Ref. 7 can be ruled out, since our devices behave as
normal solar cells under forward and small revers bias.

In conclusion, we have studied the reverse bias behaviour of
FTO/TiO2/MAPbBr3/Au devices, finding breakdown-like be-
havior at around -4–5 V and a small amount of photocurrent
gain of ∼ 2. Based on a phenomenological modeling strat-
egy we ascribe these tentatively to tunneling-assisted electron
extraction at the TiO2/MAPbBr3 interface and carrier multi-
plication, respectively. Both effects strongly depend on the
electric field, and thus on the density and spatial configura-
tion of mobile ionic species. Increased extraction efficiency as
sole origin of improved photocurrent has been excluded due to
the observation of IPCE > 100%, which suggests an internal
gain mechanism. Alternative explanations for the observed
gain cannot be excluded, though, which could for example in-
volve trap-related processes or light-induced ionic transport.
In particular, the role of mobile ions and interface traps needs
further examination. A photoconductive effect, on the other
hand, seems unlikely, since we would expect it to be observed
also at small bias. Future studies also on MAPbBr3 single
crystals may hopefully provide more insight into both reverse
bias breakdown and photocurrent gain in such detector de-
vices.
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