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Abstract
Perovskite retinomorphic sensors (PRSs) produce an output voltage in response to changes in
optical intensity, but not to constant illumination. While these devices have been demonstrated
experimentally, there does not yet exist a robust quantitative model for their behaviour. In this
report, we derive a simple relationship between output voltage and optical power density in
response to a step-change in illumination intensity. From this model we derive a parameter Λ,
which can serve as a proxy for PRS performance. We outline a simple strategy to extract Λ from
device data and demonstrate this technique on two sets of experimental data. We evaluate a
maximum Λ = 5.3 × 10−4 cm mW−1/2. We approximate that a target value of
Λ = 1 cm mW−1/2 would be adequate for most commercial applications and discuss some
optimization strategies that could be followed to increase Λ.

Keywords: retinomorphic, sensor, perovskite, capacitor

(Some figures may appear in colour only in the online journal)

1. Introduction

Perovskite retinomorphic sensors (PRSs) are three-terminal
circuit elements which produce an output voltage in response
to changes in light intensity, but not to constant illumination
[1]. This is in contrast to conventional optical sensors, such as
those based on photodiodes [2], which output a current which
increases with incident light intensity. A range of event-driven
sensor strategies exist [3], some of which have been demon-
strated in two-dimensional arrays [4, 5], or for potential use
in intraocular prosthesis [6]. Because they are designed to be
a single circuit element, it is hoped that PRSs could one day
enable low cost, high density arrays, analogous to photodi-
odes. Since they output a signal in response to movement only,
PRSs have potential value where rapid identification of mov-
ing objects is critical, such as visual tracking [7] or in autonom-
ous vehicles [8]. While these devices hold great promise, only
a proof of principle design has so far been demonstrated [1].

∗
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There does not yet exist a convention to quantitatively assess
and predict behaviour of PRSs; a prerequisite for future com-
mercialization endeavours.

In this report we outline a simple model to quantify the
performance of PRSs. We recommend a strategy to character-
ise these sensors experimentally and evaluate a figure of merit
for their performance. This strategy will enable facile compar-
ison between different devices and between different research
groups. We identify a single parameter, which we designateΛ,
with units of cmmW−1/2, which can serve as a proxy for broad
PRS device performance, in an analogous manner to power
conversion efficiency (PCE) in solar cells [9] or field effect
mobility (µFET) in transistors [10]. As with PCE and µFET,
PRSs with higher values of Λ are anticipated to be more desir-
able for commercial applications than those with low Λ val-
ues. Our approach is demonstrated on two sets of experimental
data, based on our original PRS device design [1]. Using this
model we identify the theoretical maximum performance of
these devices, realistic target values, and strategies to optim-
ize performance.
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2. Experimental details

2.1. Perovskite retinomorphic sensor (PRS) fabrication

Highly doped silicon wafers with a 300 nm thermally grown
silicon dioxide (SiO2) dielectric layer were purchased from
University Wafer. Wafers were cut into 1.0 cm × 1.5 cm
rectangles using a wafer saw then cleaned using acetone,
isopropanol, then a UV-ozone cleaner. Lead iodide/methyl-
ammonium iodide (PbI2/CH3NH3I)—dimethylformamide
(DMF) complex mixture and dimethyl sulfoxide were mixed
in a 1:1 molar ratio then dissolved in DMF. Films of methyl-
ammonium lead iodide (MAPbI3) were spin-coated under
atmospheric pressure N2 onto cleaned Si/SiO2 substrates.
Ether was used as an anti-solvent. The films were annealed
at 100 ◦C for 10 min. Lead iodide/methylammonium iod-
ide (PbI2/CH3NH3I)—DMF complex mixture was purchased
from Tokyo Chemical Industry Co., Ltd (TCI). 15 nm gold or
aluminium contacts were deposited via thermal evaporation
through shadowmasks. Devices had an area of roughly 5 mm2

in all cases.

2.2. Retinomorphic thin film sensor characterization

All devices were contacted in an ambient-pressure N2 glove-
box at room temperature using an Everbeing C-2 probe sta-
tion. The devices were connected in series with a conven-
tional resistor (1 MΩ in all cases studied experimentally),
which was held outside of the glovebox. A Keithley 2400
source meter was used to apply a constant voltage, Vin, across
both the photosensitive capacitor and the resistor. The voltage
dropped across the external resistor (Vout) was monitored with
a Textronix TDS 3032C digital oscilloscope. Illumination was
provided with a ThorLabs SOLIS-525C High-Power Green
(525 nm) light emitting diode (LED), controlled with a Thor-
Labs DC2200 LED Controller.

3. Dependence on output voltage on optical power
density

A PRS consists of a photosensitive bilayer capacitor, as
depicted in figure 1(a), in series with a conventional (photo-
insensitive) resistor, as depicted in figure 1(b). While in the
future it will be desirable to have these components integrated
vertically, for the purposes of this study we consider the PRS
as separate, connected, elements. The voltage applied across
the structure is defined as Vin, the voltage dropped across the
capacitor is VC, and the voltage dropped across the resistor is
Vout. We conventionally measure the voltage dropped across
the resistor, not the capacitor, hence the designated subscript.
The bilayer capacitor is designed to change capacitance under
illumination, and therefore a semiconductor that absorbs vis-
ible light is required.

If a constant Vin is applied across the circuit in figure 1(b),
and the illumination conditions are constant, all the applied
voltage can be assumed to be dropped across the capa-
citor, hence VC = Vin, and Vout = 0. If the illumination con-
ditions change, one can expect the charge density in the

semiconductor to change, and hence the capacitance of the
structure to change. This is expected to briefly lead to charge
flow onto/off the bottom electrode, temporarily giving rise
to an increase in Vout, before the charge density equilibrates,
charge flow stops, and Vout returns to zero.

To test these devices experimentally we apply illumination
using a commercial LED, placed above the sensor. The LED is
switched from 0 mW cm−2 to a constant optical power dens-
ity P, at a time we define as t = 0. It is reasonable to assume
the turn-on time of the LED is much less than the RC con-
stant of the circuit in figure 1(b), and we hence approximate
the incident power density as a step function, as depicted in
figure 1(c). Vout is measured as a function of time in response
to this optical stimulus, as shown in the example in figure 1(d).
We employ green (peak emission 525 nm) light here to ensure
that we generate free charges in the semiconductor [11], while
avoiding any potential issues with UV-induced degradation of
the material [12].

The maximum voltage can be approximated directly from
this data as Vmax. This is in contrast to our previous study [1]
where Vout was calculated as a function of time, fitted to rel-
evant parameters, and Vmax would be extracted from the fit.
While an element of subjectivity exists in approximating Vmax

in this way, our analysis relies on fitting data as a function of
P and hence involves averaging multiple points.

As with our previous report [1], the level of noise is sub-
stantial relative to Vmax in the devices studied here. While
sources of noisewill be critical considerations for device integ-
ration and readout strategies in the future, we here attribute the
noise on Vout to noise on Vin, provided by the voltage source
meter, and induced noise on the coaxial cables connecting the
senor and source meter to the oscilloscope. While we still see
a resolvable signal, and can carry out our analysis, reducing
the noise will be important for more accurate parameterization
of these sensors. We anticipate the signal-to-noise ratio (S/N)
to be an important parameter for these devices, and expect it
to be influenced by similar parameters to more conventional
semiconductor devices [13]. While a detailed assessment of
noise is better suited to a separate study, we recommend para-
meterizing it by evaluating Vmax and dividing it by the root-
mean-square of the voltage before the application of the incid-
ent light (e.g. for t< 0).

Figure 1(e) shows how Vmax changes as a function of P
for three example devices. The points are the mean Vmax

of the three equivalent devices, and the error bars are the
standard deviation between devices. When grown via spin
coating, polycrystalline films of MAPbI3 are known [14] to
exhibit significant variability in electronic properties between
equivalently prepared samples, which is likely to be a large
contributing factor to the sample-to-sample variation we
observe. Additionally, these test devices are contacted using
probe needles, meaning the electrical contact (and hence con-
tact resistance) may not be equivalent for every measurement.

In our design, we employ highly doped silicon as the bot-
tom electrode and 300 nm of thermally grown SiO2 as the insu-
lator. SiO2 is chosen because it is highly resistive, and stable
under illumination [13]. For the semiconductor we employ
the prototypical metal halide perovskite compound: MAPbI3
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Figure 1. (a) Cross-sectional diagram of bilayer photosensitive capacitor employed in PRS (not to scale). The device is illuminated from
above. (b) Circuit diagram of PRS formed of photosensitive bilayer capacitor and conventional resistor in series. (c) Optical power density,
P, as a function of time, t, applied PRS. (d) Experimental output voltage of PRS, measured as a function of time. This sensor was identical
to that described in our previous report: a highly doped silicon bottom electrode, 300 nm of thermally grown SiO2 as the insulator, MAPbI3
as the semiconductor, and 15 nm of gold as the top electrode. Vmax denotes the approximate maximum voltage measured. (e) Experimentally
measured Vmax of 3 similar PRS as a function of optical power density. The error bars denote the standard deviation between values.
Vin = 5 V in all cases. Reprinted with permission from [1]. Copyright (2020), AIP Publishing LLC.

[15], and for the top electrode we use 15 nm of either gold
or aluminium. MAPbI3 is known to be a strong absorber of
light [11], and it changes conductance over many orders of
magnitude under illumination [16]. The top electrode must
be conducting, but also needs to allow optical access to
the sample. While a thin layer of metal does provide the
desired behaviour, it is here used out of convenience, and
one would expect a much lower contact resistance if using a
transparent conducting oxide (TCO) such as indium tin oxide
(ITO) [17].

In our previous report [1], we used Kirchhoff’s voltage
law to derive a differential equation relating VC to the time-
dependence of the capacitor, C. This equation is valid for any
C(t), but needs to be solved numerically. This approach is
valuable for demonstrating the anticipated response of PRS
arrays to a complex time-varying visual field. However, when
a simple input stimulus is used, such as that depicted in
figure 1(c), it is possible to derive an approximate analyt-
ical relationship between Vout and P. We neglect the con-
tact resistance of the top electrode RC, in this analysis. We
do so for two reasons. The first is that while a thin layer of
Au or Al will give rise to a significant RC [1], we anticipate
most future device structures (such as those employing TCOs)
will involve RC ≪ R. The second reason is conciseness. The
incorporation of a finite RC into this analysis is straightfor-
ward, however it adds little to the understanding of the device
behaviour.

We describe the capacitance of the structure in figure 1(a)
as follows:

C= CD +α0P
γ . (1)

CD is the capacitance of the structure in the dark, α0 is the
photo-capacitance prefactor and γ is a dimensionless expo-
nent. This formulism is employed because most semiconduct-
ors are experimentally observed to obey a power law relation-
ship between conductance and incident photon flux [18]. If we
approximate charge carrier mobility to not be strongly depend-
ent on incident photon density, then we can also assume that
the charge density in the semiconductor, and hence the charge
on the capacitor plates, Q, also obeys a power law. If Q∝ Pγ

for a constant voltage, which is what we would expect under
constant illumination, then we can also reasonably conclude
that C∝ Pγ .

Trap filling can occur in disordered semiconductors [19],
which could conceivably reduce the activation energy under
illumination in a system where charge transport is dominated
by multiple trapping and release [20]. However, we anticipate
this effect to be small relative to the generation of carriers. Fur-
thermore, metal halide perovskites such as MAPbI3 generally
exhibit ‘band-like’ behaviour [21] when charges are studied
by local techniques such as time resolved microwave conduct-
ivity [22] or optical-pump–THz probe spectroscopy [23]. This
suggests that a temperature activated model is unlikely to be
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appropriate for metal halide perovskites. For these reasons we
neglect optically induced changes in carrier mobility.

We know from figure 1(b) that:

Vin = VC+Vout. (2)

Defining the current flowing in the circuit as I, we can use
Ohm’s law to say:

Vin = VC+ IR. (3)

Writing the current as the rate of change of charge (Q) through
the circuit:

Vin = VC+R
dQ
dt

. (4)

We identify the rate of change of charge as the rate of change
of the product of capacitance and voltage:

Vin = VC+R
d
dt

[CVC] . (5)

In our device both C and VC can vary as a function of time, so
we must use the product rule to differentiate CVC:

Vin = VC+R

[
C
dVC
dt

+VC
dC
dt

]
. (6)

We here restrict ourselves to optical stimuli which can be
approximated as a step function, such as that depicted in
figure 1(c). i.e. we describe C as follows:

C(t) =

{
CD if t< 0

CD +α0Pγ if t⩾ 0
. (7)

We can then approximate equation (6) as a difference equation
across t = 0. We say that a step change in capacitance,
∆C, will lead to a step change in voltage dropped across
the capacitor, ∆VC, over a period of time, ∆t, where ∆t is
small:

Vin = VC+R

[
C
∆VC
∆t

+VC
∆C
∆t

]
. (8)

If the input voltage has been applied for a long period of
time before the application of light, we assume that the
input voltage will be dropped entirely across the capacitor in
figure 1(b). Hence, we can say VC (t< 0) = Vin. We are inter-
ested in the peak value of Vout immediately after the light has
been turned on, therefore we evaluate equation (8) at t = 0,
and we henceforth denote VC (t= 0)≡ VC and C(t= 0)≡ C.
Combined with equation (7), we can then express the differ-
ences in VC and C as follows:

∆VC = VC−Vin (9a)

∆C= α0P
γ . (9b)

This then allows us to write equation (8) as follows:

Vin = VC+R

[
C
VC−Vin

∆t
+VC

α0Pγ

∆t

]
. (10)

Since the incident light intensity is assumed to go from 0 to P
very quickly, we approximate∆t≈ 0. This leads to an expres-
sion for VC:

VC = Vin
CD +α0Pγ

CD + 2α0Pγ
. (11)

Experimentally we measure Vout, not VC. Using equation (2),
and identifyingVout (t= 0) = Vmax, we canwrite equation (11)
as follows:

Vmax = Vin

(
α0Pγ

CD + 2α0Pγ

)
. (12)

This equation can be fitted to the experimental Vmax vs P data
from figure 1(e), with α0 and γ as fitting parameters. CD was
approximated to be 509 pF in our case, by considering the
semiconductor and insulator as two capacitors in series. For
this approximation the thickness of the semiconductor was
set to 200 nm, the thickness of the insulator was 300 nm, the
dielectric constant of the insulator was 3.9, the dielectric con-
stant of the semiconductor was 20 [24], and the device area
was 5 mm2. This fit is shown in figure 2(a) for both devices
studied. We see a broadly good agreement between experi-
ment and theory. The extracted γ was 0.49 for the gold con-
tact device and 0.37 for the aluminium contact device. Both are
roughly consistent with previous values for MAPbI3 evaluated
using different techniques [18, 25]. The difference between the
two values is possibly due to the low signal to noise and/or high
contact resistance in the aluminium contact device. Because
CD was approximated here, rather than measured, we have not
reported the other fitting parameter: α0. Capacitance measure-
ments of metal halide perovskites are a rich and complex area
of study [26], and one that is anticipated to be vitally important
to understand these devices. Future studies of capacitance (in
the dark and under illumination) will need to be a high priority
for the PRS community in the future.

4. Peak output voltage

While equation (12) is useful, it can be rewritten in a more
concise form if we define a new variable Λ as follows:

Λ =
α0

CD
. (13)

From equation (12) we can then express the ratio of input to
output voltages via equation (14):

Vin

Vmax
= 2+

1
ΛPγ

. (14)

The value of γ will depend on the dominant recombination
mechanism(s) in the semiconductor [27]. However, a special
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Figure 2. (a) Equation (12) fitted to experimentally measured Vmax,
plotted as a function of optical power density (P) for PRSs. The
fitted exponent was γ = 0.49 for the gold (Au) top contact device
and 0.37 for the aluminium (Al) contact device. (b) Equation (15)
fitted to experimentally measured ratio of Vin/Vmax, as a function of
P−1/2 for PRSs with gold (Au) and aluminium (Al) top contacts.
Extracted Λ was 5.3 × 10−4 and 2.5 × 10−4 cm mW−1/2 for gold
and aluminium electrodes, respectively.

case exists when bimolecular recombination dominates and
the density of holes and electrons are equal [18]. In this case
γ = 1/2. If we approximate this to be true for all systems of
interest to us, then we can rewrite equation (14) as:

Vin

Vmax
= 2+

1
ΛP1/2

. (15)

We acknowledge γ will not be 1/2 for all semiconductors. How-
ever, there are significant benefits to making this approxim-
ation. The first is that we can now define the standard units
of Λ to be cm mW−1/2. If γ was different for every device,
Λ would have different units for every device, making mean-
ingful comparison impossible. Secondly, equation (15) now
has only one fitting parameter: Λ, enabling unambiguous ana-
lysis. If the absorber does have a γ substantially different
from 0.5, one would expect a non-linear relationship between
Vin/Vmax and P−1/2 to be observed experimentally. However,
Vmax/Vin should still increase with Λ for a given range of P,
meaning it can serve as a rough proxy for performance, non-
etheless. Overall, making this assumption means a standard

Table 1. PRS figure of merit, Λ, for devices with gold (Au) and
aluminium (Al) top electrode. Values were evaluated from the
experimental data presented in figure 2(b) using equation (15). The
value given is the mean between three identically prepared devices
and the error is the standard deviation between these devices.

Electrode Λ (cm mW−1/2)

Au 5.3 ± 1.2 × 10−4

Al 2.5 ± 0.5 × 10−4

experimental strategy to evaluate Λ can be formulated. This
strategy is as follows:

(a) Apply a constant Vin across the PRS.
(b) Measure Vout as a function of time, in response to the

application of light as a step function. Repeat this meas-
urement for several values of P.

(c) Extract the peak Vout, denoted Vmax, for each P.
(d) Plot Vin/Vmax on the y-axis against P−1/2 on the x-axis.
(e) A straight-line fit will yield a gradient of 1/Λ.

We demonstrated this approach on two sets of experimental
data, as shown in figure 2(b). The two sets of devices were
identical except for the top electrode, which was gold in one
case and aluminium in the other. The points shown are the
mean of three devices, and the error bars are the standard devi-
ation between the three devices. The range of measurements
was larger using the Au electrode because Vmax was too small
to resolve at low P for the Al electrode devices. It is clear from
figure 2(b) that carrying outmeasurements to as low aP as pos-
sible is desirable for an accurate fit. The extracted values of Λ
for our two sets of devices are given in table 1. The lower Λ
for the Al electrodes is attributed to higher optical absorption
in the electrode than with Au. It is important to note that Λ is
dependent upon the illumination wavelength, so the values in
table 1 are only valid when the incident wavelength is 525 nm.

5. Performance limits

Since a PRS with a larger Λ will exhibit a larger Vout, under
identical illumination conditions, the parameter Λ represents
a convenient metric to assess how responsive PRSs are to
light. Λ also enables us to quantify both the maximum theor-
etical response, and a target practical response, of PRSs. From
equation (15) we see that if Λ is finite, Vmax/Vin → 0.5 as
P→∞. This means that the maximum peak output voltage
for an PRS is half the input voltage. This is illustrated in
figure 3(a), where Vmax/Vin is calculated as a function of P
for various values of Λ. Because equation (15) states that a
Vmax/Vin of 0.5 is impossible for finite optical power densit-
ies, we are forced to adopt a practical target Vmax/Vin below
this. For the purposes of this report, we will choose a target
practical limit of Vmax/Vin = 0.4 and base our subsequent dis-
cussion around this value.

For applications where bright sunlight is expected,
we expect the maximum Vmax/Vin to be 0.4 when say
P = 100 mW cm−2. For low light applications we define
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Figure 3. (a) Calculated ratio of Vmax/Vin as a function of input
optical power density P, for PRSs with various values of Λ, using
equation (15). (b) Calculated Λ to provide Vmax/Vin = 0.4, as a
function of P, using equation (15).

the maximum Vmax/Vin = 0.4 when P = 1 mW cm−2 or
lower. Figure 3(b) shows the required Λ for a device to
exhibit Vmax/Vin = 0.4 as a function of P. While different
requirements will exist for different conditions, it reasonable
to conclude that PRSs with aΛ⩾ 1 cmmW−1/2 would provide
sufficient response under most normal situations. However,
with an appropriate amplification strategy values below this
are likely to be sufficient. For specialized applications with
very low differences in light intensity (e.g. underwater, in
space, or at night) Λ ⩾ 10 cm mW−1/2 would perhaps be a
more appropriate target.

6. Factors affecting performance

6.1. Device area

From the definition of Λ in equation (13) it is clear that there
are two main strategies to maximize the peak Vout in PRSs.
The first is to increase the photo-capacitance prefactor α0, and
the other is to reduce the dark capacitance CD. Importantly,
both α0 and CD are linearly proportional to the device area, A.
This means that Λ and Vmax are insensitive to area. Figure 4(a)
shows calculated Vout as a function of t for a range of devices
with differentA, with otherwise identical parameters. This data
was calculated by rewriting equation (6) in terms of Vout, and
solving it numerically as a difference equation, in an analogous
manner to our previous report [1].

Changing A will however change the device capacitance,
which will in-turn affect the decay constant of the device τ ,

Figure 4. (a) Calculated Vout as a function of time, t, for ten
different PRSs with a range of device areas, in response to a
step-change in incident optical power density from 0 to
60 mW cm−2 at t = 0. This data was calculated by solving equation
(8) numerically as a difference equation. (b) Calculated decay time
of PRSs as a function of device area, in response to a step-change in
incident optical power density from 0 to 60 mW cm−2. Besides
device area and external resistance (R= 1 MΩ), all other parameters
were as observed experimentally for the Au-contact device.

through the RC constant. The voltage-time data plotted in
figure 4(a) can be fitted to a monoexponential decay function
to evaluate the time constant τ as a function of A. This is
demonstrated as a function of device area in figure 4(b).
Because it is normally straightforward to choose a value of R
in figure 1(b) over a wide range of values, we can compensate
for changes in A, by adjusting R. This means that neither peak
height nor decay time of PRSs are limited by area.

6.2. Dark capacitance

The denominator in equation (13) is the capacitance in the
dark: CD. This means that Λ can be increased by decreasing
the capacitance per unit area of the PRS in the dark. There
are two strategies to decrease CD: either decrease the relative
permittivity of the semiconductor and/or insulator, or increase
the thickness of these layers. Reducing the dielectric constant
has limited scope because the minimum value of each layer is
εr = 1. For example, if the devices studied in this report with
gold electrodes had the semiconductor and insulator layers
both replaced with materials where εr = 1, but were otherwise
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Figure 5. Calculated Λ as a function of the thickness of the
semiconductor, insulator, or both. When not varied, the
semiconductor thickness was set to 200 nm, and the insulator
thickness was set to 300 nm. Besides layer thickness, all other
parameters were as observed experimentally for the Au-contact
device.

identical, the value of Λ would increase from 5.3 × 10−4 to
3.1 × 10−3 cm mW−1/2 only.

The other strategy to reduce CD is to increase the thickness
of the semiconductor and/or insulator. Because we model the
semiconductor and insulator as capacitors in series, their capa-
citance is summed in reciprocal, meaning the layer with the
largest thickness will dominate. For this reason, it is likely to
be more practical to have a very thick layer of one material and
a moderate/thin layer of the other. Increasing the thickness of
the insulator may be technologically more convenient, espe-
cially if using a robust inorganic system such as SiO2. How-
ever, increasing the thickness of the semiconductor has the
added benefit of increasing the number of photons absorbed in
the material, which would also increase α0. Figure 5 shows Λ
calculated as a function of insulator thickness, semiconductor
thickness, and both, where all other parameters (including α0)
are kept constant. We acknowledge that in reality increas-
ing the semiconductor thickness will increase α0, especially
for small thicknesses, but we here consider its effect on CD

only for the purposes of illustration. As an example, if we
could increase the thickness of the SiO2 in our gold elec-
trode devices from 300 nm to 3 µm, while keeping all other
parameters constant, Λ would increase from 5.3 × 10−4 to
4.8 × 10−3 cm mW−1/2. Increasing CD will also increase the
decay time of the sensor, which would then need to be com-
pensated for by reducing R.

6.3. Capacitance prefactor

The numerator in equation (13) is the photo-capacitance pre-
factor α0, hence increasing this parameter will increase Λ. α0

will be higher for materials which yield a higher free charge
density at the semiconductor–dielectric interface. To evalu-
ate charge density under steady state illumination, one must
equate generation and recombination. However, because the
number of photons absorbed in the semiconductor will depend
on depth into the material (via the Beer–Lambert law), the

charge generation rate will depend on position. This means
that a full description must solve the carrier concentration as a
function of position, accounting for diffusion due to charge
density gradients, drift due to the externally applied field,
and carrier injection and extraction across the semiconductor-
metal interface. Furthermore, holes and electrons are known
to have dissimilar monomolecular lifetimes [28] (affecting
recombination), charge carrier mobilities [21] (affecting dif-
fusion and drift) and metal-band barrier heights [29] (affect-
ing injection and extraction) in metal halide perovskites. The
factors affecting α0 are hence numerous and depend heavily
on the semiconductor–metal combination employed. In the
interest of brevity, we will not address these issues quant-
itatively here. We will, however, discuss some of the most
important contributing factors to α0, qualitatively. Experi-
mental measurements of capacitance as a function of illumin-
ation and voltage [26, 30, 31], combined with steady state
photoconductance measurements [18, 25, 32] will likely be
effective tools in understanding α0 in the future.

It is clear that the optical absorbance of the semiconductor,
and the transparency of the top electrode, are important. How-
ever, since TCOs have high optical transmittance [17], and
metal halide perovskites have very high absorption coeffi-
cients [11], there is unlikely to be significant scope for optim-
ization on these two parameters, especially since we in gen-
eral want the semiconductor layers to be as thick as possible
anyway. However, not all absorbed charges will lead to delo-
calized free carriers, as some will yield excitons which will
recombine without affecting capacitance. This is quantified by
the carrier generation yield ϕ, the number of free electron–
hole pairs generated per absorbed photon. This is a parameter
which we would want to be as close to unity as possible in
PRSs. Metal halide perovskites are known to have low exciton
binding energies [33], making them good absorbers for this
reason.

While crucially important in solar cells and transistors,
charge carrier mobility is not as directly influential in PRS
performance. Mobility will affect the drift and diffusion of
carriers, which will in-turn affect the charge density at the
interface between the semiconductor and dielectric. However,
the nature of this relationship is complex. It will depend
on the polarity of the applied voltage, the majority carrier type,
the injection barrier between the semiconductor andmetal, and
the architecture employed. For example, if the semiconductor
was illuminated from the side closest to the insulator (unlike
the structure depicted in figure 1(a)) then a lowmobility mater-
ial may be desirable so charges drift and diffuse away from the
semiconductor-dielectric interface more slowly.

Perhaps the most influential factor for α0 is the average
charge carrier lifetime. The carrier lifetime is convention-
ally quantified by rate constants associated with trap-assisted,
bimolecular, and Auger processes: k1, k2, and k3 respectively
[34]. The relative contribution of k1, k2, and k3 to average car-
rier lifetime depends on illumination intensity, with k1 dom-
inant for low P and k2, and k3 dominant at higher P. Lower
recombination rates would at first glance appear desirable in
PRSs, as they will lead to a higher charge density under steady
state conditions. However, long lifetimes will also result in
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carrier densities changing over long period of time after illu-
mination has been withdrawn or reduced. This would lead
to a long decay time for Vout upon reducing light intensity,
which may become relevant if a very high-speed response is
required. For this reason, there may exist a fundamental trade-
off between τ and Λ in highly optimized PRSs.

7. Conclusions

In conclusion, we have presented a simple strategy to quantify
the performance of PRSs. By measuring their peak output
voltage in response to a discreet increase in illumination
intensity, a broad proxy for performance, Λ, can be evaluated.
A PRS with a largerΛ can be expected to yield a higher output
voltage under identical illumination conditions. In its simplest
description, this parameter should be independent of device
area, illumination intensity, and magnitude of applied voltage.
For this reason, it can be considered a useful metric to com-
pare the response of retinomorphic sensors between different
research groups, analogous to field effect mobility in transist-
ors, or PCE in solar cells.

Using our model, we identified strategies to improve the
performance of PRSs and defined approximate values that the
community should consider targets for commercial viability.
While here we only considered performance in response to
a step function in light intensity, many of the considerations
should be general. For example, the output voltage of a PRS
in response to a constantly increasing optical power density
should also scale with Λ.

From both an experimental and theoretical point of view,
there remains much to be done on these sensors. In this report
we focused on voltage response and did not explicitly con-
sider the time scales involved in the device turning on or off,
both of which are anticipated to be important for commercial
applications. Similarly, we did not consider the behaviour due
to changes between two non-zero power densities (e.g. move-
ment in a bright setting), reductions in intensity, or optical
stimuli besides step functions. Understanding the relationship
between carrier density, illumination intensity, and voltage
will also be critical for future optimization endeavours.
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