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Abstract
Zero bias retinomorphic sensors (ZBRSs) are a new type of optical sensor which produce a
signal in response to changes in light intensity, but not to constant illumination. For this reason,
they are hoped to enable much faster identification of moving objects than conventional sensing
strategies. While recent proof-of-principle demonstrations are significant, there does not yet
exist a robust quantitative model for their behaviour, which represents an impediment for
effective progress to be made in this field. Here I report a mathematical framework to quantify
and predict the behaviour of ZRBSs. A simple device-level model and a more detailed
carrier-dynamics model are derived. Both models are tested computationally, yielding
equivalent behaviour consistent with experimental observations. A figure of merit, Λ0, was
identified which is hoped to enable facile comparison of devices between different research
groups. This work is hoped to serve as the foundation for a consistent description of ZBRSs.

Supplementary material for this article is available online

Keywords: sensors, retinomorphic thin film sensor, organic semiconductors, retinomorphic,
retinomorphic sensor

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

1. Introduction

A retinomorphic thin film sensor (RTFS) is a biologically-
inspired [1, 2] optical sensor designed to respond to changes
in light intensity, rather than to light intensity itself [3]. By
producing a non-zero signal only when movement occurs,
these sensors are hoped to enable rapid identification of mov-
ing objects. Unlike conventional event-driven optical sensors
[4, 5], which employ silicon-based differential amplifiers

Original content from this workmay be used under the terms
of the Creative Commons Attribution 4.0 licence. Any fur-

ther distribution of this work must maintain attribution to the author(s) and the
title of the work, journal citation and DOI.

[6, 7], RTFSs are formed of just a thin-film photosensitive
bilayer capacitor (see figure 1(a)) and a resistor in series [3].
For this reason, it is hoped that they could one day offer a more
simple sensing paradigm, and ultimately higher density, lower
cost, and faster response, than other event-driven sensors.

RTFSs are a new technology and are poorly understood.
Our first devices employed a metal halide perovskite (com-
monly abbreviated to just ‘perovskite’) [8] as an absorber
layer, and required a non-zero applied input voltage, Vin, to
produce a significant response (see figure 1(b)) [3]. We have
more recently demonstrated devices, employing an organic
semiconductor blend [9], which operate with no input con-
nection and just an output (see figure 1(c)) [10]. These res-
ults have proven our previous device model to be incomplete,
as it was not able to describe the generation of an output
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Figure 1. (a) Cross sectional schematic diagram of photosensitive capacitor used in retinomorphic thin film sensor (RTFS). (b) Circuit
diagram of RTFS sensor consisting of photosensitive capacitor (top) and resistor (bottom). (c) Circuit diagram of zero-bias retinomorphic
sensor (ZBRS).

voltage without a finite input voltage [11]. Sensors based on
this, or a similar, design have also previously been referred
to as photocells [12, 13], transient photodetectors [14], and
differential photodetectors [15]. The purpose of this report
is to provide a robust, quantitative, and phenomenological
description of RTFSs operating with no applied bias. In the
interest of brevity, I shall henceforth refer to a retinomorphic
sensor that operates with zero input voltage as a zero-bias ret-
inomorphic sensor (ZBRS).

2. Experimental details

2.1. RTFS fabrication and characterisation

All experimental devices measured in this report were fabric-
ated as part of our previous work [10], and were re-measured
after approximately 2 months storage at room temperature,
in the dark, in inert atmosphere N2. The photosensitive capa-
citors consist of four layers (see figure 1(a)) which are from
bottom to top: an electrode, an insulator, a photo-active semi-
conductor, and another electrode. In this case these layers were
highly doped silicon, 300 nm thermally grown silicon diox-
ide (SiO2), a 1:1 (weight %) blend of poly(3-hexylthiophene-
2,5-diyl) (P3HT) with phenyl-C61-butyric acid methyl ester
(PCBM), and 100 nm indium tin oxide (ITO), respectively.

2.2. RTFS characterisation

All devices were contacted in an ambient-pressure N2 glove-
box at room temperature using an Everbeing C-2 probe
station. The devices were connected in series with a con-
ventional resistor (100 kΩ in all cases studied experiment-
ally), which was held outside of the glovebox. The voltage
dropped across the external resistor (Vout) was monitored with
a Textronix TBS2072B 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. Experimental results

A square wave of green (535 nm) light with an optical power
densityminimumofP= 0mWcm−2 and amaximumbetween
P = 0.35 mW cm−2 and 124 mW cm−2 was applied to the
photosensitive capacitor, with a frequency of 100 Hz. The
intended form of this optical power density is depicted in
figure 2(a). The top electrode was grounded (i.e. Vin = 0 V)
and the output voltage across the resistor, Vout, was measured
as a function of time. An example is shown for a 100 kΩ res-
istor and a maximum optical power density of 23.6 mW cm−2

in figure 2(b). The device behaves as expected: producing a
spike in Vout in response to the light being turned on or off,
but otherwise outputting Vout = 0 V. The device again exhib-
its the characteristic features from our original report [10]: a
negative Vout in response to the light turning on, a positive Vout

in response to the light turning off, and a spike with a larger
magnitude in response to the light being turned off. The peak
voltage, defined as Vmax, was extracted for the light turning on
and turning off, as a function of the peak P in the square wave.
This data is plotted in figure 2(c).

4. Simple device model

In our original experimental demonstration of ZBRSs, we
hypothesised that an imbalance of holes and electrons in the
semiconductor under quasi-steady state illumination condi-
tions could explain our observation of a non-zero Vout spike
when Vin = 0 [10]. However, we have since observed that the
device will output a signal without a ground connection at all
(i.e. when configured as in figure 1(c)) [16]. This means our
previous description was incomplete.

I here propose two strategies to quantify the voltage-
time behaviour of ZBRSs. The first is based on circuit-level
parameters only, and the second also on carrier generation,
recombination, and diffusion in the absorber. Central to both
strategies is the assertion that the charge on each plate of the
photo-sensitive capacitor need not necessarily be equal and
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Figure 2. (a) Expected optical power density (P) as a function of
time incident on photosensitive capacitor used in example ZBRS.
(b) Experimentally measured output voltage (Vout) as a function of
time in response to square wave optical power density. (c) Peak
value of voltage spike, Vmax, in response to square wave
illumination from 0 to P, extracted from experimental data of Vout

vs t, in response to light turning on (green) and light turning off
(red). Inset: cross sectional diagram of photosensitive capacitor used
in ZBRS (not to scale).

opposite at all times. In the simple device model, I will make
the approximation that charge generation and recombination
both occur instantly, which is a reasonable approximation
when the RC time constant of the ZBRS is >>1 µs, but may

not encapsulate all relevant phenomena. The second model
considers the dynamics of holes and electrons in the absorber,
enabling more insight, but may not be practical for routine or
high-throughput device characterisation.

In both cases, it is assumed that the top electrode will allow
only one type of carrier to exit the device. i.e. electrons or
holes are able to cross the metal/semiconductor interface but
not both. For conciseness, I will henceforth describe only the
situation where holes can exit and electrons cannot, but the
theory is general. This description is anticipated to be appro-
priate for the device depicted in the inset of figure 2(c), as the
highest occupied molecular orbital of a P3HT:PCBM blend is
well aligned with the work function of ITO [17], but the low-
est unoccupied molecular orbital of P3HT:PCBM is not well
aligned with the work function of ITO.

I begin by considering each plate of our photosensitive
capacitor separately. I define the bottom plate as the bottom
metallic electrode (Si++ in the inset to figure 2(c)), and the net
charge on this plate asQB. The top plate is defined as the semi-
conductor absorber (P3HT:PCBM in the inset to figure 2(c)),
and the net charge on this plate isQT. Throughout this descrip-
tion, the capacitor and resistor are in parallel, with Vout defined
at the connection between the bottom electrode of the capa-
citor and the resistor. This description is depicted diagrammat-
ically in figure 3 for the example of a step change in illumin-
ation intensity, but the theory is valid for incident light with
any time-dependence. In this example, a light is turned on and
left on at t = t0. The approximation is made that under con-
stant illumination electrons and holes are generated instantly
in roughly equal number [18]. Because only holes can cross
the metal/semiconductor interface, diffusion will cause some
holes, but no electrons, to leave the semiconductor at t= t1,
and a net negative charge will accumulate in the semicon-
ductor. For subsequent times t2 ⩾ t> t3 a positive charge flows
from the top electrode, through the resistor, onto the bottom
plate to balance the charge on the top plate. For long time
scales, denoted t3 here, the system will be in equilibrium, no
more current will flow, and QB =−QT.

To quantify this behaviour, I start with an equation for
the rate of change of net charge density on the top electrode,
Q̇T. This will have contributions from two terms: one for the
change in charge density due to illumination ( Q̇T

∣∣
light

), and one

due to charge flow in the circuit ( Q̇T

∣∣
flow

):

dQT

dt
=

dQT

dt

∣∣∣∣
light

+
dQT

dt

∣∣∣∣
flow

. (1)

I start by evaluating the change in charge due to current
flow (i.e. Q̇T

∣∣
flow

). With the assertion that in general QB (t) ̸=
−QT (t), the field resulting from each plate must be defined
separately. Solving Gauss’ Law for an infinite flat plate [19],
the electric field due to the charge on the top plate, ET, is
defined as:

ET =
σT

2εrε0
(2)

3
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Figure 3. Diagrammatic representation of operating mechanism of ZBRS employed in the simple device model. The green top region
depicts the semiconductor, the white region the impassable insulator, and the light grey region the bottom metallic electrode. The blue ‘+’
symbols denote free holes and the red ‘−’ symbols denote free electrons. The light is turned on and left on at time t= t0 with a constant
light intensity.

Here, σT is the two dimensional (2D) charge density (units
of e.g. C cm−2) on the top plate, εr is the relative permittiv-
ity of the medium between the plates, and ε0 is the vacuum
permittivity. The approximation of an infinite plane neglects
edge effects, which is valid when the plate separation is small
relative to the plate area. Because our experimental plate area
is ∼1 mm2 and the plate separations is ∼100 nm, I take this
approximation as true for the devices studied here. However
this approximation could be invalidated if pixel dimensions
become comparable to dielectric thickness, or if the device
experiences extreme curvature [20]. The potential at the bot-
tom plate, VB, resulting from this field on the top plate is
therefore:

VB =− σTd
2εrε0

. (3)

Here d is the separation of the plates. Note I use the notation
VB because this is the potential at the bottom plate, even if it
is resulting from charge on the top plate. This is the voltage
relative to ground. Expressing this in terms of total charge on
the top plate, QT = AσT, where A is the plate area:

VB =− QTd
2εrε0A

. (4)

Identifying the capacitance of the parallel plate capacitor as
C= εrε0A/d:

VB =−QT

2C
. (5)

Note that here C is the capacitance of the insulator only
(second layer from bottom in figure 1(a)) and is a constant:
C ̸= C(t). In our original description of a perovskite RTFS we
described the capacitance as illumination-, and hence time-,
dependent [3]. However, this present approach for a ZBRS is
distinct. Following identical arguments for the charge on the
bottom plate, the potential at the top plate is:

VT =−QB

2C
. (6)

Taking the first derivative of equation (5) with respect to
time yields:

dVB

dt
=− 1

2C
dQT

dt
. (7)

From figure 3, it is clear the current is defined as flowing
from the potential at the top plate, VT, to the potential at the
bottom plate, VB, through the resistor R. This current flow can
hence be written using Ohm’s Law:

I=
VT −VB

R
. (8)

I can also define the current in terms of the rate of change
of charge flowing off the top plate:

I=− dQT

dt

∣∣∣∣
flow

. (9)

The negative sign is present to indicate that if the current is
positive (flowing in the direction of the arrow in figure 3), the
charge on the top electrodewill become less positive over time,
as required. Combining equations (7)–(9) yields the expres-
sion for change in voltage due to current flow:

dVB

dt

∣∣∣∣
flow

=
1

2RC
(VT −VB) . (10)

From symmetry I know that VT =−VB, so I can hence say:

dVB

dt

∣∣∣∣
flow

=− VB

RC
. (11)

I can use equation (5) to write this in terms of charge on the
top electrode rather than voltage on the bottom:

dQT

dt

∣∣∣∣
flow

=−QT

RC
. (12)

The first term on the right-hand side of equation (1) must
relate charge generation in the semiconductor to incident
optical power density, P. For this simple device model, I will
not consider the finite charge generation and recombination
times and will instead assume that all charge is generated and
recombined instantly. As the absorber is a semiconductor, a
conventional power-law relationship between charge and P
can be assumed [21]:

QT,light = Q0P
γ . (13)

4
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Here Q0 is a prefactor (which does not have units of C)
and γ is a dimensionless exponent that encapsulates the dom-
inant recombination mechanisms in the semiconductor. The
first derivative with respect to time is then:

dQT

dt

∣∣∣∣
light

= Q0
dPγ

dt
. (14)

I have chosen to say that the charge on the top plate will
become more positive in response to illumination when Q0

is positive, but this is arbitrary. In our previous quantitative
description of perovskite-based RTFSs, we made the approx-
imation that γ ≈ 1/2 for all materials of interest [11]. This
is true only for systems dominated by bimolecular recom-
bination with roughly equivalent populations of electrons and
holes [22], and is unlikely to be the case generally. However,
we do know that the magnitude of QT will increase with P in
some form, and this approximation does offer the significant
benefit of allowing a single device parameter, with consistent
units, to quantify performance. I once again make this assump-
tion but do acknowledge that it is a crude figure of merit, and
a non-negligible departure from reality. With this assumption
made, the total rate of change of charge density on the top plate
can then be defined as:

dQT

dt
= Q0

d
√
P

dt
− QT

RC
. (15)

Using equation (5) to write this in terms of voltages:

dVB

dt
=−Q0

2C
d
√
P

dt
− VB

RC
. (16)

In this description I am defining the output voltage as the
voltage at the bottom plate (as shown in figure 1(c)) and can
hence say VB ≡ Vout.

dVout

dt
=−Q0

2C
d
√
P

dt
− Vout

RC
. (17)

On inspection, this equation should behave as expected. If
Ṗ = 0, then |Vout| will decay with a time constant defined by
τ = RC. Similarly, when

∣∣Ṗ∣∣> 0 equation (14) states that Vout

can increase or decrease, in competition with decay defined by
τ , depending on the sign of Q0.

Equation (17) was solved numerically using finite dif-
ference methods. A square wave of optical power density
between 0 and 23.6 mW cm−2 with a frequency of 100 Hz
was used for the function P(t), as shown in figure 4(a). C
was defined using the standard equation for a parallel plate
capacitor with d = 300 nm, A = 4 mm2, and εr = 3.9
(for SiO2). The resistor was set to R = 100 kΩ, as was
used for the experimental data shown in figure 2. A value of
Q0 = 6.5 × 10−14 mW−1/2 Cm was used as it was found to
approximately match experimental observations. The calcu-
lated output is shown in figure 4(b). The general form of the
output is reproduced accurately: a negative voltage spike in
response to the light turning on and a positive spike in response
to the light turning off. However, the asymmetry in peak height

Figure 4. (a) Input optical power density, P, as a function of time
used in simple device simulation of ZBRS. (b) Simulated output
voltage (Vout) of ZBRS as a function of time calculated using
equation (17).

between the response to the light turning off and the light turn-
ing on is not present.

Equation (17) is general and can be used to simulate how
a ZBRS responds to an optical power density with any time-
dependence, P(t). For this reason, it can also be used to
simulate how a 2D array of ZBRSs respond to changes in
the visual field, illustrating the potential of these sensors if
applied in an ‘event camera’ [5]. I here followed an ana-
logous approach described in our previous work to demon-
strate this [3]. A conventional slow-motion video (recorded at
240 frames per second) was converted to greyscale using the
luminositymethod. Each pixel in this greyscale videowas then
converted to an optical power density, P. The output voltage
was then calculated as a function of time and position using
equation (17). The results are shown in supplementary data
video files videos S1 and S2, and some example frames are
shown in figure 5. Positive voltages are shown in green, and
negative voltages are shown in red. Because the ball is darker
than the background, the values of P will be reduced as the
ball falls through the frame. For the ZBRSs simulated here,
a reduction in intensity is expected to lead to a positive Vout,
hence why the ball appears green and the tail appears red.

4.1. Response to a step change in intensity

Equation (17) provides a general relationship betweenVout and
P, where P(t) can take any form, but in most cases must be
solved numerically. However, since the most straight-forward
way to characterise a ZBRS is to measure its response to a step
function in light intensity, it is worth deriving an analytical
expression for this special case.

5
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Figure 5. Top: series of input frames of conventional video, recorded at 240 frames per second. Bottom: simulated output of 2D array of
ZBRSs exposed to time-dependent optical power density extracted from conventional video shown above. Green signifies a positive output
voltage (Vout) and red signifies a negative output voltage.

I here follow an analogous, but distinct, approach to that
employed in our previous quantitative description of per-
ovskite RTFSs [11]. I start by writing equation (17) as a dif-
ference equation by making the following substitutions:

dVout →∆Vout = Vout,i −Vout,i−1

d
√
P→∆

√
P=

√
Pi −

√
Pi−1

Vout → Vout,i−1

dt→∆t. (18)

Here Vout,i−1 is the output voltage immediately before the
light intensity was changed, Vout,i is the output voltage imme-
diately after the light intensity has been changed, Pi−1 is the
intensity of the light before the step-change and Pi is the
intensity of the light after the step change.∆t is the time taken
for the light intensity to change from Pi−1 to Pi, where ∆t is
normally very small. With these substitutions, the difference
equation then reads:

Vout,i = Vout,i−1

(
1− ∆t

RC

)
−Q0

√
Pi −

√
Pi−1

2C
. (19)

This expression can be used to quantify the response of
a ZBRS when light intensity changes between any two val-
ues very rapidly. One value of light intensity does not neces-
sarily need to be zero, nor does the intensity need to be
increasing. For the special case of an increase from 0 to P,
I define Pi−1 = 0 and Pi ≡ P. In this case I assume the ZBRS
was in equilibrium before the light was turned on and hence
Vout,i−1 = 0. Because Vout,i is the voltage immediately after
the light is applied, and I am here approximating generation
and recombination to be instantaneous, Vout,i will be the max-
imum/minimum voltage of the spike. For this reason, I here
re-label Vout,i as Vmax. Even though the subscript is ‘max’,

this value can be positive or negative depending on the sign
of Q0. These conditions lead to the following expression for
peak height:

Vmax =−Q0

√
P

2C
. (20)

I can then define a device parameter Λ0 as follows:

Λ0 =−Q0

2C
. (21)

The subscript ‘0’ here is to denote zero input voltage, and
differentiate it from the figure of merit we previously derived
for perovskite RTFSs, which required a finite input voltage
[11]. The negative sign is so that a device with a positive
Λ0 will yield a positive voltage spike when light increases.
The relationship between Vmax and P can then be written as
follows:

Vmax = Λ0

√
P. (22)

A straight line fit of Vmax to
√
P should hence yield Λ0. It

is hoped that this parameter is relatively insensitive to meas-
urement conditions, and can hence serve as a ZBRS figure of
merit in an analogous way to power conversion efficiency for
solar cells [23] or field effect mobility for thin-film transistors
[24]. Λ0 is a parameter which can be quoted with units of
mW−1/2 cmV, or alternatively Ω−1/2m for example. While
mW−1/2 cmV is a little cumbersome, it is the natural result of
using an optical power density in mW cm−2 and a voltage in
V, and for this reason I will use these units for the remainder
of this paper. It is trivial to show that an equivalent expres-
sion exists for the response of the device to turning the light
off, with the same parameter: Λ0. Equation (22) states that a

6
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Figure 6. (a) Magnitude of peak value of voltage spike, Vmax, of
ZBRS in response to square wave illumination from 0 to P, as a
function of

√
P. Values were extracted from experimental data of

Vout vs t, in response to light turning on (green) and light turning off
(red). (b) Value of ZBRS figure of merit (Λ0) extracted from
experimental Vmax vs

√
P data, using equation (22), as a function of

input voltage (Vin).

ZBRS with a larger Λ0, will yield a larger voltage response to
changes in light intensity, all else being equal.

An example of experimental Vmax plotted as a function of√
P for experimental data is shown in figure 6(a). It is clear

that Vmax does not exhibit a square-root dependence on P, for
all values of P. This is not unreasonable as the relative domin-
ance of various recombination mechanisms will depend on the
carrier density in the film [25]. For this reason, equation (22)

was only fitted to a section of the experimental data: that below
25 mW cm−2. I acknowledge that this distinction is arbitrary,
but for the purposes of this report it does allow me to demon-
strate a parameterization strategy. The extracted values were
Λ0 = −0.003 mW−1/2 cmV in response to the light turning
on, and Λ0 = −0.008 mW−1/2 cmV in response to the light
turning off.

One way to illustrate that these devices are indeed insens-
itive to input voltage is to measure them as depicted in
figure 1(b) with a finite input voltage, Vin. Analogous fits to
those shown in figure 6(a) were carried out as a function of
Vin. The results are plotted in figure 6(b), illustrating that Vin

does not substantially affect this aspect of performance, in this
ZBRS design at least.

5. Full treatment of electrons and holes

The strategy described in the previous section enables one to
parameterise the performance of a ZBRS, and to consistently
quantify differences in behaviour between different devices.
However, it clearly makes some substantial simplifications
that have the potential to obscure important aspects of the
device physics. For example, the approximation of infinite
generation and recombination rates results in response with
an infinitesimal rise time, which is not observed experiment-
ally. Similarly, it is clear that simply describing charge dens-
ity in the semiconductor as having a square root dependence
on optical power density does not always match experimental
observations.

In this section, I provide a more detailed description of the
operation of ZBRSs by considering the density of holes and
electrons as a function of time and position in the semicon-
ductor. I start with two continuity equations: one for holes and
one for electrons:

∂p(x, t)
∂t

= G(x, t)−Rp (x, t)+Dp
∂2p(x, t)

∂x2
(23)

∂n(x, t)
∂t

= G(x, t)−Rn (x, t)+Dn
∂2p(x, t)

∂x2
. (24)

Here p and n are the three dimensional (3D) concentra-
tion of holes and electrons, respectively, x is the distance
from the top of the semiconductor, and t is time. The inter-
face between the semiconductor and top electrode is defined
as x= 0 and the interface between the insulator and semicon-
ductor is defined as x= L, where L is the thickness of the semi-
conductor. G(x, t) is the generation rate, which is the same for
holes and electrons (assuming all charge is generated via band-
to-band transitions), and Rp (x, t) and Rn (x, t) are the recom-
bination rates for holes and electrons, respectively. The last
terms in equations (23) and (24) are diffusion terms, whereDp

and Dn are the diffusion coefficients of holes and electrons,
respectively.

Because there are no externally applied fields in these
devices, and the charges end up being reasonably spatially
homogenous after short timescales, I have here neglected drift
terms. The generation term describes the number of electrons
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or holes per unit volume, generated per second, and is the same
for electrons and holes:

G(x, t) =
P(t)λϕe−αx

hc
1
dx

. (25)

Here P(t) is the incident optical power density on the
device at time t. I have assumed the top electrode is completely
optically transparent and henceP(t) is also the incident optical
power density at the top of the semiconductor (at x= 0). λ
is the wavelength of incident photons, ϕ is the charge gener-
ation yield, i.e. the number of electrons and holes generated
per absorbed photon, and α is the absorption coefficient of the
material. h and c are the Planck constant and speed of light
in vacuo, respectively. The dx term is the infinitesimal dis-
tance into the film and is present to ensure the units are correct.
G(x, t) is a function describing the 3D generation rate (i.e. with
dimensions L−3T−1), whereasP(t) defines the incident power
per unit area.

The recombination rates are defined as follows:

Rp (x, t) = k1pp(x, t)+ k2p(x, t)n(x, t) (26)

Rn (x, t) = k1nn(x, t)+ k2p(x, t)n(x, t) . (27)

Here k1p and k1n are the monomolecular recombination
rates for holes and electrons, respectively, k2 is the bimolecu-
lar recombination rate. I have neglected Auger recombina-
tion in this formalism because carrier densities are expected
to be relatively low under typical operating conditions (say up
to ∼100 mW cm−2). For the purposes of this study, I have
approximated k1p = k1n in all cases. While it is unlikely that
the nature of trapping will be identical for electrons and holes,
especially at the bare SiO2 interface [26], this condition is
enforced to illustrate how asymmetry in the properties of the
metal/semiconductor interface alone can lead to the observed
behaviour.

Including generation and recombination terms,
equations (23) and (24) can then be written as:

∂p(x, t)
∂t

=
P(t)λϕe−αx

hc
1
dx

− k1pp(x, t)− k2p(x, t)n(x, t)

+Dp
∂2p(x, t)

∂x2
(28)

∂n(x, t)
∂t

=
P(t)λϕe−αx

hc
1
dx

− k1nn(x, t)− k2p(x, t)n(x, t)

+Dn
∂2p(x, t)

∂x2
. (29)

Equations (28) and (29) are coupled non-linear 2nd order
partial differential equations and must be solved numerically.
The approach I use here to evaluate p(x, t) and n(x, t) is ana-
logous to past approaches [27], and employs finite difference
methods. Four boundary conditions employed are listed in

equation (30)–(33). They state that no charge can exit the bot-
tom of the semiconductor (through the insulator) and that at
time t= 0 the semiconductor is absent of any charge:

∂ (L, t)
∂t

= 0 (30)

∂n(L, t)
∂t

= 0 (31)

p(x,0) = 0 (32)

n(x,0) = 0. (33)

To incorporate the effect of holes being able to leave the
semiconductor through the top electrode, but electrons not
being able to, I also define the following two further condi-
tions. The first, forbidding electrons exiting through the top
contact, is given by equation (34):

∂n(0, t)
∂t

= 0. (34)

The other condition is that for every time step in the cal-
culation, the concentration of holes at the first position step
(x = 0) will be reduced by some amount, S, encapsulating
holes leaving the system through the top electrode. Because
equations (28) and (29) will be solved using a finite differ-
ence technique, the rate at which holes are removed using
this strategy will depend on the choice of time and space
steps. For this reason, the parameter S is not comparable
between calculations, and will here be adjusted to roughly
match experimental results. In the absence of a detailed elec-
tronic description of the interface, this is a relatively simple
way to encapsulate the asymmetry of holes and electrons at the
interface.

Figure 7 shows the density of holes and electrons calcu-
lated as a function of depth into the semiconductor using
equations (28) and (29), under constant illumination. The
parameters employed in this simulation are provided in
table 1. Figure 7(a) shows the concentration profile after
1 ps, figure 7(b) shows the concentration profile after 1 ns,
figure 7(c) shows the concentration profile after 1 µs. Figure 7
illustrates that at short timescales the concentration of holes
and electrons are comparable, and it is not until the time passed
is on the same order of magnitude as the monomolecular
recombination lifetimes that an appreciable difference occurs.

Under steady state conditions the relative concentration of
holes and electrons is anticipated to depend on the value of
S. Figure 8 shows the mean density of holes and electrons
throughout the film calculated as a function of time under con-
stant illumination at P= 100 mW cm−2 for 1 µs, followed by
being held in the dark (P= 0 mW cm−2) for a further 1 µs, for
several values of S. All other parameters were kept constant for
all calculations. In all cases an equilibrium is observed after a
few 100’s of nanoseconds.
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Figure 7. Three-dimensional density of holes (blue) and electrons
(red) as a function of distance from the top of the semiconductor
film, calculated using equations (28) and (29) and the values listed
in table 1, after (a) 10−12 s, (b) 10−9 s, and (c) 10−6 s constant
illumination at P = 10 mW cm−2.

With monomolecular lifetimes on the order of 100 ns, the
data in figure 8 suggests steady state conditions can be approx-
imated from data obtained after 1 µs. Figure 9 shows the aver-
age concentration of holes and electrons, and their difference,
throughout the film after 1 µs of constant illumination, as a
function of S.

As expected, as themetal/semiconductor interface becomes
more efficient at extracting holes (higher S), the number of
holes in the film under steady state conditions drops, and the
net charge increases. To relate p(x, t) and n(x, t) to device

Table 1. List of parameters used in the simulations in section 5,
with rationale for choice of value.

Parameter Value Rationale

P(t) 10 mW cm−2 Constant illumination at
∼outdoor intensity.

λ 535 nm Peak emission intensity of
experimental illumination
source.

ϕ 1 All absorbed photons assumed to
result in free charges (for
simplicity).

α 7.5 × 106 m−1 Approximated from optical
measurements.

k1p 1 × 107 s−1 Order of magnitude of
monomolecular recombination
in P3HT:PCBM [28].

k1n 1 × 107 s−1 Order of magnitude of
monomolecular recombination
in P3HT:PCBM [28].

k2 2 × 10−13 cm3 s−1 Approximate value of
bimolecular recombination in
P3HT:PCBM [29].

Dp 3 × 10−7 m2 s−1 Set assuming a mobility of
0.1 cm2 V−1 s−1, [30] and
temperature of 300 K.

Dn 3 × 10−7 m2 s−1 Set assuming a mobility of
0.1 cm2 V−1 s−1, [31] and
temperature of 300 K.

S 1 × 10−4

∆t 2 × 10−13 s Chosen time step
∆x 5 × 10−10 m Chosen spatial step size
L 50 nm Typical film thickness.

parameters, I sum the charge in the semiconductor and identify
this as the charge on the top plate of the capacitor:

QT (t) = eA

0ˆ

L

[p(x, t)− n(x, t)]dx. (35)

Here, e is the magnitude of the charge on an electron and A
is the ZBRS lateral area. This QT (t) can then be used instead
of the QT (t) in equation (12). i.e. there is no longer an expli-
cit square-root-dependence on P. To evaluate device paramet-
ers, an analogous procedure is followed: at each time-step
in the finite difference calculator QT (t) is calculated using
equation (35), this is then used to update Vout (t) from the cir-
cuit parameters. Figure 10(a) shows a square wave of P(t) as
a function of time, and figure 10(b) shows Vout (t) calculated
as a function of time in response to this optical stimulus for
S = 10−4 and three different values of R.

The spiking device behaviour is reproduced, with a higher
resistance leading to a longer decay as expected. While a finite
rise time is now present in this data, this model is still not
able to reproduce the asymmetry between the light turning
on and turning off observed experimentally. This remains an
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Figure 8. Calculated average three-dimensional density of holes (blue) and electrons (red) throughout the semiconductor film, as a function
of time under illumination (first 1 µs) and in the dark (last 1 µs), calculated using equations (28) and (29) and the values listed in table 1, but
with a value of S= (a) 10−5, (b) 10−4, (c) 10−3, (d) 10−2.

unanswered question in the behaviour of ZBRSs, and a tar-
get for future studies. However it is likely to be a result of the
asymmetry of the semiconductor:electrode interface to holes

and electrons. The timescales considered in figure 10(b) are
roughly three orders ofmagnitude longer than those in figure 8.
It is important to note that a steady-state charge density is still
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Figure 9. Calculated average 3D density of holes (blue squares),
electrons (red circles), and their difference (black triangles),
throughout semiconductor film, after 1 µs constant illumination at
100 mW cm−2, as a function of S.

established over timescales ∼1 µs, but the device response in
figure 10(b) is now dominated by the RC time constant of the
device. This result implies that as long as the decay occurs over
timescales of≳1 µs, one should still be able to tune the decay
through a choice of external resistor for this semiconductor
system.

Figure 10(c) shows the device lifetime (τ ), extracted
assuming a monoexponential decay, as a function of R. As
expected, the device lifetime decreases exponentially as R is
decreased, down to around 100 ns with the parameters chosen
in table 1. Below this value, τ is expected to be limited by
the recombination rates in the semiconductor: k1p, k1n, and k2.
When a device response faster than say 1 µs is required, one
could use a material with a faster monomolecular decay rate,
at the expense of peak height. This then leads to the counterin-
tuitive conclusion that semiconductors with more traps could
give rise to better device performance (from a response-time
point of view at least).

Figure 10(c) also shows the magnitude of the peak voltage
signal, |Vmax|, calculated as a function of resistance. Signific-
antly, the magnitude of the maximum voltage is observed to
increase as the resistance is increased. We observed this beha-
viour experimentally in our previous report [10] but attributed
it to the existence of a finite contact resistance between the
semiconductor and top electrode. However, since contact res-
istance is not part of this present model, it cannot alone be
responsible for the behaviour observed. It is more likely that
the voltage-dependence is simply the result of the fact the out-
put parameter is a voltage, and the number of charges gener-
ated is insensitive to the resistance. Ohm’s Law tells us that for
a given current, the voltage will increase with resistance.

Figure 10. (a) Simulated input optical power density, P, as a
function of time applied to ZBRS. (b) Simulated output voltage,
Vout, of ZBRS as a function of time calculated using equations (12)
and (34). All parameters were as listed in table 1, with the exception
of resistance, R, which was varied as described in the figure legend.
(c) Decay constant, τ , and magnitude of maximum voltage, |Vmax|,
of ZBRS after application of step-function in optical power density,
as a function of R, evaluated assuming a monoexponential decay.

6. Conclusions

I have presented a mathematical framework to quantify and
predict the behaviour of ZBRSs. By describing the charge on
the two plates of the capacitor separately, where the charge
on the top plate is determined by the properties of the semi-
conductor and illumination conditions, a simple device model
has been derived relating the output voltage to incident optical
power density. A more detailed model was also derived in
which the relative densities of holes and electrons were eval-
uated directly, yielding equivalent behaviour to the simple

11



J. Phys. D: Appl. Phys. 56 (2023) 065105 J G Labram

device model. A ZBRS figure of merit, Λ0, was identified
which is hoped to enable facile comparison of devices between
different research groups.

This work represents a necessary step to understand and
parameterise ZBRSs. There still remains work to be done on a
complete theoretical description of these devices, in particular
a way to encapsulate the asymmetry between the spike height
when the light is turned on compared to when it is turned off.
Nonetheless, this framework provides a thorough and consist-
ent description of these devices, provides a clearmeans to eval-
uate performance limits, and a way to develop strategies to
improve practical functionality in the future.
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