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Inserting an insulating layer (I) into a conventional metal-semiconductor-metal
(MSM) photodiode converts the DC photoresponse into a strong transient signal,
highly applicable to modulated signal photodetection. In this study, we demon-
strate the intrinsic benefits of organic MISM photodetectors, namely their effec-
tive operation under high steady-state lighting, responding only to changes in
light intensity, and their ability to react to several light sources simultaneously.
Furthermore, the strong interaction at the S/I interface, specific to this architec-
ture, significantly enhances the device photoresponse, resulting in highly efficient
differential photodetection, compared to a composite MSM + C device fabricated
from identical elements. C 2016 Author(s). All article content, except where other-
wise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4939921]

In our everyday life, we are surrounded by increasing numbers of electronic devices, including
displays, sensors, transducers, etc. While most of these devices are based on inorganic semicon-
ductors, such as silicon or germanium, organic materials have received increasing attention due to
their low cost, light weight, flexibility, and ease of fabrication, and, despite their comparably low
performance, several commercial products based on organic materials are now emerging.1 Espe-
cially for optoelectonic applications, in which light is converted to/from electrical energy, organic
materials are attractive due to the indefinite ability of tuning their band gap (∆HOMO − LUMO)
to absorb or emit light at almost any wavelength, by tuning their chemical structure and/or inter-
molecular interactions.2,3 However, in order to reap the benefits of organic materials to the fullest,
device architectures that exploit their advantages, rather than tolerate their shortcomings as inor-
ganic analogues, are necessary in order to yield competitive devices, as well as to develop novel
functions.

In recent years, much attention has focused on the photocurrent response of one or more
organic semiconducting layers (S) sandwiched between two metal electrodes (M), which gener-
ates a constant DC response upon constant illumination (as in a solar cell) or an ON-OFF DC
signal to light pulses (as in photodetectors).4–7 In both cases, the number and nature of the charge
transporting layers has been progressively tuned to ensure uni-directionality of the response and/or
increased signal strength. In 2010, a novel photodetector architecture was proposed in which a
thick insulating layer (I) was introduced between the photoactive semiconducting layer and one
of the metal electrodes.8 While this additional layer in the so-called MISM device essentially
blocks the DC current component, and is, therefore, not immediately applicable to solar cells,
the resulting signal is in the form of an intense transient photocurrent peak of opposite polar-
ity for light ON and OFF signals. To date, such photodetectors, with bandwidths up to 1 MHz
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operating at communication relevant wavelengths, could be fabricated, even for low mobility
semiconductors,9 and with more optimized device and semiconductor design, higher speeds can
be anticipated. Furthermore, the use of ionic liquids (IL) as the insulating layer has signifi-
cantly increased the responsivity of these IL-MISM devices to 272 mA/W,10 without applied
bias, comparable to commercially available silicon photodiodes, with high stability and high
reproducibility.11

In this study, we demonstrate the secondary functions specific to MISM photodetectors, such
as the operation under strong background illumination, and the simultaneous detection of several
modulated light sources. These experiments not only open up new avenues of application for the
MISM photodetectors, but clarify their mechanism of operation. An equivalent circuit is proposed
that has helped with the interpretation of signal shape, and has led to new strategies for the devel-
opment of faster photodetectors of higher responsivity. Furthermore, the results show that the strong
interplay between the adjacent layers can enhance the performance, compared to a circuit made
from discreet components.

For the purposes of this study, planar MISM devices utilizing an ionic liquid as the insulating
layer (IL-MISM)11 were taken, in conjunction with the well-studied heterojunction blend system
of poly(3-hexylthiophenone):[6,6]-phenyl-C61-butyric acid methyl ester (P3HT:PCBM, 1:1) as the
photoactive semiconductor layer (Figure 1(a) and Supporting Information18 Figure S1).10 Such a
planar architecture has proved remarkably stable,11 and the relatively slow waveform, deliberately
induced by the large electrode offset, means that architectural effects on the resultant waveform
can be readily identified, free from effects of the external circuitry or measurement apparatus.
The results described here could be reproduced with a number of devices initially fabricated for a
parallel study focusing on the stability of the devices, the effect of electrode materials, the active
layer composition (including blend/bilayer arrangements), and the nature of the ionic liquids used.
The ionic liquids, electrode materials and blend composition stated below are only for the devices
specifically shown in the manuscript, but the functionality of the devices are independent of the
specific design. All devices tested were stable over several weeks/month, yielding responsivities up
to 115 mA/W at 530 nm at a light power of 1 mW/cm2 (reduced from maximum10 due to the large
electrode offset11), with minimal degradation over this period.

When light falls onto a commercial silicon photodiode (representative for an MSM device),
a steady-state current signal is generated, proportional to the intensity of light (Supporting Infor-
mation18 Figure S2), and thus the increase or decrease of the light intensity leads simply to a
change in magnitude of the photocurrent signal (Figure 1(b)). In contrast, the MISM photodetector
responses to switching the light ON or OFF by displaying positive or negative transients, respec-
tively (Figure 1(c)). A further positive transient can be observed if the light intensity is abruptly
further increased, while negative transients occur upon stepwise decreases in light intensity. In other
words the MISM photodetector responds to fast and stepwise changes in light intensity, and is
(after its initial transient) insensitive to constant light. Although the dependence of signal height,
and especially moved charge, has an increasingly sub-linear dependence on light intensity, and the
height/shape of the second transient is influenced by the first (vide infra), the sharp nature of the
signal can still be easily resolved.

This quasi-insensitivity to background light allows the operation of the MISM photodetector
under daylight/room lightening and, furthermore, it can be used to simultaneously detect signals of
two superimposed light sources operating at the same wavelength but at different frequencies (Fig-
ure 1(d)). This opens the possibility of changing the encryption of information from the frequency
domain to amplitude modulation defining binary code, as a 111 000 sequence can be easily trans-
mitted through 3 increases in light intensity, followed by 3 decreases (Figure 1(c)). Furthermore, to
transmit different light sources of different frequencies, no change in wavelength is required, as is
commonly done in multiplexing.12

In addition, the high sensitivity of the MISM photodetector to small fluctuations in light
intensity is corroborated by looking at the “invisible” flickering of a commercial filament bulb
(Figure 1(e)). The spike-like shape of the signal, and the removal of the baseline-shift, facilitates the
triggering on the fluctuations, when compared to the silicon photodiode (Supporting Information18

Figure S3). While the study and characterization of such flickering might provide a general platform
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FIG. 1. (a) Scale drawing of the IL-MISM devices used in this study; (b) detection of changes in light intensity in a SiPD,
and (c) a MISM photodetector (see ESI18 p2), by increasing the illumination from 0 µW to 120 µW, and further to 310 µW;
(d) simultaneous resolution of two modulated light sources (LED 530 nm, 200 µW, square-wave modulated at 50% duty,
primary 11 Hz, secondary, 66 Hz, offset= 2.5); (e) resolution of the imperceptible flickering in a commercial filament bulb
by an MISM device.

to indicate the health and lifetime of light source, it clearly demonstrates the intrinsic improvement
in the resolution of modulated signals, compared to MSM devices, which is highly applicable to
optical communication, where optical signals are rarely modulated at a depth of 100%, but as
fractional perturbations to a CW source.
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FIG. 2. (a) Proposed equivalent circuit of the MISM photodetector. (b-d) Simulated response over a 10 Ω resistor to a
square-wave voltage signal (10 mV), leakage resistances of 10 MΩ,CA= 0.5 µF,CI = 1.5 µF,R I = RA= 100 Ω, unless
otherwise stated in the legend. For simplicity the resistance of the measurement device (amplifier and cables) are added to
R I . Color coding persists through all subfigures. (b) Effect of splitting the resistance in the device equally, or mainly onto
the active layer or insulating layer; (c) effect of decreasing the total series resistance (1-2), increasing the insulating layer
capacitance (2-3), and increasing the active layer capacitance (3-4); (d) simulation of multiple signal detection (c.f. Fig. 1(d))
using two voltage sources in series, in place of VA in Fig. 2(a).

The operation of a photodetector reacting to changes in light intensity, as opposed to light
intensity itself, can be understood when looking at the proposed equivalent circuit (Figure 2(a)).
The active layer essentially characterizes a low-pass filter, containing a voltage source VA in series
with a resistor RA (the use of two resistors instead of one helps with subsequent discussion) and
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in parallel with a capacitor CA. The in-series connection of the capacitor CI and resistor RI of the
insulating layer (again the specific illustration via two capacitors is only to aid discussion), changes
the device essentially to that of a band-pass filter.

Using computer simulation,13 as well as building this circuit from commercially available
components, the distinct rise and decay of the photocurrent transient can be simulated, and the influ-
ence of the individual components studied (Figure 2(b)-2(d) and Supporting Information18 Figures
S4-S6). While the leakage of the active layer RALeak has little effect on signal shape, but greatly
reduces the overall signal intensity, the leakage of the insulating layer RILeak allows the passage
of a DC current during the period of applied voltage, which eventually changes to a square wave
signal (Supporting Information18 Figure S4). This leakage current can become significant when
using liquid insulating layers (ionic liquids, electrolyte solutions). Ad extremum, by adding a charge
transport pathway through the insulator layer via an appropriate redox couple, the leakage can be
total, essentially turning the detector into a dye-sensitized solar cell.14,15

The total series resistance in the device RA + RI strongly affects the signal magnitude, as
I = V/R , as well as the decay time of the response [(RA + RI) x CI] (Figure 2(c) (1-2)). In contrast,
the rise-time of the signal is essentially only affected by the smaller resistor, and is thus strongly
influenced by the relative balance of RA to RI (R x CA, with R being the smaller of the two resistors)
(Figure 2(b)).

The amount of charge Q = QA + QI stored internally in the device is directly proportional to
the sum capacitance of the layers Q = VA x (CA+CI). Thus, if the total capacitance is increased
the total charge is increased. This, however, only results in increased photocurrent if that additional
charge is stored at the insulating layer capacitor, as the storage of charge within the active layer is
non-contributing (Figure 2(c) (3-4)).

The proposed equivalent circuit can easily explain the operation under high background light
conditions, and the detection of light signals from multiple sources (Figure 2(d)). The primary light
source generates a certain photovoltage in the active layer VA1, which charges, on the one hand, the
capacitor of the active layer, and on the other, the capacitor of the insulating layer. If a secondary
light source then illuminates the detector, the generated photovoltage is increased VA1 + VA2, lead-
ing to the charging of the already pre-charged capacitors. In simulation, the shape of the transient
waveform is identical for the primary and secondary light pulse, and the signal amplitude is directly
proportional to the voltage applied (Supporting Information18 Figure S6). This is not the case for
the MISM device (Figures 1(c) and 3) due, in part, to the effect of light and electric field on the
electronic properties of the active layer, and it is important to discuss the implications of these
effects in more detail.

The best measure for the generated photovoltage is the total charge accumulated at the insu-
lating layer capacitor, as essentially QI = VA/CI. As can be seen in Figure 3(a)-3(b), a sublinear
dependence of the charge on light power P can be observed. The degree of sublinearity depends
on the specifics of the device, but a sublinear behavior has been observed for all MISM devices
studied to date. While all devices could be fitted with a power dependency (QI ∼ a∗(Pγ − 1), where
γ<1, for Fig. 3(b) γ = 0.8), the origin of the sublinearity can only be speculated upon, and would
require more in-depth study over a wider range of light intensities, with the extraction of other
parameters. However, it is likely related to the logarithmic dependence of open-circuit voltage VOC
on light intensity, previously characterized for MSM bulk heterojunction devices.16 Moreover, as
the number of free carriers increases with increasing light intensity, the resistance of the active layer
decreases. Therefore, it is not surprising that the dependence on signal intensity can appear more
linear, as Imax ≈ VA/R (Figure 3(b)). The decrease in resistance in the active layer is also evident
from the faster decay times of the devices under stronger illumination (Figure 3(c)).

The decreased resistance in the active layer has a similar effect on the transient induced by the
secondary light source. Also here, not only the total charge (and thus the increase in photovoltage) is
reduced with the degree of pre-illumination, but also the resistance of the active layer, as evident by
the faster rise and decay times of the response (Figure 3(d)-3(f)).

Furthermore, the contact of the two layers is essential, when considering the effect the strong
electric field at the S/I interface could have on the charge separation efficiency (and therefore the
generation of a photovoltage), as well as charge mobility within the active layer. When considering
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FIG. 3. (a) Effect of (primary) light source intensity on the waveform of an MISM photodetector (see ESI18 p2). Color
coding persists through all subfigures. (b) Extracted total charge Q and peak intensity Imax from (a), displaying a sublinear
dependence on light intensity; (c) normalized photocurrent signal of selected waves of (a), showing the decrease in rise and
fall times with increasing light intensity; (d) effect of the light intensity of the primary signal (see (a)) on the waveform
resulting from the secondary light source of 190 µW (inset displays an expansion of the secondary light response) showing
a decrease in intensity with increasing pre-illumination; (e) extracted Q and Imax from (d); (f) normalized response from
selected waves of (d), showing the decrease in rise and fall time with increasing pre-illumination. Primary and secondary
light source modulations are identical to those described in Fig.1(d).

the equivalent circuit, it is clear that the MISM functionality could be replicated with a compos-
ite of an MSM device and high-pass filter, with no decrease in performance, if the internal S/I
interface had no positive effect on the device performance. However, when a thin layer of metal
(5 nm Au) is introduced between the active layer and insulating layer, the photoresponse in the
MISM-photodetector is greatly reduced, compared to a device without the metal (Figure 4 and
Supporting Information18 Figure S7). Over time, the ionic liquid can penetrate the thin metal layer,
whereupon the photoresponse recovers to a level comparable to a device without the metal inter-
layer (Figure 4). This suggests that the strong electric field at the interface with the active layer can
increase the charge separation and extraction efficiency within such devices, and therefore enhance
their performance.

FIG. 4. (a) Pictorial representation of an MISM where the electrostatic field at the S/I interface is shielded by the insertion of
a 5 nm Au interlayer between the active layer and insulator layer; (b) its effect on the photoresponse over time in operation,
using the ionic liquid EMIM-Otf (EO) as insulator, which is known to induce swelling of the P3HT:PCBM layer.
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In conclusion, the insertion of an insulating layer into a standard MSM photodetector changes
the nature of the device photoresponse, reacting only to changes in light intensity, as opposed to
light intensity itself. This new concept might open new possibilities for signal transfer systems, e.g.,
from imperceptible modulation of ambient lighting in our offices (cf. Figure 1). For such systems,
high speed (bandwidth) and efficiency (detectivity) are necessary. From this study, it becomes clear
that this could be achieved by decreasing the resistances (especially of the active layer), and by
exploiting pre-polarized dielectrics, through work-function tuning of the counter electrode, the use
of background illumination, or by substitution of the insulator layer with ferroelectric materials.17
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