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ABSTRACT

With the use of next-generation semiconductors, notably organic and perovskite materials with remarkable optoelectronic and mechanical
properties, thin-film photodiodes are progressing rapidly to rival their inorganic counterparts. However, to ensure a trustworthy comparison
among the reported works, it is imperative that the measurement techniques for the figure of merits be unified and standardized. In this
Letter, the possible causes of misrepresentation in the linear dynamic range (LDR) values are thoroughly discussed. The role of unity slope in
defining the deviation point is examined, and the chances of misinterpretation when adopting different definitions are explained using a rep-
resentative organic photodiode system. Furthermore, certain criteria are put out to standardize the LDR representation, which could be a cru-
cial step toward facilitating the progress in this promising field via a more rational comparison of literature reports.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0184847

Photodiodes (PDs) are a crucial component in electronic systems
that are used for a wide variety of purposes, such as imaging, health
monitoring, optical communication, quality inspection, surveillance,
and so on.1,2 The current PDmarket is mainly led by inorganic materi-
als such as silicon and other compound semiconductors because of
their excellent performance metrics, operational stability, and mature
fabrication process.3 However, next-generation applications, which
demand mechanically flexible and stretchable PDs that can be confor-
mally attached to the human skin, may not always be satisfied with
these PDs formed on rigid substrates.4,5 The next-generation materials,
such as organic semiconductors and organic–inorganic perovskite
semiconductors, are perfect fit for this scenario due to their excellent
mechanical properties, tunable optoelectronic characteristics, ease of
processing, potentially lower cost, monolithic integrability with silicon
readout circuitry, and so on.6–8 Considerable attention has been
devoted to the development of PDs based on these materials, and the

development has reached a point wherein the performance metrics are
beginning to compete with inorganic counterparts.9,10 However, the
fundamental physical processes and the electro-optical characteristics
of these PDs vary significantly from the inorganic PDs.11–13

The major concern about this evolving and rapidly progressing
field is to validate and compare the performance metrics of reported
works. It has been noted and reported that many of the performance
metrics are prone to misinterpretation or complete failure at worst,
due to the non-standardized and ill-defined methods of performance
characterization.14 In order to address this crucial issue, few significant
works have reported guidelines for accurate characterization, particu-
larly with regard to noise equivalent power (NEP) and specific detec-
tivity (D�).9,14 These works exposed that the orders of magnitude
difference in the values are largely due to the variety of estimation
methods adopted for deriving the specific performance metrics. Linear
dynamic range (LDR), another key performance metric, also needs to
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be considered immediately because reported values in the literature
vary by orders of magnitude, and it appears that more and more
remarkable values are being reported recently.15 In this Letter, we
expose some of the critical factors that if not properly addressed, may
lead to the misinterpretation/overestimation of the LDR values in
thin-film organic photodiode and propose a standardized method to
accurately derive the corresponding values.

LDR in simple terms quantifies the light sensors’ capacity to cap-
ture variations in light intensity throughout and within the scene to be
captured. It is defined by

LDR ¼ 20 log
Jupper
Jlower

¼ 20 log
Lupper
Llower

; (1)

where L stands for input irradiance inW cm�2, and J stands for photo-
current density in A cm�2. The upper and lower terms correspond to
the maximum and minimum input irradiance of the light source and
the associated photocurrent produced in the photodiodes.16,17 Even
though the equation looks fairly simple and straightforward, the
method of accurate estimation of maximum and minimum values for
input irradiance and photocurrent is challenging and is prone to mis-
interpretation. To determine the LDR, two definitions are generally
adopted and are given as follows: Definition-1: the range within which
the photodetector output scales linearly with the input light intensity.
Definition-2: the light intensity range within which the responsivity
(electrical output per optical input, unit of A W�1) of the photodetec-
tor remains constant. The two definitions can be related as follows:
Within the linear range, the processes of charge carrier generation and
recombination are independent of the light intensity, resulting in a
constant responsivity. Both definitions are interchangeably used in the
literature, wherein the definition-1 is more frequently adopted. This

Letter has been structured to highlight several presumptions that could
cause the calculated LDR value in both definitions to be interpreted
incorrectly, and we have contrasted the values in each scenario.

Figure 1 represents the home-built measurement setup for the
LDR measurement. The system is modified from its default setting for
sensitive photovoltaic external quantum efficiency (EQE) measure-
ment/electro-absorption (EA) measurement.18,19 This AC detection
technique is capable of detecting low-level optical signals with a better
signal to noise ratio (S/N). A detailed description and the advantages
of this measurement approach are discussed later. The light intensity
variation is accurately controlled by a combination of a dual neutral
density (ND) filter wheel and a single ND filter wheel placed in the
optical path. The sensitive measurement system can accurately mea-
sure input light intensity (at 830 nm monochromatic light correspond-
ing to the above-bandgap photoexcitation of the active material
system) up to 10�10 W cm�2, and the measurable maximum light
intensity is around 10�2 W cm�2 using a calibrated silicon detector
(Thorlabs DET100A). Around 23 data points are measured through-
out these 8 orders of magnitude input irradiation, and at each inten-
sity, at least two measurements are carried out to ensure repeatability.
A custom-written Lab-VIEW program is used for data acquisition.
The responsivity (R) and the corresponding J are collected at each
intensity and the respective data points are plotted based on
definition-1 or definition-2 to get the corresponding LDR values.
Moreover, the measurements are done at three different operational
applied biases, such as 0V (self-powered mode), �0.1, and �1V to
understand the influence of applied bias on the LDR value. The device
structure of the representative organic photodiode is given in the inset
of Fig. 1(b). ITO is used as the bottom electrode, PEDOT: PSS as the
hole transport layer/electron-blocking layer (EBL), PBDB-T as the

FIG. 1. (a) Schematic representation of
the home-built setup for the measurement
of LDR. (b) Dark J–V characteristics of the
PBDB-T:PY-IT organic photodiode and the
device architecture of the corresponding
device is given in the inset. (c) The
responsivity spectra of PBDB-T:PY-IT
device at different applied biases. Inset is
the experimentally measured noise cur-
rent at different applied biases.
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donor and PY-IT as the acceptor to form the active layer, PFN-Br as
the electron transport layer/hole-blocking layer (HBL), and silver as
the top electrode/cathode. The active layer thickness is measured to be
around 300nm. The typical current density–voltage (J-V) characteris-
tics at dark is given in Fig. 1(b), and the responsivity spectra at differ-
ent applied biases are given in Fig. 1(c). The R is peaked at 830 nm and
maintains >0.2A W�1 over a broad wavelength range (350–870nm).
Considering the experimentally measured noise current, the values are,
respectively, 8 fA Hz�1/2 (�0V), 16 fA Hz�1/2 (�0.1V), and 60 fA
Hz�1/2 (�1 V), denoting the characteristics of an ultra-low noise
photodiode.

First, let us take definition-1 into consideration. The LDR is
derived from the double logarithmic plot in which the linear fit should
have a unity slope. It is to be noted that the unity slope has a very impor-
tant role in determining the deviation point from the linearity. The devi-
ation point in this work is defined as the final point in the linearity and
beyond or below which the detector output deviates from the linearity.
From the reported works, only a few of the groups strictly adhere to the
unity slope, and in many cases, it is either higher or lower than unity.20

We have derived the LDR value (at �0.1V) for the system studied in
this work with different slopes (Fig. 2). The LDR value determined from
the unity slope is 125dB, and the deviation point is denoted as “A.”
When it comes to slope 1.01, the LDR has increased to 130dB, and the
deviation point is further extended to point “B.” Similarly, the LDR value
has increased, respectively, to 137 and 145dB when the slope is 1.02 and
1.04 with deviation point “C” and “D.” These differences in LDR values
highlight how crucial it is to derive the LDR value at unity slope; other-
wise, the value could be overestimated.15

The significance of unity slope in definition-1 has been estab-
lished; now, the LDR values obtained from definition-2 are assessed
and contrasted with those obtained from definition-1. It is noted that
the subtle nonlinearities in the light-dependent behavior of Jph become
more apparent when representing the responsivity (or EQE) as a func-
tion of light intensity, as opposed to the commonly adopted double log
plot depicting Jph against light intensity (definition-1). Figure 3 repre-
sents the LDR values determined from definition-1 and definition-2 at
different applied biases. It is worth noting that there is a widespread
practice in assuming constant R throughout the illumination range all
the way up to NEP, which denotes the smallest optical power that can
be resolved from the photodetector noise.21 However, there are a num-
ber of examples in thin-film detectors wherein the responsivity gradu-
ally gets reduced when the light intensity reduces and is mainly
attributed to the presence of deep traps related recombination.22

Having noted that, by measuring the responsivity in the experimen-
tally convenient range and assuming that the responsivity stays con-
stant until the NEP range has resulted in orders of magnitude higher
LDR value in the literature. If the noise level [inset of Fig. 1(c)] is con-
sidered as the lowest limit of linearity in the case of the representative
system, the LDR value can be at least 5 orders of magnitude greater
than the value that has already been experimentally determined, and
the associated range can easily surpass 200 dB. Hence, assuming noise
level or NEP as the lower limit without sufficient experimental mea-
surement support is seen as a significant inaccuracy in the LDR calcu-
lation. A further concern is that the so-called “constant value” of
responsivity is inadequately defined, and there is no absolute threshold
for the permissible deviation from the constant regime. According to

FIG. 2. Current density vs input irradiance
plot of organic photodiode and the corre-
sponding linear fit (solid line) with (a)
slope¼ 1.00, (b) slope¼ 1.01, (c)
slope¼ 1.02, and (d) slope¼ 1.04.
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the literature and from our measurement experience, the responsivity
gradually decreases as the magnitude of light intensity decreases, typi-
cally dropping below the range that is convenient for experiments
(lW to mW). In this scenario, the “constant value” range should have
a well-defined boundary, such as <5% change from the maximum
value (Rmax), which can in turn be stated clearly in the reports. In this
study, we have considered all data points, which are within the 5% var-
iation from the maximum R value (or Rmax� 95%) as “constant value”
and derived the corresponding LDR. Figure 3(a) compares the LDR
value using definition-1 and definition-2 at the self-powered mode
(0V). The R value is normalized to a maximum value of 1 in order to
have a straight-forward comparison at different scenarios. If we strictly
choose only the values that remain constant (Rmax � 100%), the corre-
sponding input light intensity range is 6� 10�6–5� 10�3 W cm�2,
resulting in a LDR value of �60dB only. However, considering the
possible experimental uncertainty and other factors, we believe a 5%
decline from the peak “R” value can be reasonably counted in the “con-
stant value” regime and is represented using a colored box in the
Fig. 3. In other words, data points, which maintain 95% of the peak
value of R, is considered as a constant value. In this scenario, the Llower
value is shifted further to the lower range, 3.1� 10�8 W cm�2, and the
resulting LDR value is �103 dB. However, for the case of definition-1,
the deviation point is even further lower at 3.7� 10�9 W cm�2, result-
ing in a LDR value of 125 dB. From the comparison of LDR values
using these two definitions, if the LDR value has to be similar for the
diode studied here, the responsivity value that is >15% lower than the
peak value has to be included in the “constant value” regime. The LDR
value of definition-2 varies from 60dB (strictly only constant values
were counted) to 103 dB (data points with >95% of the maximum
value) to 125dB (data points with>85% of the maximum value) based
on the way the “constant regime” is defined.

To further understand the influence of applied bias on the LDR,
the measurements were carried out at �0.1 and �1V, respectively,
and results are plotted in Figs. 3(b) and 3(c), respectively. The major
difference is specifically noticed at the highest illumination intensity
data point (at 7� 10�3 W cm�2), wherein the R is �80% of the peak
value at 0V, 90% of the peak value at �0.1V, and within the constant
regime at �1V. It is noted that the deviation from linearity or devia-
tion from constant-value regime at higher intensity illumination is also
potentially affecting the LDR value, but this report mainly focuses on
the lower intensity region, as the existing measurement setup has limi-
tation in increasing the light intensity beyond the range specified

earlier. In general, the applied bias used in this study has relatively little
effect on the LDR value since the deviation point at the lower light
intensity region stays almost constant. Nevertheless, as the applied bias
increases, the R gradually approaches the peak value at the highest irra-
diation intensity. It is also noteworthy that there is an increase in the Jd
value of �2 orders of magnitude when the applied bias is increased
from 0 to�1V, but it does not having a considerable effect on the cor-
responding LDR value. Considering the Jd value as the lower limit of
linearity is thus found not reliable in PDs. Overall, the difference in the
LDR value when adopting definition-1 and definition-2 at different
applied biases mainly depends on the way the “constant value” regime
is considered or defined. The impacts of slope and various definitions
on the LDR values of the system under study in this work are summa-
rized in Fig. 4 and highlights the significance of standardizing the mea-
surement and analysis protocol. We further emphasize that a
comprehensive explanation of the sub-linear behavior of photorespon-
sivity at low-intensity input irradiation is still elusive, and future stud-
ies should concentrate on pinpointing the key factors contributing to
this rather than arbitrarily assigning “trap-states” in general.

In addition to the aforementioned factors, a proper experimental
setup and accurate measurement protocols are critical in obtaining
reliable LDR values. As we measure low-level optical signals, the out-
put is highly susceptible to errors due to random events and noise
from various sources. For example, while considering the influence of
traps in the low input light intensity region, in addition to recombina-
tion lifetime of the photogenerated carriers, experimental parameters
such as lock-in time constant, chopper frequency, and applied bias
should also be carefully considered.23 For instance, a low chopper fre-
quency and a long-time constant are effective in probing deeper traps
with longer recombination times, limiting the decrease in photo
response. The applied bias also plays a significant role, particularly
when the corresponding field is strong enough to induce the de-
trapping process. Considering these potential factors underscores the
importance of explicitly stating the experimental measurement param-
eters in the manuscript, ensuring a reliable basis for comparing
reported values. Additionally, commonly used DC measurement tech-
niques have the inherent limitation in identifying the signal of interest
from noisy signals. Therefore, assessing such possible errors and using
reliable detection techniques is crucial to ensure the reliability and
repeatability of measured results. Regarding the detection techniques,
the AC detection method using a mechanical light chopper and lock-
in amplifier helps to improve the accuracy of the measured values.

FIG. 3. LDR estimation using definition-1 (red color) and definition-2 (green color) at (a) 0 V, (b) �0.1 V, and (c) �1 V applied biases. The dotted lines represent the lower and
upper limits of input irradiance contributing to the LDR.

Applied Physics Letters ARTICLE pubs.aip.org/aip/apl

Appl. Phys. Lett. 124, 101113 (2024); doi: 10.1063/5.0184847 124, 101113-4

Published under an exclusive license by AIP Publishing

 21 M
ay 2025 08:12:07

pubs.aip.org/aip/apl


This approach can minimize the error caused by fluctuations in inci-
dent light intensity (since the output of many light sources varies over
time). Moreover, it can distinguish the desired signal buried in
noise.24,25

In summary, we have emphasized the significance of requiring
solid performance metric guidelines for determining the LDR of next-
generation thin-film photodiodes. The importance of adhering to the
unity slope in the double logarithmic plot of light intensity vs current
density is demonstrated using a representative organic photodiode sys-
tem. In addition, the importance of defining a boundary for the “con-
stant responsivity” regime is crucial as it may potentially result in the
misrepresentation of corresponding LDR values. The practice of
counting the NEP as the lowest intensity limit led to inaccurate esti-
mates of the LDR in all the systems investigated in this study, and clear
examples in the literature show light intensity-dependent sublinear or
superlinear photoresponsivity. Measuring the responsivity or photo-
current beyond the deviation point from linearity is recommended,
and the measurement conditions and analysis preconditions should be
clearly stated for enabling a reliable literature comparison.
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