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Abstract— This article presents a 57.6-µW mechanically flex-
ible active-matrix imaging system based on a 4 × 5 array of
light sensors, each composed of a photodetector (PD) using a
light-sensitive organic polymer and a transimpedance ampli-
fier (TIA) based on organic thin-film transistors and integrated
thin-film carbon resistors. The PDs and the electronics are
fabricated on separate plastic films and integrated into a system.
Two different topologies for the TIA are designed, implemented,
and characterized. The first topology is a self-biased TIA based
on a gain-boosted operational amplifier (op-amp), providing an
open-loop dc gain of 41.3 dB. This op-amp-based TIA, with a
feedback resistor, provides stable current-to-voltage conversion
(0–100 µA and 2.0–3.7 V) at frequencies up to 300 Hz. The second
topology is a low-power gain-boosted common-gate (GB CG) TIA
that performs current-to-voltage conversion with a nonlinearity
as small as ±0.3% within a bandwidth of 1 kHz. The output
voltages of the light sensors are read and converted into a
4 × 5 pixel gray-scale image displayed on a computer monitor to
visualize the functionality of the system.

Index Terms— Gain-boosted common-gate transimpedance
amplifier (GB CG TIA), operational amplifier (op-amp), organic
imaging, organic light sensor, organic photodetector (OPD),
organic thin-film transistors (TFTs), transimpedance ampli-
fier (TIA).

I. INTRODUCTION

THERE is a great scientific and commercial interest in
large-area, mechanically flexible, and possibly dispos-

able electronic systems, such as displays and sensors, for
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medical, security, and consumer applications. Using com-
plementary metal–oxide–semiconductor field-effect transis-
tor (CMOS-FET) technologies for the development of such
large-area sensor systems, including their readout backplanes,
requires high costs and poses additional challenges for inte-
gration. Therefore, other options, such as organic thin-film
transistor (TFT) technologies, have lately attracted significant
research interest for the fabrication of large-area sensor arrays.
This is due to their simple and, hence, low-cost manufacturing
at moderate temperatures (usually around or below 100 ◦C) on
large-area flexible substrates, such as plastics and paper [1].
TFT-based sensors have been reported for detecting mechani-
cal strain [2], [3], spatial distribution of pressure [4], biological
electrical activity [5], biological compounds [6], [7], and photo
intensity [8]–[12].

Large-area photodetector (PD) systems are essential for
many industrial applications, such as emotional lighting appli-
cations [9], optical/touch sensors [13], and imaging applica-
tions [10], [14]–[16]. The simplest implementation is an array
of passive pixels in which a single-access TFT is integrated
into each pixel [14]–[16]. For systems more demanding in
terms of detectivity or image quality, an active-pixel design
is desirable where a specifically designed signal-conditioning
circuit is integrated into each pixel. For example, sys-
tems for low-light-intensity applications benefit greatly from
a charge-amplification circuit integrated into each pixel
[11], [12], since the minimum detectable signal is limited by
the array’s dataline-capacitance noise.

Regardless of the pixel design, PD systems also require
readout circuits to perform charge-to-voltage conversion in
order to facilitate further signal processing. One possibility is
the charge-integration readout circuits that have shown excel-
lent performance in a variety of applications [11], [12], [17].
However, these circuits are difficult to optimize for systems
in which the PDs generate large output currents. For example,
in [10], an integrating capacitor with a capacitance of up to
4.7 nF was required in order to limit the output-voltage swing
to 1.8 V. In addition, the design of a charge-integration readout
circuit meets some challenges, such as switching and timing
requirements. As an alternative to charge-integration readout
circuits for large-area PDs, transimpedance amplifiers (TIAs)
have been suggested. TIAs are able to perform current-to-
voltage conversion with excellent linearity and can be more
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TABLE I

FEW IMPORTANT PROPERTIES OF TFTS BASED ON ORGANIC AND INORGANIC SEMICONDUCTORS AND OF SINGLE-CRYSTALLINE SILICON MOS-FETS

easily designed to handle high input currents. TIAs based on a
high-gain operational amplifier (op-amp) in a resistor-feedback
configuration have been fabricated using organic or inorganic
TFTs [8], [10]. In contrast to charge-integration readout cir-
cuits, the input-referred noise of a TIA is not amplified toward
the output, and the linearity of well-designed TIAs can be
better than that of state-of-the-art charge-integration circuits
by at least a factor of three [10].

However, both the performance (gain, bandwidth, and power
consumption) and the reproducibility of organic-TFT-based
op-amps tend to be quite poor due to the small charge-carrier
mobility of organic TFTs, the inherent device-to-device vari-
ations, as well as the lack of n-channel organic TFTs with
sufficient performance and stability. Table I provides a sum-
mary of a few important properties of TFTs based on organic
and inorganic semiconductors and of single-crystalline silicon
MOS-FETs. The comparison illustrates the challenges associ-
ated with the design of high-performance analog circuits based
on TFTs, rather than silicon MOS-FETs.

Here, we present PD readout circuits designed specifically
for the detection of ambient light, the illuminance of which
varies over three orders of magnitude, from about 10 lx at
twilight to about 10 klx at full daylight. This wide illumi-
nance range presents a significant challenge for the design of
ambient-light detectors with usefully large resolution. The TIA
circuits proposed here address this challenge with their ability
to operate over a wide range of input currents (0–100 μA)
with excellent linearity and a resolution of 9.8 bits, which
corresponds to a minimum resolved illumination as low as
12 lx. To be able to provide a system demonstration of this
capability, a 4 × 5 array of very-large-area PDs (9 mm2) was
designed to deliver a current of 100 μA at an illuminance of
10 klx despite their low responsivity. The optimum size of the
PDs will obviously depend on the specifications of the PDs and
the system. The PD array and the TIA array were fabricated
on two separate sheets of flexible plastic films. The output
signals of the 20 sensors are read and interpreted into a 4 × 5
gray-scale-pixel screen using masks with various structures.

This article is organized as follows: Section II presents the
design, fabrication, and characterization of the organic PDs.

Fig. 1. (a) Schematic cross section of the OPDs. (b) Photograph of a
completed PD array.

The implementation and analysis of the two proposed TIA
topologies are discussed in Section III, highlighting the advan-
tages and disadvantages of each. Section IV summarizes the
overall system assembly and the measurements, and Section V
provides a conclusion.

II. ORGANIC PHOTODETECTORS (OPDS)

The OPD array was developed at the Fraunhofer Insti-
tute for Solar Energy Systems (ISE), Freiburg, Germany.
A schematic cross section of the organic PDs is shown
in Fig. 1(a). A 3M ultra-barrier film is used as the flexible
transparent substrate. The cathode is a layer of poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS;
Clevios FHC Solar) deposited by spin-coating and annealed at
a temperature of 100 ◦C for 10 min in ambient air. As an
electron-selective charge-extraction layer, zinc oxide (ZnO)
is deposited from a nanoparticle suspension (Avantama N11;
1 % in 2-propanol) by spin-coating, followed by annealing
at a temperature of 120 ◦C for 10 min. This is followed by
the photoactive layer comprising the photosensitive polymer
Merck P1 blended with a fullerene derivative. This layer was
also deposited by spin-coating and annealed at a temperature
of 110◦C for 10 min under N2. It forms an interpenetrating
network of the polymer P1 as the donor and the fullerene
derivative as the acceptor usually referred to as bulk hetero-
junction [31]–[33]. This intimate mixture of both components
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Fig. 2. (a) Current–voltage characteristics under dark condition of 15 OPDs,
measured in ambient air, in the voltage range of interest. (b) Current–voltage
characteristics of a PD cell under illumination with illuminance ranging from
0 to 8 klx in steps of 2 klx.

in the photoactive layer enables sufficient light absorption by
simultaneously ensuring a high rate of exciton dissociation
and, thus, generation of free charge carriers (electrons in
the acceptor and holes in the donor) at the donor/acceptor
interfaces. This bulk-heterojunction device structure results
in a responsivity of 1 μA/klx·mm2 (∼128 mA/W). Finally,
10-nm-thick molybdenum(VI) oxide (MoO3) and 100-nm-
thick silver (Ag) were deposited by thermal evaporation in a
vacuum as a hole-selective charge-extraction layer and anode,
respectively. This top electrode was patterned using a shadow
mask.

Encapsulation of the PD array was accomplished by bond-
ing a 3M ultra-barrier-film using Delo Katiobond LP655. All
fabrication steps were performed in a nitrogen-filled glove
box in order to prevent water and oxygen from degrading
the photoactive layer. This device structure was chosen for its
ease of the process and because it eliminates the requirement
for the deposition and patterning of indium tin oxide (ITO).
In addition to the described materials, Fig. 1(a) shows a
support structure which consists of a stack of 5-nm-thick
chromium (Cr) and 100-nm-thick Ag deposited by thermal
evaporation under high vacuum. This support structure is
required due to the limited conductivity of the organic cathode
(PEDOT:PSS) and has, however, no other function. A photo-
graph of a completed PD array is shown in Fig. 1(b).

Each PD cell occupies an area of 0.1 cm2, which results
in an output current of 100 μA when illuminated with an
illuminance of 10 klx, corresponding to an illuminance-to-
current conversion ratio of 10 μA/klx. The output capacitance
of the PD cells measured at a dc bias of zero and with a
frequency of 100 Hz under illumination is between 0.7 and
2.2 nF. This output capacitance affects the stability of the
readout TIA and must, therefore, be considered in the circuit
design, as will be discussed in Section III. The current–voltage
characteristics of 15 PD cells within the 4 ×5 array measured
in the dark are shown in Fig. 2(a). The measured illumination
response of a PD cell is shown in Fig. 2(b).

The dark current density, calculated from Fig. 2(a), ranges
from 1 to 4 nA/mm2 at a reverse bias of 0.01 V and from
4 to 210 nA/mm2 at a reverse bias of 0.5 V. In Fig. 2(b),
the measured PD shows a maximum responsivity nonlinearity
of 12% of its average value at a reverse bias of 0.5 V.

Fig. 3. Schematic cross section of the organic TFTs.

Furthermore, it can be seen from the figure that the output
resistance (apparent shunt resistance) decreases with increas-
ing illuminance, from 360 k� in the dark to 180 k� at a low
illuminance of 2 klx and 50 k� at an illuminance of 8 klx.
This effect can be ascribed to the rather low charge-carrier
mobility of the photoactive layer, which has been investigated
thoroughly in previous work [34]. This relatively small output
resistance results in a mismatch error of ±7.7% of the output
voltage produced by the TIA among the 20 sensor cells due to
the fact that the input voltage of the circuits can vary by 0.5 V,
as shown in Section III. This output-voltage error is accounted
for by multiplying by a calibration matrix (CM) during the
reading of the output voltages into the screen pixels, as will
be discussed in Section IV.

III. TRANSIMPEDANCE AMPLIFIERS (TIAs)

The TIA circuits proposed in this article were
implemented using organic p-channel TFTs fabricated in the
inverted staggered architecture using the commercially
available air-stable small-molecule semiconductor
dinaphtho[2,3-b:2’,3’-f]thieno[3,2-b]thiophene (DNTT) or its
derivative DPh-DNTT [36]. Monolithically integrated thin-film
resistors were implemented using vacuum-deposited carbon
with a thickness of 20 nm [37]. The circuits were fabricated
on flexible polyethylene naphthalate (PEN) substrates.
Gold (Au) interconnects, aluminum (Al) gate electrodes,
the organic semiconductor, and the Au source/drain contacts
were deposited by thermal evaporation or sublimation
in vacuum, with a thicknesses of 20–30 nm each. The
gate dielectric is a combination of 3.6-nm-thick oxygen-
plasma-grown aluminum oxide (AlOx ) and a 1.7-nm-thick
tetradecylphosphonic-acid self-assembled monolayer (SAM)
and has a unit-area capacitance of 0.7 μF/cm2. Aluminum
oxide with a thickness of 100 nm deposited by electron-beam
evaporation was used as an interlayer dielectric. All layers
were patterned using silicon stencil masks [38], except for
the AlOx /SAM gate dielectric that grows selectively on the
Al gate electrodes. A schematic cross section of the organic
TFTs is shown in Fig. 3.

The TFTs have a channel length (Lch) of 4 or 20 μm,
gate-to-source and gate-to-drain overlaps (Lov) of 20 μm, and
effective charge-carrier mobilities between 1 and 3 cm2/Vs
depending on the semiconductor and the channel length.
The subthreshold swings and ON/OFF current ratios are
90 mV/decade and 108, respectively. The thin-film resistors
have a length of 240–520 μm, a width of 40 μm, and a sheet
resistance of 1 M�/sq.
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TABLE II

ORGANIC-TFT PARAMETERS EMPLOYED IN THE CIRCUIT SIMULATIONS USING THE COMPACT MODEL PROPOSED IN [35]

The circuits were designed and simulated with the help of
the organic-TFT compact model proposed in [35] using (1)–(3)
that describe the current–voltage characteristics of the channel,
the source contact, and the drain contact, respectively

Isd = 1

2

Wch + Wfringe

Lch
μ0Cdiel(1 + λ(Vsi − Vdi))

[(Vsi − Vg + Vth)
2 − (Vdi − Vg + Vth)

2] (1)

Isd = Lov Jos(Wch + Wfringe)
�

e
Vs−Vsi
ηs VT − 1

�
(Vsi − Vg + Vth)

Psnorm

(2)

Isd = Lov Jod(Wch + Wfringe)
�

e
Vdi−Vd
ηd VT − 1

�
(Vdi − Vg + Vth)

Pdnorm

(3)

where Isd is the current flowing through the source and the
drain terminals of the TFT. Vs , Vd , and Vg are the potentials
applied at the source, the drain, and the gate nodes, respec-
tively. Vsi and Vdi are the voltages of the gate-field-induced
carrier channel at the location closest to the source contact and
the drain contact, respectively. Lch and Wch are the channel
length and width. The definitions of the model parameters and
their corresponding values are summarized in Table II.

Fig. 4 shows the measured and simulated output and transfer
characteristics of TFTs with Lch of 100 and 4 μm and
Wch of 200 μm, confirming the good agreement between
measurement and simulation results.

The design of the TIA has to meet a number of require-
ments. The circuit should have low power consumption, yet
be able to pass large currents in order to cover a wide range of
illuminance required for ambient light detection (up to 10 klx)
with high resolution. In addition, the circuit must have a low
input impedance to ensure that the input current (Iin) depends
only on the illuminance and not on the input voltage applied
to the PD (Vin). This is particularly problematic since OPDs
often have a relatively small output impedance, e.g., 71 k�
in [39]. For the PDs used here, with an output impedance of
90 k� at an illuminance of 4 klx, the input impedance of the
TIA must, therefore, be smaller than 2.5 k� in order to keep

Fig. 4. Measured and simulated output (top row) and transfer (bottom row)
characteristics of a TFT with (a) Lch = 100 μm and Wch = 200 μm and
(b) Lch = 4 μm and Wch = 200 μm.

the light-to-current linearity error below ±2.5%. The second
reason for designing the TIA with a low input impedance is to
avoid loading the PD output capacitance with the TIA input
resistance, which would negatively affect the response time of
the PD. In this section, we discuss the design and fabrication
of the conventional op-amp TIA topology and compare it to
the gain-boosted common-gate TIA (GB CG TIA) topology
proposed in [40].

A. Op-Amp-Based TIAs

Fig. 5 shows the circuit schematic of the op-amp-based
TIA implemented using p-channel organic TFTs and thin-film
carbon resistors. The TIA is composed of an op-amp with the
resistor RFB in a feedback configuration. The op-amp consists
of a self-biased differential stage with a resistive load. To meet
the requirements for low power consumption and high gain,
the self-biased differential stage is designed to operate with
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Fig. 5. Circuit schematic of an op-amp-based TIA without gain-boosting.

a total current of 1.5 μA. By designing an output stage with
zero power consumption in the dark, a single-ended op-amp is
realized, which is capable of handling currents up to 100 μA
from the PD through the large-channel-width transistor T3.

The closed-loop transfer function (TF) of the op-amp feed-
back configuration can be written as

TF = RFB

1 + 1/Aop-amp
(4)

where Aop-amp is the open-loop op-amp gain. Sufficiently large
op-amp gain guarantees that the TF is determined mainly by
the resistance of the feedback resistor RFB. In addition, a larger
Aop-amp implies that the TF is less sensitive to variations of the
value of Aop-amp and the parameters affecting it according to
the following equation:

∂TF

∂ Aop-amp
= RFB

1 + A2
op-amp

. (5)

Thus, a large op-amp gain is important for providing sufficient
linearity of the TIA. However, due to the small carrier mobility
of organic TFTs, op-amps based on organic TFTs often suffer
from small dc gain at low power consumption. To boost the dc
gain while maintaining a low power consumption, a positive
feedback is added to the differential stage. This concept is
illustrated in Fig. 6(a). As the output voltage (Vout) increases
in response to an increase in the input current (Iin), the input
voltage (Vin) decreases due to the finite dc gain of the op-
amp. This undesirable reduction in Vin is counteracted by the
positive feedback circuit, which increases the equivalent bias
voltage and, thereby, stabilizes Vin, resulting in higher overall
dc gain.

The positive feedback circuit is implemented by adding the
cross-coupled transistors T5 and T �

5 to the differential stage,
as shown in Fig. 6(b). Since the output resistances of T1

and T �
1 (in the range of 125 M�) are much larger than the

load resistance (RL = 2.4 M�), the working principle of the
gain-boosted op-amp-based TIA can be explained through the
simplified small-signal block diagram shown in Fig. 7.

From Fig. 7, the overall small-signal gain of the
gain-boosted op-amp-based TIA can be estimated as follows:

vout

vin
= −2gm1 RL

1 − gm5 RL
. (6)

To ensure stability, the gain of the positive feedback network
(gm5 · RL ) must be smaller than unity according to the
unity-gain criterion. This can be guaranteed by choosing the

Fig. 6. Gain-boosted op-amp-based TIA. (a) Concept. (b) Circuit schematic.

Fig. 7. Block diagram to describe the simplified small-signal model of the
gain-boosted op-amp-based TIA.

Fig. 8. Photographs of the op-amp-based TIAs. (a) Without gain-boosting
and (b) with gain-boosting, fabricated on a flexible plastic substrate using
organic TFTs and thin-film carbon resistors.

aspect ratio of T5 (W5/L5) to be smaller than 1. To account
for the non-linear parasitic contact resistances, fringe currents,
and process variations, the aspect ratio of T5 was set to
0.5 (W5/L5 = 20 μm/40 μm).

Fig. 8 shows the photographs of the op-amp-based TIA
implemented using p-channel organic TFTs and thin-film
carbon resistors.

Fig. 9 shows the measured and simulated dc voltages
present at the circuit nodes Vin, Vout, Vo1, and Vo2 of the
op-amp-based TIAs without gain-boosting (see Fig. 5) and
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TABLE III

COMPARISON OF THE OP-AMP-BASED TIA WITH AND WITHOUT GAIN-BOOSTING, ACROSS THE RANGE OF INPUT CURRENTS FROM 25 TO 100 μA

Fig. 9. Measured (continuous lines) and simulated (dotted lines) voltages
of the op-amp-based TIA without gain-boosting from Fig. 5 (red) and the
gain-boosted op-amp-based TIA from Fig. 6 (blue) that are present at the fol-
lowing circuit nodes: (a) Vin and Vout, (b) Vo1 and Vo2, and (c) Vin. The benefit
of the gain-boosting concept in stabilizing the input voltage is clearly seen.

Fig. 10. (a) Open-loop dc gain and (b) transimpedance (closed-loop TF)
of the op-amp-based TIA without gain-boosting (red) and the gain-boosted
op-amp-based TIA (blue) as a function of the input current, calculated from
the measurement data in Fig. 9(a).

with gain-boosting (see Fig. 6). The voltages are plotted for a
sweep of the input current from 0 to 100 μA. Fig. 9(c) clearly
shows the efficiency of the positive-feedback configuration in
suppressing the variations of Vin. The unavoidable device-to-
device variations lead to an input-offset voltage of 0.15 V.

From the measurement data in Fig. 9(a), we have calculated
the dc open-loop gain (vout/vin) and the closed-loop transim-
pedance (vout/ iin) and plotted them as a function of the input
current in Fig. 10(a) and (b). As can be seen, the conventional
op-amp-based TIA has a maximum open-loop dc gain of
31.66 dB, which is too small to provide adequate linearity
of the transimpedance system. Our gain-boosting technique
enhances the open-loop dc gain by at least 10 dB so that a

Fig. 11. Schematic of the setup for investigating the stability of the
gain-boosted op-amp-based TIA with respect to a sudden increase in the input
current by 100 μA.

minimum open-loop gain of 41.3 dB is maintained for input
currents from 25 to 100 μA (and a minimum open-loop gain
of 50 dB for input currents from 65 to 88 μA). Due to
the higher open-loop dc gain produced by the gain-boosting
configuration, the transimpedance nonlinearity is improved
by about ±0.75% around its nominal value, which is only
marginally smaller than RFB, with a 6.7% increase in power
consumption. Table III summarizes the performance of the two
op-amp-based TIA architectures with respect to their linearity
error, occupied active area and power consumption.

The device-to-device variations on the same substrate are
approximately as follows: ±5% for the effective carrier mobil-
ity of the TFTs, ±1.2% for the threshold voltage of the TFTs,
±8.75% for the transconductance of the TFTs (see [38]), and
±10% for the value of the resistors (see [37]). These variations
lead, in the worst case, to a decrease of the op-amp gain
by around 4 dB. The dependence of this gain reduction on
the parameter variations can be evaluated using the following
equation:

�Aop-amp = 2gm1�RL + 2RL�gm1. (7)

This gain reduction results in a variation of the transimpedance
value (TF) by around ±11.7% according to the following
equation:

�TF

TF
= �RFB

RFB
+ 1

gm1 RL

�
�RL

RL
+ �gm1

gm1

�
. (8)

To verify the stability of the gain-boosted op-amp-based
TIA, we have measured the response of the input node
(Vin) and the output node (Vout) to a sudden increase in the
input current by 100 μA. The setup for this measurement
is schematically shown in Fig. 11. A capacitor Cin,load with
a capacitance equivalent to the capacitance provided by the
organic PD is connected at the input node. This capacitance
is in the range from 0.7 to 2.2 nF, as discussed in Section II.
The current-step response of the gain-boosted op-amp-based
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Fig. 12. Measured response of the input and the output nodes of the
gain-boosted op-amp-based TIA in a closed-loop configuration to a sudden
increase in the input current by 100 μA for different values of the capacitance
Cin,load connected at the input of the amplifier. (a) and (b) Cin,load =
100 pF, which corresponds to the capacitance of the test setup (probe and
oscilloscope). (c) Cin,load = 1.1 nF. (d) Cin,load = 1.6 nF. (e) Cin,load =
2.3 nF. (f) Cin,load = 2.3 nF with an additional compensation capacitor of
4.7 nF connected between the input and the output nodes of the op-amp to
ensure a phase margin of at least 30◦.

TIA for different values of Cin,load is summarized in Fig. 12.
Initially, a value of Cin,load = 100 pF is used, which is the
capacitance associated with the test setup (probe and oscillo-
scope). The large undershoot observed in Fig. 12(a) and (b) is
due to the extremely short rise time of the applied current step,
which discharges the capacitance available at the input node
(Cin) before the op-amp is able to respond. Such a sudden
increase in current is, however, not expected in the imaging
system discussed in the following, so the undershoot observed
here will not be a problem. From the slope of the undershoot,
the input capacitance of the op-amp is estimated to be 0.8 nF,
according to the following equation:

Iin = Cin
∂Vin

∂ t
. (9)

Fig. 12(b)–(e) shows that the gain-boosted op-amp-based
TIA is stable over a range of Cin,load from 0 to 2.3 nF even
without an additional compensation capacitor (Cc) and that it
settles within less than 1 ms, even in the worst case scenario
(Cin,load = 2.3 nF). The results also show that the stability of
the TIA degrades with increasing Cin,load, as indicated by the
increased ringing of the response with increasing Cin,load. This
is due to the additional pole created by the series connection
of the feedback resistor RFB and the input capacitance Cin,load.
For a large Cin,load, this pole moves closer to the dominant pole
of the op-amp, which leads to a reduction in the phase margin.
A compensation capacitor (Cc) with a capacitance of 4.7 nF is

Fig. 13. Open-loop Bode plot of the gain-boosted op-amp-based TIA loaded
with the feedback circuit and the compensation capacitor Cc, deduced from
the measured step response shown in Fig. 12(f). (a) Open-loop gain as a
function of frequency. (b) Phase as a function of frequency.

externally connected between the input and the output nodes
in order to compensate for this additional pole and to ensure
a phase margin (PM) of at least 30◦ for the entire range of
expected PD capacitances (0.7 to 2.2 nF). As can be seen
in Fig. 12(f), the additional capacitance Cc = 4.7 nF indeed
decreases the ringing.

According to [41], the phase margin of an underdamped
second-order system can be estimated from the number of
oscillations in the closed-loop step response. Using the soft-
ware program MATLAB, we have, thus, generated an under-
damped second-order system whose step response matches the
measured step response shown in Fig. 12(f). From the results
of this analysis, the open-loop Bode plot of the gain-boosted
op-amp-based TIA loaded with the equivalent feedback circuit,
including Cin,load = 2.3 nF and Cc = 4.7 nF, is obtained,
as shown in Fig. 13. The phase margin calculated from the
Bode plot is 36.7 ◦, and the gain-bandwidth-product (GBW)
is 2.8 kHz.

The transient behavior of the TIA with the gain-boosted
op-amp in response to a sinusoidal input current with an
amplitude of ±12.5 μA, offset by 75 μA, and frequencies
ranging from 100 to 500 Hz has also been measured. The
circuit behaves as expected for frequencies up to 300 Hz,
with a transimpedance of 16.86 k�. The transient response of
the circuit for a frequency of 100 Hz is shown in Fig. 14(a).
At frequencies higher than 300 Hz, the op-amp response no
longer follows the frequency of the input current, resulting in
charging and discharging of the capacitance at the input node,
which leads to the distortion of the time dependence of the
output voltage at a frequency of 500 Hz seen in Fig. 14(b).

B. CG-Based TIA

The GB CG TIA topology, first published in [40], is shown
in Fig. 15. The structure of the CB CG TIA topology consists
of two main parts: the input stage (gray rectangle) and
the implementation of the resistor (three yellow rectangles).
As described in [40], a CG input stage is used for the
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Fig. 14. Measured transient behavior of the input and output voltages of the
closed-loop gain-boosted op-amp-based TIA for a sinusoidal input current
with an amplitude of ±12.5 μA, a dc offset of 75 μA, and a frequency of
(a) 100 and (b) 500 Hz.

Fig. 15. Circuit schematic of a GB CG TIA with either (a) integrated passive
resistor (R) with an ohmic resistance of 20 k�, (b) VCR with a voltage divider
implemented using passive resistors (VCR-RR), and (c) VCR with a voltage
divider implemented using diode-connected transistors (VCR-TT).

input current, taking advantage of its small input impedance
(rin = 1/gm1). A gain-boosting feedback circuit is connected
to the gate of transistor T1 in order to further reduce the input
impedance (rin = 1/(A · gm1)) and, thus, stabilize the voltage
at the input node (Vin) at a fixed value irrespective of any
changes in input current. The transistor T4 is biased to set Vin

at 3.5 V when the current through T4 is equal to 0.02 μA.
The impedance needed for the linear current-to-voltage

conversion is implemented in three different ways: 1) with
an integrated passive thin-film carbon resistor (R), as shown
in Fig. 15(a); 2) with a voltage-controlled resistor (VCR) with
a voltage divider based on passive resistors (VCR-RR) [see
Fig. 15(b)]; and 3) with a VCR with a voltage divider based
on diode-connected TFTs (VCR-TT) [see Fig. 15(c)]. The
concept of the simple and highly linear VCR is explained

Fig. 16. Photograph of an array of GB CG TIAs fabricated on a flexible
plastic substrate using organic TFTs and thin-film carbon resistors. Two
columns consist of TIA cells with R according to Fig. 15(a), one column
consists of TIA cells with VCR-RR according to Fig. 15(b), and two columns
consist of TIA cells with VCR-TT according to Fig. 15(c).

in detail in [40], where the gate of the transistor T2, which
operates in the triode region, is controlled by a voltage divider
from the source node of T2. The value of the transimpedance
can be estimated according to the following equation:

VCR = L2

μeff · Cdiel · W2 · (Vth − Vc(1 − FBF))
(10)

where FBF is the feedback factor from the voltage divider.
The VCR achieves a linear resistance of 20 k� for a control
voltage Vc = −5.5 V.

A photograph of the fabricated GB CG TIA array is shown
in Fig. 16. Each of the two leftmost columns contains four
TIA cells with VCR-TT according to Fig. 15(c), the third
column contains four TIA cells with VCR-RR according to
Fig. 15(b), and the two rightmost columns contain four TIA
cells each with R according to Fig. 15(a). The 20 TIA cells
are arranged in a 4 × 5 active matrix in order to reduce
the number of connections from 20 to 9. This is realized by
adding an additional switch transistor T5 at the output node of
each TIA, which is selectively addressed by the column select
signal (Cn) to transfer the output voltage to the row signal
(Rn), as shown in Fig. 15. The time interval between column
selection and the start of the measurement is several hundred
milliseconds, i.e., sufficiently long to not impact the results of
the measurements. However, according to [42], the sum of the
rise and fall times of a TFT with dimensions similar to that
of T5 is about 400 μs, which suggests a maximum frame rate
of about 500 frames/s.

For a supply voltage (VDD) of 4.5 V, a control voltage
(Vc) of −5.5 V, and under dark condition, the feedback gain-
boosting amplifier draws an average current of 0.2 μA, and
the average current flowing through the feedback branch of
the VCR is 0.6 μA. Therefore, the overall measured power
consumption in the dark is 4.2 μW for each of the TIA cells
with VCR-RR or VCR-TT (12 cells) and 0.9 μW for each
of the TIA cells with a passive resistor R (eight cells). This
results in a total power consumption in the dark of 57.6 μW
for the complete array.

Fig. 17(a) shows the measured and simulated voltages
present at the circuit nodes Vin, Vout, and VFB of a GB CG
TIA with a VCR-TT for a sweep of the input current from
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Fig. 17. (a) Measured (continuous lines) and simulated (dotted lines) voltages
present at the circuit nodes Vout, VFB, and Vin of the GB CG TIA with a
VCR-TT. (b) Results of measurements performed on several such GB CG
TIA circuits [35] (2019, IEEE).

0 to 100 μA. The measured voltage–current characteristics
of several TIAs are plotted in Fig. 17(b) that shows that
the simulation results are approximately consistent with the
average of the measurement results. Although Vin and VFB

show a spread of characteristics due to unavoidable process
variations, the relation between the input current (Iin) and the
output voltage (Vout) is nearly identical for all cells, which
confirms the robustness of the topology.

To estimate how the transimpedance (VCR) of the VCR
is affected by the variations in the TFT parameters (effective
carrier mobility and threshold voltage), the following equation
can be derived from (10):

�VCR

VCR
= −�μeff

μeff
− �Vth

Vth − Vc(1 − FBF)
. (11)

For the parameter variations mentioned in Section III-A (±5%
for the effective carrier mobility and ±1.2% for the threshold
voltage), the transimpedance VCR can vary by up to ±6.8%.
For comparison, the transimpedance of the op-amp-based TIA
shown in Fig. 5 can vary by up to ±11.7%.

Fig. 17(b) indicates that the circuits have an input
impedance of 520 �, which results in a maximum light-to-
current linearity error of no more than ±0.64% for the PDs
used in this article for each individual cell. However, since
the input voltage of the TIAs varies by about 0.5 V due to
circuit-to-circuit process variations, the mismatch error of the
final output voltage reading among the sensor cells is ±7.7%.

The transimpedance linearity of each of the 20 circuits
shown in Fig. 16 is plotted in Fig. 18. The GB CG TIA
circuits with R show a nonlinearity of no more than ±0.3%.
The circuits with VCR-RR show a nonlinearity of ±1.0%.
Finally, the VCR-TT circuits have a nonlinearity of ±2.0%.
Therefore, using the resistor R has the advantages of achieving
a smaller occupied area, lower power consumption, and better
linearity. On the other hand, VCRs provide greater robustness
against parameter nonuniformity and enhanced capability of
tuning, which is important when the technology suffers from
significant device-to-device and/or substrate-to-substrate vari-
ations. An additional advantage of the VCR-TT is that it does
not require the fabrication and integration of resistors, which,
in thin-film electronics, are often more difficult to implement
than transistors.

Fig. 18. Transimpedance nonlinearity of the 20 GB CG TIAs shown
in Fig. 16, extracted from their measured voltage–current characteristics.

Fig. 19. Measured transient behavior of the input and the output voltages
of a GB CG TIA with a VCR-TT in response to a sinusoidal input current
with an amplitude of ±12.5 μA, a dc offset of 50 μA, and frequencies of
(a) 200 Hz and (b) 1 kHz.

The transient response of a GB CG TIA with a VCR-TT
to a sinusoidal input current with an amplitude of ±12.5 μA,
a dc offset of 50 μA, and frequencies of 200 Hz and 1 kHz
is shown in Fig. 19. The reason that this circuit is considered
for this analysis is that it shows the longest response time in
comparison with the other two impedance topologies. As can
be seen, the output voltage shows excellent linearity for all
frequencies up to 1 kHz with a transimpedance of 20 k�.

At high frequencies (1 kHz), a distortion of the time depen-
dence of the input voltage similar to that of the op-amp-based
TIA in Fig. 14(b) is observed, which is due to the fact that the
gain-boosting feedback circuit no longer follows the frequency
of the input current, resulting in charging and discharging of
the capacitance at the input node. However, unlike in the op-
amp-based TIA in Fig. 14, in the GB CG TIA in Fig. 19, this
input-voltage distortion does not have any influence on the
output voltage Vout, which can be seen to be perfectly linear
with respect to Iin. This beneficial characteristic is the result of
the fact that in the GB CG TIA, the input- and output-voltage
paths are separate, which eliminates the dependence of the
linearity of the output voltage on the linearity of the input
voltage. The output-voltage linearity of our GB CG TIA is,
thus, limited only by the output resistance of the PD. A PD
with an output resistance of 10 G� in the dark (such as the
commercially available PD SFH 213 [43]), which is able to
tolerate large variations in the virtual-ground voltage of the
TIA (Vin), would result in an output voltage perfectly linear
for frequencies up to 21 kHz.
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TABLE IV

COMPARISON OF THE CHARACTERISTICS OF THE OP-AMP-BASED AND THE GB CG TIA PRESENTED IN SECTIONS III-A AND III-B WITH
ORGANIC-TFT-BASED OP-AMPS AND TIAS REPORTED IN THE LITERATURE

Fig. 20. Bode plot of the transimpedance of the GB CG TIA. (a) Transim-
pedance as a function of frequency. (b) Phase as a function of frequency.

The frequency dependence of the transimpedance of the GB
CG TIA on the input signal frequency is shown in Fig. 20.
For the organic PDs employed in this article (output resistance
of 360 k� in the dark), the fluctuations of 0.3 V observed at
the input node at a frequency of 1 kHz [see Fig. 19(b)] will
result in additional fluctuations of Iin as well, producing an
output-voltage peak-to-peak error of −33.1%.

The fast Fourier transform (FFT) of the output-voltage
signal (Vout) from Fig. 19(a) results in the power spectral

Fig. 21. PSD of the output voltage (Vout) of the GB CG TIA from Fig. 19(a)
showing the IBN of approximately 80 nArms within a bandwidth of 2 kHz
for a full scale of 100 μA.

density (PSD) shown in Fig. 21. By excluding the signal peak,
the in-band noise (IBN) can be calculated by integrating the
PSD over the bandwidth frequency. This results in an IBN of
80 nArms within a bandwidth of 2 kHz, which is equivalent
to a resolution of 9.8 bit, assuming a full scale of 100 μA.
For this resolution, the minimum resolved illumination is as
low as 12 klx.

C. CG Versus Op-Amp TIA

A comparison of the performance characteristics of
the op-amp-based and the GB CG TIA presented in
Sections III-A and III-B with the organic-TFT-based op-amps
and TIAs reported in [8] and [44]–[46] is provided in Table IV.
Although the op-amp-based TIA compares quite favorably,
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Fig. 22. Imaging system. (a) Photograph showing the integration of the two
foils containing the OPD array (dark blue) and the organic-TFT-based TIA
readout array (covered with yellow foil to shield the TFTs from illumination).
(b) Photographs showing the integration of the flexible PD/TIA stack with
an LED lamp and a printed circuit board containing power supplies and a
microcontroller to control the LED lamp and process the TIA data.

especially in terms of dc gain, bandwidth, and circuit area,
it has a number of inherent disadvantages that will ultimately
limit its usefulness for the imaging system considered in
Section IV. The first drawback is that despite the large dc
gain produced by the gain-boosting approach and the use of
integrated passive carbon resistors, the overall transimpedance
suffers from a slight variation depending on the input current
delivered by the PD [nonlinearity of ±0.45%, see Fig. 10(b)],
which will add to the overall nonlinearity of the sensor.
The second drawback is that the use of a differential stage
leads to mismatch problems not only from cell to cell but
also within the same cell due to the device-to-device variations
inherent to organic TFTs. This adds to the overall nonlinearity
of the system. The third drawback of the op-amp-based TIA
is that to ensure stability, frequency-compensation capacitors
need to be added and tuned externally for each cell, which
will significantly complicate the system. In contrast, the GB
CG TIA topology provides simpler implementation with lower
power consumption and shorter response time in addition to
allowing the TIA to be tuned. Finally, the GB CG TIA offers
a higher level of robustness against parameter variations. We,
therefore, chose the GB CG TIA topology for the realization
of the imaging system discussed in Section IV.

IV. IMAGING SYSTEM

The foil with the zero-biased OPD array is attached to the
organic-TFT-based active-matrix GB CG TIA readout array,
as shown in Fig. 22(a). The foil with the TIA array is then
connected through a flat-cable socket to a custom-built printed-
circuit board containing power supplies and a microcontroller,
as shown in Fig. 22(b). Since the semiconductor employed in
the organic TFTs (DNTT) is sensitive to visible and ultraviolet
light, as discussed in detail in [47], the TIA array is covered
with yellow foil to shield the TFTs from illumination.

To test the imaging system, the PDs were illuminated from a
lamp consisting of 12 high-power light-emitting diodes (LED
EL5-36000 WS) whose illuminance is linearly controlled from
0 to 10 klx by applying a dc voltage between 0 and 1.2 V.
The output voltages produced by the TIA array were read and

Fig. 23. Measured output voltages of five PD/TIA cells of the imaging
system as a function of illuminance.

Fig. 24. Photographs of two shadow masks with transparent openings in the
shape of (a) two vertical bars and (b) letter “I” employed to test the imaging
system (top row) and 4 × 5 pixel gray-scale images representing the output
voltages of the PD/TIA array in response to illumination with an illuminance
of 10 klx through the shadow masks (bottom row).

interpreted into a 4 × 5 pixel gray-scale image displayed on
a computer monitor by a Nero Arduino module in order to
visualize the functionality of the imaging system. A CM was
applied to account for the mismatch errors arising from the
circuit-to-circuit variations (0.5 V) present at the input nodes
of the TIAs, as seen in Fig. 17(b), and from the device-to-
device responsivity variations of the OPD cells. One of the
four rows was blocked because of non-functional PDs

CM =

⎡
⎢⎢⎣

2.5 1.8 3.3 0.8 4.0
0.7 4.4 2.8 0.9 1.2
2.2 0.8 3.0 4.9 2.0
0.0 0.0 0.0 0.0 0.0

⎤
⎥⎥⎦.

In Fig. 23, the measured output voltages from five PD/TIA
cells are plotted as a function of illuminance, demonstrating
the linear conversion of the light illuminance. The maximum
measured illuminance-to-voltage nonlinearity for these five
PD/TIA cells is 19%. Generically, the overall linearity error for
one cell can arise from the nonlinearity of the PD responsivity,
the nonlinearity of the TIA circuit, and the error due to the
output resistance of the PD and/or the input resistance of the
TIA. Considering the small value of the CG TIA nonlinearity
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(maximum 2%) and its small input impedance (which results
in a maximum error of 0.64%), the overall nonlinearity of
the system is mainly attributed to the contribution of the
nonlinearity of the PDs responsivity, as shown in Fig. 2(b).

In another test of the imaging system, an opaque shadow
mask with transparent openings in the shape of either two
vertical bars or the letter “I” was placed in front of the PD
array. The results are shown in Fig. 24, confirming the ability
of the system to resolve different illumination patterns. The
gray-scale variations observed in the images are caused by
variations in the illuminance and the angle of incidence of the
light passing through the openings of the shadow masks.

V. CONCLUSION

In this article, a 57.6-μW mechanically flexible
active-matrix imaging system based on OPDs and organic-
TFT-based TIAs fabricated on plastic substrates has been
proposed, simulated, fabricated, and characterized. The
imaging system is composed of 4×5 arrays of OPDs and GB
CG TIAs. The encapsulated PDs have an area of 0.1 cm2,
an average illuminance-to-current conversion ratio of 10
μA/klx, and an output resistance of 180 k� at an illuminance
of 2 klx. We have shown the advantages of implementing
the TIAs in a gain-boosted CG rather than op-amp-based
topology in terms of process complexity, linearity, stability,
response time, and power consumption. A complete imaging
system comprising a PD array, a readout TIA array, and an
evaluation board has been assembled and tested in ambient
air by converting the output voltages of the TIA array into a
gray-scale image.
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