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Abstract

In this work, real-time ultraviolet photodetectors are realized through

metal–semiconductor–metal (MSM) structures. Amorphous indium gallium

zinc oxide (a-IGZO) is used as semiconductor material and gold as metal elec-

trodes. The readout of an individual sensor is implemented by a transimpe-

dance amplifier (TIA) consisting of an all-enhancement a-IGZO thin-film

transistor (TFT) operational amplifier and a switched capacitor (SC) as feed-

back resistance. The photosensor and the transimpedance amplifier are both

manufactured on glass substrates. The measured photosensor possesses a high

responsivity R, a low response time tRES, and a good noise equivalent power

value NEP.
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1 | INTRODUCTION

Ultraviolet photodetectors attracted attention because of
their wide range of applications in fire monitoring, space
communication or biomedicine.1,2 Standard silicon-based
photodiodes have low responsivities in the ultraviolet
wavelength region. The reason for this is the relatively
low bandgap of 1.12 eV.3 One way to achieve highly
responsive sensors for ultraviolet wavelengths is to use
semiconductor materials with much higher bandgaps.
Amorphous indium gallium zinc oxide (a-IGZO) is a
suitable candidate because of its bandgap of 3.05 eV. This

should allow the detection of light with wavelengths
lower than 400 nm.4,5 It also follows from this that the
sensors are not affected by visible light. Therefore,
possible disturbing background light does not have to
be filtered out. In this work, a photoresistor in a metal–
semiconductor–metal design is presented as photodetec-
tor structure. The fabricated photosensors show respon-
sivity values up to 120 A/W and response times in the
millisecond range. The generated current by an individ-
ual sensor is measured by a transimpedance amplifier
realized through an operational amplifier consisting of
all-enhancement a-IGZO TFTs and a switched capacitor.
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Hence, both the sensor and the readout are fabricated on
glass substrates. In the near future both should be fabri-
cated on the same substrate. The advantage of this is that
the readout is located extremely close to the photosensor,
which leads to a reduction of the collected noise, result-
ing in an improvement of the signal-to-noise ratio. The
combination of sensor and readout on the same substrate
is suitable for applications like sensors integrated into
displays or detection of ambient light. Moreover, fabricat-
ing detectors using thin-film technology on glass is a
good choice for array applications because of the easy
scalability. At first the layer structure and the fabrication
process of the needed TFTs for the readout is discussed.
Afterwards, the electrical properties like input and output
characteristics of the created TFTs are analyzed. Next the
manufacturing of the photosensors is described. Then the
fabricated photosensors are characterized. Subsequently,
the single elements (switched capacitor and operational
amplifier) of the transimpedance amplifier are treated.
The properties of the presented TIA are also investigated.
The main part of this paper is dealing with the
performance analysis of the presented photosensor-
transimpedance amplifier combination.

2 | THIN-FILM TRANSISTOR
LAYER STRUCTURE

The layer structure (cross-section view) of the enhance-
ment mode TFTs investigated in this work is shown in
Figure 1. At first a 70 nm, MoTa layer is deposited using
DC magnetron sputtering. Afterwards, the layer is
structured to form the bottom gate. Next a double layer
consisting of 175 nm SiN and 50 nm SiOx is placed as
bottom dielectric. This layer is created by plasma
enhanced chemical vapor deposition (PECVD) at 280�C.
The structuring of this layer is done by reactive-ion etch-
ing (RIE). Then the drain and source are manufactured
as a double layer of 70 nm MoTa and 50 nm ITO. The

fabrication process is adjusted in such a way that only
ITO is in direct contact with the later deposited a-IGZO
channel. Before the IGZO layer is added to the layer
stack, the substrates are tempered for 1 h at 250�C. This
tempering step has the purpose to increase the conductiv-
ity of the ITO layer. An ohmic contact to the semiconduc-
tor should be created. a-IGZO is deposited using RF
magnetron sputtering from a solid state (1:1:1 mol
%)-IGZO target. A layer thickness of 40 nm is chosen.
After the creation of the semiconductor channel, the sub-
strates are annealed for 2 h at 300�C. To isolate the top
gate, a layer of 130 nm SiOx is used. This layer is placed
via PECVD at 250�C. The temperature is decreased in
comparison with the deposition of the bottom dielectric
to minimize negative influences on the semiconductor.
As top gate a double layer of 70 nm MoTa and 50 nm
ITO is used. As the last step of the manufacturing the
transistors are tempered overnight (around 16 h to 18 h)
at 250�C. During the tempering, electrons are bound and
the conductivity is decreased. This yields a slightly posi-
tive threshold voltage of the produced dual gate a-IGZO
transistors.

3 | THIN-FILM TRANSISTOR
CHARACTERISTICS

In Figure 2, the input and output characteristics of four
identically constructed transistors are shown. In the cut-
off region, currents lower than 70 pA are detected. The
cut-off currents are slightly increased to common known
a-IGZO TFTs. This has no negative influence on the cre-
ated transimpedance amplifier. The transistors have
threshold voltages VTH in the range from 2.53 V to
2.77 V. Thus, enhancement mode TFTs are created by
the presented process. The measured effective field-effect
mobilities μ are ranging from 8.93 cm2/(Vs) to 10.05 cm2/
(Vs). The output curves ID(VDS) show that for VDS

greater than or equal to VGS the drain current ID satu-
rates. Under this condition the TFTs can act as diode
loads.

4 | PHOTOSENSOR LAYER
STRUCTURE

In Figure 3, the cross-section view of the layer structure
of the photosensoris shown. First, a dielectric layer
(150 nm SiOx) is deposited on the glass substrate to cre-
ate a buffer layer. In the future when the sensor and the
readout are manufactured on the same substrate, this
layer should separate the gold electrodes from the top
gate of the TFTs. Of course, a VIA at the right position is

FIGURE 1 Cross-section view: Enhancement mode dual gate

amorphous indium gallium zinc oxide thin-film transistor (a-IGZO

TFT) with a channel thickness h of 40 nm.
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needed to connect the sensor and the readout. Next a
double layer consisting of 20 nm chromium and 75 nm
gold is used as metal electrodes. The chromium acts as
adhesive layer. Because of the working function of gold,
Schottky barriers are forming between the gold electrodes
and the semiconductor. As photosensitive material a-
IGZO with a layer thickness of 140 nm is used.

Measurements with different thicknesses (Figure 4)
illustrate that with increasing thickness h, the response
time tRES(down) of the photosensors decrease. For
thicknesses h larger than 100 nm the response time
tRES(down) is in the millisecond region. The lowest mea-
sured value is 11.4 ms.

5 | PHOTOSENSOR
CHARACTERIZATION

The influence of UV light on the conductivity of a-IGZO
can be used to detect wavelengths lower than the semi-
conductor's bandgap. Metal–semiconductor–metal struc-
tures are one possibility to realize photodetector devices.
An MSM diode includes two Schottky junctions that are
connected back-to-back in series.6 Gold electrodes are
connected through a semiconductor channel with
100 μm width, 10 μm length, and 140 nm thickness. The
channel geometry has an influence on the dark current
and on the current under light exposure. Larger active
sensor areas lead to higher currents which can be
detected more easily. But with increasing size, the resolu-
tion of a possible sensor array is decreased. In Figure 5,
the I-V curves of four identical MSM-structures with and
without UV light exposure (385 nm) are illustrated. With-
out light exposure, the measured currents are below
0.27 nA. For every detector, the lowest current is mea-
sured for a voltage V of 0 V. The light exposure leads to a
current increase of 0.52 μA. The highest current I is mea-
sured at the voltage V = 20 V. In general, it can be seen
that with and without light exposure the current I
increases with rising voltage V. Theoretically, the detec-
tors are designed symmetrically, which should lead to
symmetrical I-V curves. Slightly deviations may be
caused by manufacturing imperfections, which lead to
different Schottky barrier strengths at the two electrode

FIGURE 3 Cross-section view: photosensor (metal–
semiconductor–metal [MSM]-structure) with an active

semiconductor geometry of w = 100 μm, l = 10 μm and thickness

h = 140 nm. The electrodes are realized by a chromium-gold

double layer.

FIGURE 4 Response time tRES(down) of metal–
semiconductor–metal (MSM)-structure photodetectors depending

on the semiconductor thickness h.

FIGURE 2 (A) Input characteristics ID(VGS) of dual gate
amorphous indium gallium zinc oxide thin-film transistors (a-IGZO

TFTs) with a channel width w = 10 μm, a channel length

l = 10 μm, and a channel thickness h = 40 nm. (B) Output

characteristics ID(VDS) for a gate-source voltage VGS = 10 V.
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semiconductor interfaces. The responsivity R = (ILIGHT–
IDARK)/P describes how strong the increase in the cur-
rent (ILIGHT: current under light exposure and IDARK:
dark current) is depending on the light power P on the
sensor.7 It is the conversion efficiency from optical input
into electrical output. The responsivity R depends on the
wavelength λ, light power P, voltage between the elec-
trodes V, and temperature T. In Figure 6 the dependency
on voltage V and light power P are shown. With increas-
ing voltage V, the responsivity R increases. It is expected
that at a critical voltage the semiconductor will be dam-
aged due to heating caused by the high current flow. In
contrast the responsivity R decreases for increasing light
power P. Furthermore, the created sensors have a detec-
tion limit, which represents the lowest light power that
can be detected. The highest measured responsivity
R = 120 A/W was taken at room temperature for a
voltage of V = 30 V and a light power of P = 3.5 nW
reaching the sensor. In comparison with standard
silicon-based photodiodes the sensors, show improved
responsivity.8 The noise equivalent power NEP is a com-
mon metric that quantifies a photodetector's sensitivity.9

It is defined as the input signal power that results in a
signal-to-noise ratio SNR of one per 1 Hz output band-
width. In Figure 7, the signal-to-noise ratio SNR depend-
ing on the light power P at an output bandwidth of 1 Hz
is shown. As expected, the SNR increases for increasing
light power P. Because of the chosen bandwidth of 1 Hz
the NEP value is equal to the light power P resulting in
an SNR of one. For the presented sensor, the extracted
NEP is roughly 0.2 nW/√Hz.

6 | SWITCHED CAPACITOR

In the temporal average a periodically switched capacitor
(SC) behaves like an ohmic resistance. One capacitor C

which is switched by four TFTs is shown in Figure 8. In
the presented manufacturing process, the needed capaci-
tors are realized by overlapping areas of the drain/source
layer with the top gate layer. The top dielectric (130 nm
SiOx) separates the metal electrodes of the capacitors.
The capacitor value can be calculated as C = ϵ0 � ϵr � A/

FIGURE 6 (A) Responsivity R depending on the voltage

between the electrodes V. A light power P = 3.5 nW is illuminating

the sensor. (B) Responsivity R depending on the light power on the

sensor P. The voltage V between the electrodes is set to 5 V.

FIGURE 5 I-V curves of the amorphous indium gallium zinc

oxide (a-IGZO) photodetectors with and without UV light exposure

(385 nm).

FIGURE 7 Signal-to-noise ratio SNR depending on the light

power P at an output bandwidth of 1 Hz.
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d,10 where A is the overlapping area of the metal layers,
dis the thickness, and ϵ0 � ϵr the permittivity of the dielec-
tric. Every cycle, the voltage on the capacitor is switched
from VSC to �VSC and back. Per cycle, a charge QSC = 4
C � VSC is flowing. In the temporal mean, this leads to a
current ISC = 4 C � VSC � fSC, respectively, a resistance
RSC = 1/ (4 � C � fSC).11 This illustrates that the resistance
RSC of a switched capacitor can be adjusted by the
switching frequency fSC. In Figure 9, experimental data
are compared with the theoretical curve. A good agree-
ment can be observed. Furthermore, the possibility to
create a resistance of up to 26.58 MΩ is proven. To realize
even higher resistances, it would be advantageous to use
lower capacitor values. The use of a switched capacitor as
feedback resistor in a transimpedance amplifier is benefi-
cial because the I-V conversion gain of the transimpe-
dance amplifier can easily be adapted to the strength of
the measuring signal.

7 | ALL-ENHANCEMENT TFT
OPERATIONAL AMPLIFIER

The discussed operational amplifier design consists of
19 enhancement mode TFTs and one capacitor
C = 10 pF.12–14 In Figure 10, the circuit diagram is pre-
sented. The geometries of all transistors are listed in
Table 1. Five different geometries are used. The opera-
tional amplifier design can be better understood if the dif-
ferent stages and their functions are discussed
individually. The input stage is a differential amplifier
(T1, T2, T3, T4, and T9). The output voltage of the differen-
tial amplifier is the amplified potential difference
between the two inputs Vin,+ and Vin,�. The needed bias
voltage to control the current source (T9) of the input
stage is created by an nMOS voltage divider (T5 and T7)
connected to the supply voltage. The second stage is a

differential to single stage (T6, T8, T10 and T11), which
converts the output voltage of the input stage into a sin-
gle signal. The next stage is an inverter realized by a pair
of transistors (T12 and T13), which acts as an amplifier.
With the help of a capacitor and a source follower (T14,
T15, T16 and T17), the frequency difference between the
first two poles is increased (pole splitting) which provides
the unity gain stability of the operational amplifier. As
output stage, a common mode amplifier is used. The out-
put stage (T18 and T19) should be able to drive a large out-
put current with a small output resistance. The Bode plot
of the presented operational amplifier design has been
simulated with the analog circuit simulation software
AIM-Spice.15 Therefore, the parameters of a-Si transistor
models were modified such that their characteristics
matching the produced enhancement mode a-IGZO tran-
sistors. The simulated Bode plot is illustrated in
Figure 11. In the simulation, the operational amplifier
has an open loop gain of 33.58 dB. The simulated cut-off
frequency fc is roughly 1 kHz, and the unity gain fre-
quency fug has a value of 73.6 kHz. At 221 kHz, a phase
shift of �180� appears. The phase margin PM is 100�.
The operational amplifier is intentionally designed with
such a high phase margin to ensure the unity gain stabil-
ity even if the transistor characteristics change slightly
due to production imperfections. The focus is on the crea-
tion of a stable feedback able operational amplifier more
than on creating an operation amplifier with a higher
gain-bandwidth product. In Figure 12, the measured
Bode plot of the fabricated operational amplifier is
shown. It can be seen that for frequencies f lower than
the cut-off frequency fc of 125 Hz, the operational ampli-
fier has an open loop gain G greater than or equal to
29.51 dB. At the cut-off frequency fc, the Gain G is
decreased by 3 dB from the maximum gain. A unity gain
frequency fug = 3.4 kHz can be determined. The phase
difference P between input signal and output signal is

FIGURE 9 Resistance of a switched capacitor RSC for

switching frequencies fSC between zero and 1 MHz. The capacitor

has a value of C = 1.4 pF.

FIGURE 8 Switched capacitor (SC) consisting of four dual gate

thin-film transistors (TFTs) with a channel width w = 10 μm and

channel length l = 10 μm and a single capacitor C = 1.4 pF.
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close to zero for frequencies f smaller than the cut-off fre-
quency fc. With increasing frequency f, the absolute
phase lag is increasing. At a frequency of 4.1 kHz, the
output signal is shifted by �180� from the input signal.
For higher frequencies, the negative feedback is becom-
ing a positive feedback. The phase margin PM of the
manufactured operational amplifier amounts to 30�. This
proves the unity gain stability of the operational ampli-
fier. It also shows the ability of the operational amplifier
to be operated as a TIA with a feedback resistance

between inverting input node Vin,� and output node
Vout. The measured amplitude characteristics show good
agreement with the simulation whereas the bandwidth is
decreased. The reason for this could be capacitances at
line crossings. These are not included in the simulation.
The biggest difference between simulation and realized
operational amplifier can be seen in the phase margin. In
the simulation, a phase shift of �180� is reached at
221 kHz. The real-life operational amplifier reaches this
point already at 4.1 kHz. This leads to a strong reduction
of the phase margin. Nevertheless, the operational ampli-
fier remains unity gain stable.

8 | TRANSIMPEDANCE
AMPLIFIER

To realize a transimpedance amplifier, the operational
amplifier is now combined with a switched capacitor
which acts as feedback resistor. The output voltage V of
the TIA is given by V = I � 1/ (4 � C � fSC). The I-V conver-
sion gain G and the phase response P of the TIA are

FIGURE 10 All-enhancement thin-film

transistor (TFT) operational amplifier circuit

design consisting of 19 enhancement mode

TFTs and a single capacitor C = 10 pF.

TABLE 1 Geometries of the TFTs used for the operational

amplifier.

w/l (μm) TFT no.

10/50 T5, T6, T10, T12, T16

10/40 T18

10/10 T7, T9, T2, T4, T15, T17, T19

150/10 T14

200/10 T1, T3, T8, T11, T13

Abbreviation: TFT, thin-film transistor.

FIGURE 11 Simulation: Gain G and phase P response of the

operational amplifier dependent on the frequency f.

FIGURE 12 Measured data: Gain G and phase P response of

the operational amplifier dependent on the frequency f.
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shown in Figure 13. For this measurement, C = 1.4 pF
and fSC = 2.5 kHz are used. Theoretically, this results in
an I-V conversion gain of �157.08 dBΩ. For frequencies f
smaller than 1 kHz, the measured values for G (�155.54
dBΩ) are close to the theoretical value. The small devia-
tion between the measured value and the theoretical one
can be attributed from the measuring uncertainty of
0.1 pF of the capacitor C. Moreover, the operational
amplifier has a finite gain. By an open loop gain of
G = 32.51 dB, the real transimpedance deviates by 2.30%
from the ideal case with infinite gain. The phase differ-
ence P between input current signal and output voltage
signal is around �180� as expected. For frequencies f
larger than 1 kHz, the absolute I-V conversion decreases
for increasing frequency. Additionally, the absolute phase
difference increases. Finally, a DC current with varying
strength was applied to the input of the TIA and the out-
put voltage was measured (Figure 14). A linear relation
between input current and output voltage can be
determined. With increasing input current, the output
voltage decreases linearly. This proves the functionality
of the transimpedance amplifier. An offset voltage

(input current I = 0 A) of 100 mV can be determined.
The reason for this voltage offset is either a mismatch of
the transistors T1 and T3 or T2 and T4 of the differential
amplifier stage. The coefficient between output voltage V
and input current I is �157.93 dBΩ. This corresponds to
a resistance of 78.76 MΩ. If the TIA is set up like this,
detection of currents in the nanoampere and picoampere
range is possible. This enables the presented TIA to oper-
ate as the readout of the created ultraviolet photosensors.

9 | COMBINATION OF
PHOTOSENSOR AND
TRANSIMPEDANCE AMPLIFIER

In the following, the results from the photosensor-
transimpedance amplifier combination are illustrated. A
voltage of 25 V is applied between the photosensor elec-
trodes. The TIA is again set up in such a way that it has a
I-V conversion gain G of �157.93 dBΩ. With this value
the current of the photosensor can be calculated from the
output voltage V of the TIA (Figure 14). The light source
was switched on and off with a frequency f of 0.1 Hz.
Figure 15 shows that if no light is hitting the photosensor,
a voltage of �0.27 V is measured. This corresponds to a
dark current IDARK of �3.21 nA. If ultraviolet light

FIGURE 15 Repeating sensing property of the sensor-readout

combination. The light source is switched on and off at a frequency

of f = 0.1 Hz.

FIGURE 13 Absolute I-V conversion gain G and phase P

response of the transimpedance amplifier in dependence on

frequency f.

FIGURE 14 Output voltage V depending on the input current

I of a transimpedance amplifier.
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(385 nm) is illuminating the sensor, the output voltage
increases to 1.95 V (sensor current: 24.76 nA). A response
time tRES(up/down) = 30 ms/25 ms can be determined.
In comparison with pn-junction diodes using silicon, this
value is quite high. The reason for this is the persistent
photoconductivity effect (PPC) known in a-IGZO caused
by hole trapping and the ionization of oxygen bonds lead-
ing to oxygen vacancies.16 If the light source would be
switched with a much higher frequency f, the voltage dif-
ference between on and off state will be decreased. The
sensor is not able to follow the light source fast enough.
These results clearly prove the possibility to measure ultra-
violet light and convert it with an on-glass transimpedance
amplifier to a robust voltage. The short distance between
photosensor and readout should lead to a good signal-to-
noise ratio since less electronic noise is picked up. The dis-
tance can be decreased to a few micrometers when the
sensor-readout combination is realized on one substrate.

10 | CONCLUSION

This paper presents the combination of a real-time photo-
sensor for ultraviolet light and the readout circuit manu-
factured on glass substrates based on a-IGZO
semiconductor technology. The photosensor is realized
by an MSM-structure consisting of gold electrodes con-
nected with a-IGZO. The readout of the sensor contains
an all-enhancement TFT operational amplifier with an
open loop gain G of 32.51 dB and a unity gain frequency
fug = 3.4 kHz and a switched capacitor with a temporal
mean resistance RSC of 78.76 MΩ. With this, the transim-
pedance amplifier has an I-V conversion gain G of
�157.93 dBΩ. This is enough to measure the current of
the photosensor. The functionality of the photosensor-
readout combination is proven, and a maximum
responsivity R = 120 A/W and a noise equivalent power
NEP = 0.2 nW/√Hz are measured for the photosensors.
A negative point of the created photosensors is the
response time tRES(up/down) of 30 ms/25 ms.

11 | OUTLOOK

Different photosensor structures and electrode material
should be tested, possibly improving the response time of
the photosensors. This parameter is not improved in
comparison with standard silicon-based photodetection
in the UV-range. Thinking of photosensor arrays, the
response time of one single sensor is a limiting factor for
the refresh rate. In the presented manufacturing process,
the photosensors are not encapsulated. Over time, the
properties of the semiconductor channel changes due to

environmental influences. To prevent this, a passivation
layer should be added to the layer stack. The electrical
readout can be upgraded by improving the operational
amplifier characteristics. The open loop gain can be
increased by using a depletion type transistor as load in
the common mode amplifier. A higher open loop gain
lead to a more precise current–voltage conversion. One
way to improve the bandwidth of the operational ampli-
fier is to reduce the overlap capacitances between gate/
source and gate/drain of the TFTs by using a self-aligned
production process. Realization of electrical readout and
photosensor on the same substrate should show superior
noise properties because the distance between sensor and
readout are only a few micrometers. Therefore, the pro-
duction of the photosensor should not influence the
underlying readout circuit. The production processes can
be changed such that the transistors and the photosen-
sors use the same semiconductor channel. This would
lead to a reduction of process steps and costs. A next step
would also be the realization of an analog-digital-
converter with a-IGZO TFTs, further improving the noise
robustness of the output signal.
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