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Serially connected tantalum and amorphous indium tin oxide for sensing the
temperature increase in IGZO thin-film transistor backplanes
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ABSTRACT

A temperature sensor embedded in an In-Ga-Zn oxide (IGZO) TFT was evaluated after fabrication
to facilitate monitoring of the temperature distribution on a thin-film transistor (TFT) array. Because
the proposed temperature sensor uses the same material as the TFT, no additional process or mate-
rial is required. Moreover, it can be used as a light shield layer because the temperature sensor is
located on a TFT. The temperature sensor used in this study was serially connected to indium tin
oxide and a metal. As the temperature increased to 120 °C, the output voltage of the temperature
sensor increased to 176.6 mV. The sensitivity, hysteresis, and repeatability were 0.85 mV/°C, 3.56 %,
and 0.04 %, respectively. The temperature sensor was integrated into an amorphous IGZO bottom-
gate TFT. The TFT exhibited a field-effect mobility of 8.2 cm?V—".s~" and threshold voltage of 5.2 V. As
the drain current increased from 300 pA to 1.1 mA, the temperature increased from 26 to 32.9 °C, and
the output voltages of the temperature sensor augmented from 66 to 76 mV. The integrated temper-
ature sensors enable us to measure the temperature distribution in a display panel and compensate
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forimage deterioration due to increased temperature.

1. Introduction

Liquid-crystal displays (LCD) and organic light-emitting
diodes (OLED) use thin-film transistors (TFTs) to drive
an active matrix. Several types of TFTs are used in display
backplanes, including low-temperature polycrystalline
silicon (LTPS), a-Si:H, oxide, and organic TFTs. Oxide
TFTs have higher mobility than a-Si:H TFTs, as well as
lower cost and simpler fabrication process than LTPS
TFT. Therefore, oxide TFTs are suitable for large-glass
flat-panel displays and other devices based on various
substrates [1-3].

In OLED displays, an increase in temperature typically
occurs when the current is increased. The increase in the
display’s temperature can cause degradation of the TFT
characteristics and reduced lifetime of the OLED display.
Therefore, to maintain the quality of the display, it is nec-
essary to monitor the temperature and control the rele-
vant signals to achieve optimal image quality. Nakashima
et al. reported a temperature sensor using a coplanar-top
gate n-type poly-Si TFT and proposed that temperature-
dependent off-current can be used in sensing the tem-
peratures from room temperature (RT) to 70 °C [4].

Chen et al. reported pixel-integrated temperature sensors
using low-temperature polycrystalline and oxide (LTPO)
TFTs in active-matrix OLEDs (AMOLEDs). They used
different off-current characteristics for p-type LTPS TFTs
and n-type amorphous In-Ga-Zn oxide (a-IGZO) TFTs
to sense the temperature distribution using 64 x 64
sensor arrays [5]. However, the threshold voltage shift of
TFTs due to bias and light illumination can cause errors
in temperature sensing [6].

Thermoelectric and thermocouple-type thin-film tem-
perature sensors have also been reported [7,8]. They
produce a temperature-dependent voltage owing to the
Seebeck effect. A thermoelectric temperature sensor
using indium oxide (In,O3) and platinum (Pt) was
reported, and was applied to a polyimide (PI) substrate
and showed a temperature sensitivity of 204.35 uV/°C [8].
An IGZO film has also been reported as a thermoelec-
tric material, and it was shown that the Seebeck voltage
increases with increasing temperature difference [9].

A temperature sensor using the temperature-
dependent resistivity of metal was also reported to mon-
itor the temperature on the display panel. It offers the
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advantages of low cost, process compatibility with the
display backplane, and good stability against bias and
light illumination. Lee et al. integrated a metal thermal
sensor into an LCD without any change in the process
and could measure temperatures from —10 °C to 80 °C
[10]. A complicated process is not required for thin-
film metal temperature sensors, and they can be made
using simple metal materials. The change in resistance
with the change in temperature is used to sense tem-
peratures, and a large temperature coefficient provides
high sensitivity. The metal film used for temperature
sensing was connected to an external reference resistor
for the measurements. After a voltage was applied, the
temperature-dependent voltage was measured at the con-
nected node. The voltage is determined by the ratio of
the sense metal resistance to the resistance of the refer-
ence resistor [10], which has the disadvantage of yielding
a sensing error when the reference resistance changes
owing to environmental temperature variation. There-
fore, a low-temperature coefficient resistor was used as
the reference resistor. Another way to measure the tem-
perature without the reference resistor is to measure the
voltage while forcing a constant current [11]. To over-
come this drawback, a metal temperature sensor without
an external resistor was proposed, in which two conduc-
tors with different temperature coefficients are used for
temperature sensing [12]. Temperature-dependent volt-
ages were measured at the junction of the two conductors
with a DC voltage applied to both ends of the sensor [12].

In this study, a temperature sensor with a metal and
indium tin oxide (ITO) was used because of the large dif-
ference in the temperature coeflicients between the two
materials. High-temperature post-annealing above 400
°C is necessary to obtain high-quality ITO, but the pro-
cess temperature was limited to 250°C because of the
IGZO TFT. Because the ITO was deposited at room tem-
perature, the ITO used in the temperature sensor on the
TFT is amorphous ITO [13,14].

Generally, oxide TFTs require a light shield because
the stability of an oxide semiconductor is easily influ-
enced by light illumination [15]. In display applications,
the stability of TFTs under bias/current stress is very
important in enhancing device reliability. Because most
light-induced instabilities are associated with structural
and coordination defects in the oxide channel layer,
many efforts have been made to reduce such defects and
enhance stability [16-19].

Minimizing the effects of light on oxide semiconduc-
tors is a key task that has been emphasized in the field
of oxide semiconductors. The use of light-shielding (LS)
layers is a typical solution proposed in several studies
to solve the photosensitivity problem of oxide semicon-
ductors [20,21]. The proposed temperature sensor can

be used for the LS layer because the metal used in the
sensor is opaque and formed on the TFT. The integrated
sensor on the TFT could monitor the heat generated
by the TFT. The a-IGZO used as the active material
of the TFT was deposited via RF magnetron sputter-
ing. The composition of each species is important in
achieving a high-performance a-IGZO TFT. The in-rich
IGZO TFT was reported to have improved mobility, up
to 53.0 cm2V~l.s71 and better stability [22,23]. In this
study, an In-rich target with an In:Ga:Zn atomic ratio
of 2:1:2 was used for IGZO deposition to achieve better
performance.

The temperature sensor was characterized prior to
its application to a TFT. The performance of the tem-
perature sensor was verified by measuring its sensitivity,
hysteresis, and repeatability. After the formation of the
temperature sensor on the TFT, the temperature depen-
dence of the TFT currents and the light-shielding effect
on TFT stability were investigated.

The temperature distribution measured by an inte-
grated temperature sensor array on a panel enables com-
pensation for image distortion or flickers by adjusting the
input image data. The proposed temperature sensor does
not require an external resistor and can be integrated into
a TFT array to implement a more accurate temperature-
monitoring system. Performance in measuring the heat
generation of the TFT array and the light-shielding effect
of the temperature sensor is discussed.

2. Experiment
2.1. Sample fabrication

Bottom-gate and bottom-contact (BGBC) a-IGZO TFTs
were fabricated, and a temperature sensor was fabricated
on the TFTs, as shown in Figure 1(a). A 200-nm-thick
Ta layer was deposited on the gate electrode using DC
magnetron sputtering. The gate layer was etched using
reactive ion etching (RIE). The RF power was 100 W,
etching time was 250 s, and the working pressure was 3
mTorr. SFg and Ar gases were used as the etching gases,
while the SF¢:Ar gas flow ratio was 40:10 sccm.

An Al,O3 gate insulator layer measuring 80-nm-thick
was deposited via atomic layer deposition (ALD). The
gate insulator was patterned by wet etching with phos-
phoric acid at 80 °C for 3 min for the contact hole to
the gate electrode. For the source and drain electrodes,
a 150-nm-thick ITO layer was deposited at room tem-
perature by RF magnetron sputtering using an ITO tar-
get with an In:Sn atomic ratio of 90:10 and patterned
by wet etching. An IGZO active layer with a thickness
of 30nm was deposited via RF magnetron sputtering
using a target with an In:Ga:Zn atomic ratio of 2:1:2. The
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Figure 1. Cross-sectional structure of (a) the fabricated In-Ga-Zn
oxide (IGZO) thin-film transistor (TFT) with a temperature sensor
on it and (b) a sample for evaluating the sensor with a heating
element.

RF power was 50 W and the process temperature was
250 °C. Ar:O; mixed gas was used with a flow ratio of
22.5:7.5 sccm.

The IGZO layer was patterned by wet etching using a
buffered oxide etch (BOE) solution diluted with water at
a ratio of 3000:1. The IGZO layer was post-annealed in
O3 at 250 °C for 1 h. An interlayer dielectric (ILD) was
spin-coated using a negative photoresist (SU-8 2000.5)
that measures 1-pm-thick. A 200-nm-thick Ta layer was
deposited by DC magnetron sputtering and patterned
by RIE with SFs. A 150-nm-thick ITO electrode was
deposited by RF magnetron sputtering and patterned by
wet etching with photolithography.

2.2. Sample for temperature sensor evaluation

To evaluate the reliability of the temperature sensor, a
sample was prepared by attaching a metal heating ele-
ment to the sensor, as shown in Figure 1(b). The metal
and ITO electrodes were formed on a heater in the same
manner as the temperature sensors were on the TFTs. An
ILD was spin-coated with 1-pm-thick SU-8 2000.5 insu-
lation to isolate the metal heater electrically from the tem-
perature sensor. A 300-pum-thick aluminium layer was
deposited on the ILD layer by DC magnetron sputtering
as the element heating layer.
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A total of 100 IGZO TFTs were connected in parallel to
achieve an effective width of 10 mm and length of 10 um.
Figure 2 shows an optical microscopic image of the tem-
perature sensor on a bottom-gate IGZO TFT. Figure 2(a)
shows each TFT and wiring before the temperature sen-
sor was manufactured, while Figure 2(b) shows the tem-
perature sensor manufactured on the TFTs. The I-V
transfer characteristics of the fabricated TFTs were mea-
sured in a dark box. The heat generated by the IGZO TFT
during current flow was measured using an integrated
thin-film temperature sensor. The thin-film temperature
sensor had three electrodes: Vi,, ground, and output at
the contact point between the two materials.

The conventional panel-integrated sensor is easily
affected by external environmental factors such as exter-
nal temperature and humidity. These factors can also
influence the important electrical properties (e.g. relia-
bility and accuracy) of both the sensor and panel. To
minimize external influences on the sensor, a novel tem-
perature sensor that does not require an external resistor
was proposed. Two different materials with different tem-
perature coefficients were required to implement the pro-
posed temperature sensor without an external resistor.
As mentioned above, the proposed temperature sensor
was fabricated and placed on the BGBC-structured IGZO
TFTs.

The measurement system was configured as a dark box
to avoid exposure to unwanted light. All measurements
were performed at room temperature. A DC voltage of
1V was applied to the temperature sensor to measure the
output voltage depending on the temperature. The gate
and drain voltages were controlled for heat generation in
the TFT. Temperature changes were measured using an
embedded thin-film temperature sensor and a forward-
looking infrared (FLIR) camera. The distance between
the FLIR camera and the heating element or a-IGZO
TFTs was approximately 10 cm.

3. Results and discussion
3.1. Temperature sensor evaluation

Several key electrical parameters were extracted to eval-
uate the electrical performance of the fabricated temper-
ature sensor and TFT. The main electrical parameters
were sensitivity, hysteresis for reliability, and repeata-
bility. To evaluate the performance of the temperature
sensor, an isolated temperature sensor was fabricated
using an aluminium heating element. The output volt-
age was measured while the source voltage was applied
to the aluminium heating element to increase the sensor’s
temperature.
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Figure 2. Optical microscopic images: (a) temperature sensor under IGZO TFT, (b) temperature sensor on IGZO TFT.

The resistance R of the metal changes according to the
temperature T and is given by Equations (1-3).

R = L = pM (1)
= Pp = P
p = po[l + (T — Tp)] (2)
L
M= Wb ®)

where p is the resistivity of the temperature-detecting
metal electrode, pg is the resistivity at standard tem-
perature Ty, and « is the temperature coefficient of the
metal electrode. L is the length of the electrode, W is the
width of the electrode, and D is the thickness of the metal
electrode.

The output voltage of the temperature sensor was mea-
sured and analyzed to evaluate the sensitivity, hysteresis,
and repeatability of the fabricated sensor. The tempera-
ture was measured by activating the heater on the temper-
ature sensor. When the temperature sensor was heated,
the output voltage (Vou) was measured with an applied
voltage (Vpp) equal to 1V, as shown in Figure 3. The test
range was selected to be 25-120 °C at intervals of 5 °C.
The linear fitting curve is shown as a red line. The exper-
imental results were slightly different from the theoretical
linear fit curve. The hysteresis of a sensor depends on the
state of the sensor and its history. Hysteresis is defined by
Equation (4).

Y2=nN

x 100 % FSO 4)
FSO

Hysteresis (%) =
where FSO is the full-scale output and the calculated
hysteresis is 3.56% FSO. In standard features, a stable sen-
sor has been described with a hysteresis value of 4.49%
ESO [21]. Less hysteresis than other typical temperature
sensors means that they are much more stable against
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Figure 3. Output voltages and linear fit curve of the proposed
temperature sensor.

the measurement history. Sensitivity is also an impor-
tant electrical parameter in evaluating the performance
of temperature sensors. The sensitivity of a sensor can be
defined as the minimum input of a physical parameter
(i.e. temperature) that creates a detectable output change
(i.e. output voltage). In general, the sensitivity of a sensor
is defined as the slope of its output characteristic curve.
Therefore, the sensitivity of the proposed temperature
sensor can be defined by Equation (5), and the extracted
sensitivity is 0.85 mV/°C.

A Vout
AT

Sensitivity (V/°C) = (5)
As shown in Figure 4, hysteresis analysis of the tem-
perature sensor was performed. To evaluate hysteresis,
the temperature sensor was measured in two different
ways. First, the output voltage of the sensor was measured
while increasing the temperature by using an aluminium
heating element. The output voltage was then remea-
sured while decreasing the temperature of the tempera-
ture sensor. Ideally, the difference between the heat-up
and cool-down measurements should be zero. Notably,
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Figure 4. Hysteresis of the proposed temperature sensor.
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Figure 5. Repeatability of the proposed temperature sensor.

almost no hysteresis was observed and no degradation
was observed in Vgyut.

The last key parameter for evaluating the proposed
temperature sensor was repeatability. Repeatability is
measured in a short time interval to verify the agree-
ment between values measured by the same people, in
the same place, in the same environment, and under the
same condition. To test repeatability, the same sensor was
measured three times, as shown in Figure 5. The mea-
sured repeatability of the proposed temperature sensor is
0.04 % FSO.

The extracted electrical parameters of the proposed
temperature sensor are summarized in Table 1 and com-
pared with those used in other studies. The rated sensor
did not exhibit the best performance. However, the pro-
posed sensor exhibited sufficient electrical performance
to validate this research. The higher sensitivity reported
in Ref. [21] is attributed to the bridge type, which pro-
vides a sensitivity two times higher than that of the
proposed type.

3.2. Characterization of a-IGZO TFT integrated with
a temperature sensor

The characteristics of the fabricated a-IGZO TFT with an
integrated temperature sensor were measured, as shown
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Table 1. Characteristics of the thin-film temperature sensor.

Proposed
temperature
Parameters sensor Ref. [8] Ref. [21]
Sensitivity 0.85 mv/°C 204.35 pv/°C 1.8 mV/°C
Hysteresis 3.56% - 4.49%
Repeatability 0.04% 1.35% 0.06%
Temperature Range 25-120°C R.T.-200 °C 30-100°C

W/L=10 mm /10 um
—V=0.1V
Vps=0.5V
—Vps=1V
—V,s=5V
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Figure 6. Electrical characteristics of the amorphous 1GZO
(a-1GZO) TFTs with a thin-film temperature sensor on it.
(a) Transfer characteristics and (b) output characteristics.

in Figure 6(a) and (b). The device exhibited a field-
effect mobility (upg) of 8.2 cm?V~1.s71 threshold volt-
age (Vry) of 5.2V, Ion/Iopr ratio of 8.4 x 10°, and
subthreshold slope (SS) of 0.52 V-dec™!. The extracted
mobility value was obtained from the drain current
equation in the saturation regime. TFTs have been man-
ufactured and demonstrated to exhibit correct behaviors,
even when embedded in temperature sensors. Results
showed that the a-IGZO TFTs were ready for use in a
display backplane with sufficient electrical properties.

Many studies have reported that the characteristics
of oxide TFTs are easily influenced by illumination. The
most commonly used solution for reducing it is to add an
LS layer using a metal or black matrix to block incident
light. In this study, the temperature sensor acted as the LS
layer, so an additional LS process was unnecessary.

To verify the LS effect of the temperature sensor,
positive-bias illumination stress (PBIS) measurements
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Figure 7. Positive-bias illumination stress of the a-IGZO TFTs.
(a) Drain current of the a-IGZO TFT without the light-shielding (LS)
layer and (b) drain current of the a-IGZO TFT with the LS layer.

were performed with and without the integrated tem-
perature sensor, as shown in Figure 7(a) and (b). TFTs
were measured at Vpg equal to 10 V with a stress time in
the range of 0-1200 s at 300 s intervals. The character-
istic change was reduced with the temperature sensor, as
shown in Figure 7(b), compared with the TFT without the
sensor (Figure 7(a)). The left shift of the threshold volt-
ages is a drawback of oxide TFTs, and its reduction has
been studied previously [24-26]. The temperature sensor
reduces the voltage shift by blocking the incident light.
The instability of oxide TFTs owing to light illumination
stress indicates the importance of the LS layer.

The TFT with the temperature sensor showed a lower
threshold voltage than the TFT without the temperature
sensor. Because the temperature sensor acts as a back
gate, it can affect the threshold voltage of the TFT. Fur-
ther research on the effect of voltage applied to the sensor
electrode is necessary.

The heat generated by the TFT current flow was
measured using the fabricated sensor-embedded TFT.

Figure 8(a) shows an optical microscope image of the
sensor-embedded TFT, where Vi, and Vy are the input
and output voltages of the temperature sensor, respec-
tively. The input voltage to the temperature sensor was
1V, while the output voltage was measured to sense the
temperature from the heat generated by the TFT. The
drain, gate, and source are the electrodes of the TFT
under the temperature sensor.

The drain currents of the TFT were increased by
increasing the drain bias at a constant gate voltage of
20 V. As the current increases, the temperature of the
TFT increases as a consequence of heat generation. The
increased temperature was measured using an FLIR cam-
era and a temperature sensor integrated on the TFT.

Figure 8(b)-(f) show the temperatures measured
using the FLIR camera. No noticeable increase in tem-
perature was observed at a low drain voltage of 5V, as
shown in Figure 8(b). At a drain voltage of 13V, the tem-
perature increased to 29.8 °C, as shown in Figure 8(c).
The temperatures increased from 29.8-32.9°C when the
drain voltage increased from 13 to 20V, as shown in
Figure 8(c)-(f). The drain current increased to 1.1 mA
at a source—drain voltage of 20V, which resulted in a
temperature increase in the transistor to 32.9 °C.

The measured temperatures, output voltages of the
temperature sensor, and drain currents are compared in
Figure 9. As the drain current increased from 300 pA to
1.1 mA, the temperature increased from 26 to 32.9 °C,
while the output voltage of the temperature sensor
increased from 66 to 76 mV. The increased TFT tempera-
ture was sensed well by the temperature sensor integrated
at the top of the transistor, as summarized in Table 2.

This demonstrates the applicability of the integrated
temperature sensor for monitoring the temperature dis-
tribution on a panel, which enables one to compensate
for image distortion by temperature non-uniformity. The
display uniformity and performance depend on the tem-
perature distribution. Local heating on the backplane
results in an increase in temperature, which consequently
increases brightness. A conventional temperature sen-
sor added to the backplane checks a certain point on
the backplane. The proposed sensor structure can be
used to monitor the temperatures from pixel to pixel by
matrix driving on each sensor. Therefore, pixel temper-
ature monitoring is possible as well as TFT threshold

Table 2. Temperature sensor embedded TFT.

Temperature Sensor Temperature Range 25-120°C
Output Voltage 66.2-176.6 mV
a-IGZO TFT Mobility 82 cm?v—1.s7!
SS. 0.52V-dec™!
V1 5.2V
lon/lofr ratio 8.4 x 100
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Figure 9. Measured output voltages of the temperature sensor
and FLIR temperature according to the IGZO TFT currents.

voltage and mobility sensing in the external compen-
sation of an OLED. The sensed temperature, threshold
voltage, and mobility can be used to adjust the input data
signal for uniform display.

4. Conclusion

In general, a temperature sensor that uses the change
in the resistance of a metal according to temperature
requires an external reference resistance. In this case,
a sensing error occurs because the external reference
resistance changes with the ambient temperature. A tem-
perature sensor made of serially connected ITO and Ta
was used to detect the heat generation of the TFT based
on the different temperature coeflicients of the two met-
als. Because the proposed temperature sensor does not
require a separate external resistance, it can be integrated
into a pixel with reduced sensing error.

Because the materials used are the same as those used
in the process of fabricating a display backplane, the
proposed temperature sensor can be integrated without
additional processes or materials. By integrating it into
a pixel, the metal of the temperature sensor can also be
used as an LS layer, which can reduce the light-induced
instability of oxide TFT.

The integrated temperature sensor on the TFT mea-
sured the increased temperature of the TFT with
increased drain currents. The measured temperature of
the fabricated IGZO TFT under the temperature sensor
was 32.9°Cat Vpg = 20 V. Asthe drain current increased
from 300 pA to 1.1 mA, the temperature increased from
26 °C to 32.9 °C, and the output voltage of the tempera-
ture sensor increased from 66 to 76 mV. The integrated
temperature sensors enable us to measure the tempera-
ture distribution of a display panel and compensate for
image deterioration due to increased temperature.
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