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Abstract— Contact-controlled devices, such as source-
gated transistors (SGTs), deliberately use energy barriers at
the source, and naturally, the positive temperature depen-
dence (PTD) of drain current can be utilized for temperature
sensing. We exploit the difference in drain current activation
energy, which arises with contact doping in polysilicon
n-type contact-controlled transistors, to demonstrate out-
put current with either a PTD or negative temperature depen-
dence (NTD). The range over which output current varies
linearly with temperature, as well as the sensitivity, can be
tailored by the choice of reference current magnitude and
relative source contact properties within the current mirror.
The sensing scheme simplifies the circuit design because
it relies solely on thin-film transistors and it has inherent
immunity to output voltage variation. This ability to tune the
sign of temperature dependence allows facile integration
in applications requiring homeostasis via feedback, e.g.,
electronic skin, in a minimal layout area and potentially with
convenient reduction of patterning steps during fabrication.

Index Terms— Activation energy, analog circuits, Schot-
tky barrier, temperature dependence, temperature sensor,
thin-film transistor (TFT).

I. INTRODUCTION

EMERGING flexible electronics, such as smart skin [1] or
multimodal sensing [2], typically integrate a temperature

sensing element, e.g., thermistor, with circuits comprising
thin-film transistors (TFTs) [3]. In some cases, functional
materials are incorporated in the TFT architecture itself, e.g.,
pyroelectric gate insulator [4].

While such sensors require uniform and reliable perfor-
mance [2], the same is required of any adjunct circuit com-
prising TFTs [5], which have to withstand the challenges of
low-cost manufacturing to become commercially viable [6].
Contact-controlled TFTs, such as source-gated transistors
(SGTs) [7]–[10], on the other hand, have many features that
allow it to stand out as a candidate device for developing
compact sensing circuits. Some of its benefits include tolerance
to bias and mechanical stress [11]–[13], high gain with absence
of kink effect [8], and, crucially, uniformity of operation with
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respect to material defects [14] and imprecise manufacturing
processes [12]. Hence, SGTs, and related contact-controlled
devices [15], would be highly suited to emerging flexible
and/or disposable sensing technologies.

By engineering energy barriers at the source contact, SGTs,
and other TFTs that comprise source energy barriers [15]–[19],
naturally can be used to sense temperature [19]–[21], due
to the positive temperature dependence (PTD) of drain cur-
rent. However, linearity and sensitivity of the output current
can be enhanced by exploiting contact-controlled architec-
tures with different temperature dependencies [22]. SGTs
[Fig. 1(a) and (b)], for example, either have a small or
large PTD resulting from the dominant charge injection
process [23], [24]. Consequently, SGT current mirrors can
be designed to not only provide PTD but also to deliver an
output current with negative temperature dependence (NTD)
[22]. NTD functionality is usually obtained through a change
in resistance of negative temperature coefficient thermistors
and has various uses in sensing [25], [26]. However, like
many other devices in thin-film fabrication, difficulties with
integration restrict many “real product” applications [2].

We have previously shown how PTD and NTD can be
generated by SGT current mirrors with differing source–gate
overlap, S [22]. Here, we show an alternative method for
creating devices with different activation energies and, hence,
distinct behavior of the drain current with temperature.
We demonstrate how these functional characteristics contribute
to obtaining PTD or NTD in compact two-transistor tempera-
ture sensing circuits.

II. EXPERIMENTAL METHODS
Low-temperature polysilicon (LTPS) SGTs

[Fig. 1(a) and (b)] were fabricated in a self-aligned, bottom
gate, top contact process. Cr was used to realize a Schottky
barrier, with a 5-keV BF2 implant to modify the height of
the energy barrier, in the source window, before deposition
of the contact metal [Fig. 1(a)]. Here, a concentration of
1 × 1013 cm−2 and 7.5 × 1013 cm−2 was used to further
raise the contact barrier, creating devices that will be referred
to as low and high contact doping, respectively. The drain
region was made Ohmic with a high P implant. Device
geometry is identical to ensure that temperature behavior is
solely attributed to the contact doping and includes: 200 nm
of SiNx and 200-nm SiO2 gate insulator, 40-nm LTPS, width
= 50 µm, source–gate overlap S = 2 µm, and source–drain
separation d = 6 µm (see [27] for full process details).

Devices and circuits were measured with a Keysight
B2902A source/measure unit (SMU) connected to a
Wentworth probe station with a temperature-controlled chuck.
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Fig. 1. (a) Cross section schematic of a self-aligned LTPS SGT with BF2
barrier modification implant at the source contact. (b) Photomicrograph
of a typical LTPS SGT.

Current mirrors were created by using a six-probe setup, with
either the device with high or low contact doping as the input
transistor. Reference currents of Iref = 2, 3, and 4 µA were
applied to the input transistor via the SMU for temperature
sensing measurements.

III. RESULTS AND DISCUSSION

A. SGT Characterization
A comparison of output characteristics [Fig. 2(a) and (b)]

for two identical LTPS SGTs, which only differ in source
contact doping, shows, as expected, that a lower contact doping
concentration results in higher drain current. Both devices
show saturation characteristics indicative of source pinchoff
by their very low saturation and minimal dependence on drain
voltage VD [8], [27].

These output curves are characteristic of contact-controlled
transistors and are advantageous for energy-efficient circuit
operation. The early saturation behavior of SGTs would be
particularly beneficial for applications where supply voltages
are limited, e.g., the Internet of Things (IoT) devices.

The transfer characteristics in Fig. 2(c) shows that the
transistor with the high contact doping has, in fact, a lower
temperature dependence of drain current. This is verified by
the activation energy plot in Fig. 2(d) and warrants a separate
investigation. The effect could be attributed to interfacial
damage, partial dopant activation, or influence of minority
carriers due to significant band bending.

The dissimilar activation energies for charge injection at the
source electrode [Fig. 2(d)] result in saturated drain currents
with positive, but different, variations with temperature. Due
to the high output impedance of SGTs, drain current does
not vary significantly with VD across the temperature range.
Here, activation energy was initially measured at VD = 5 V
and, 183 days later, at VD = 3 and 10 V. The behavior
is practically identical with only small variations in chuck
temperature contributing to the discrepancies.

B. Temperature Sensing With SGT Current Mirrors
When transistors are used in current mirrors, the gate-to-

drain connection of the input transistor imposes a minimum
current limit for correct current copying (i.e., VG = VD

cannot be negative). Enhancement mode operation would be
preferred, and however, the depletion-mode devices used here
to demonstrate the general operating principle.

Current copying performance is shown in Fig. 3(a) and (b)
for current mirrors in which the input transistor [M1, see
inset of Fig. 3(b)] is chosen as either the device with high or
low contact doping. Previously, we have shown that current
mirrors using identical SGTs have exceptional current copy-
ing performance and show no temperature dependence [22].

Fig. 2. Output characteristics for SGTs with BF2 implant of
(a) 1 × 1013 cm−2 (low doping) and (b) 7.5 × 1013 cm−2 (high doping).
Both devices share the same geometry with source–gate overlap S =
2 µm. VG = 0–20 V, step 2 V. (c) Transfer characteristics of the devices
showing the difference in drain current ΔI for two temperatures T when
the transistors are connected in a current mirror configuration with a
reference current Iref = 3 µA. (d) Activation energy in saturation showing
the device with the higher contact doping has a lower activation energy.
Measurements for VD = 3 and 10 V were taken 183 days after VD = 5 V,
demonstrating long-term repeatability. In the expected operating regime
in the current mirror configuration, VG decreases with temperature and
does not exceed 10 V for Iref = 3 µA.

For temperature sensing, we can exploit differences in temper-
ature behavior of each device to provide output current with
PTD [Fig. 3(a)] or NTD [Fig. 3(b)].

This effect correlates to the previously shown operation of
circuits implemented with SGTs in which the mismatched
temperature dependence is realized by varying source–gate
overlap S [22]. The approach shown here can be implemented
with devices of minimal feature size and may be advantageous
in cases where area is limited. In such cases, tuning of barrier
properties would be a preferred route (e.g., pixels in high-
resolution sensing arrays). One possible application with strict
areal requirements would be display and signage, as in-pixel
temperature sensing is a desirable feature [28] and autonomous
compensation exploiting NTD might be of value.

To obtain a PTD, the device with the lower activation energy
should receive Iref (M1). As temperature increases, the two
SGT’s VG decreases to maintain Iref flowing through M1,
but M2’s higher activation energy results in a net increase
of its drain current, even as VG reduces [Fig. 3(c)]. From
the measurements, the temperature sensitivity of output cur-
rent (TSOC) was calculated at +1.19, +1.18, and +0.82%K−1

for 2, 3, and 4 µA, respectively, for this combination. The
results in Fig. 3(c) indicate that the optimum range for sensing
(where the curve is linear) can be tuned for low or high
temperatures by driving M1 with lower or higher Iref, respec-
tively. The range over which linear response to temperature
is achieved is bound by the operating conditions of M1 and
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Fig. 3. Current mirror output current dependence on reference current
with (a) high-to-low and (b) low-to-high contact doping of SGTs as M1 and
M2, respectively, in the circuit (inset). Depending on the current mirror
configuration, output current with (c) PTD or (d) NTD can be generated.
In both PTD and NTD current mirrors, the sensing range, as well as the
resolution, can be tuned via Iref.

M2. Specifically, both devices are required to be working
in saturation (which translates to a minimum gate voltage,
and implicitly drain current, for the diode-connected transistor
M1) and above threshold (to ensure that the drain current is
determined by the pinched-off area at the source). It should
be noted that, since the gate voltage of M2 decreases with
temperature in this configuration, the output current will have a
lower temperature dependence than if M2 were to be operating
at a constant gate voltage, e.g., VGS = 0 V for this depletion-
mode device.

The versatility of the schematic manifests in the ability
to produce NTD with unipolar devices. To achieve NTD,
the two transistors are swapped. M1 now has the higher
activation energy, requiring a relatively large reduction of VG

with temperature to keep its drain current constant. M2 now
has a comparatively lower temperature dependence, so its
increase of drain current with temperature cannot compensate
for the reduction in its gate voltage, thereby creating a negative
temperature coefficient of output current [Fig. 3(d)] with a
TSOC of −1.06, −1.01, and −1.07%K−1 for Iref = 2, 3,
and 4 µA, respectively. Again, a higher Iref translates the range
of linearity toward higher temperatures.

For PTD, output current changes by 17, 20, and 33 nAK−1

for Iref = 2, 3, and 4 µA, respectively, whereas NTD demon-
strates a higher resolution of 30, 48, and 45 nAK−1. This
increased sensitivity for NTD is a consequence of device
operation. For the same geometry and gate bias, high and low
activation energy devices have different drain currents. This
leads to distinct absolute changes, while relative variations
with temperature are similar.

Fig. 4. Output current for Iref = 3 µA is largely independent of output
voltage, an advantageous feature that SGTs possess over other Schot-
tky barrier TFTs. Designing such devices to operate in enhancement
mode would allow for lower gate voltage operation (<3 V), suitable for
energy-constrained IoT applications.

As the required bias voltage is lower for reduced Iref, the
circuits are capable of operating below VG = 5 V, in a tem-
perature range suitable for human body temperature sensing,
among other applications in which the range of interest is
relatively constrained. For example, NTD with Iref = 2 µA
requires VG = 4.12 V at T = 308 K and reduces to 2.99 V at
312 K. In addition, the SGT’s robust performance under bias
stress [20] would allow for continuous temperature monitoring
and feedback.

Finally, both PTD and NTD circuits provide output currents
that do not vary with supply or load voltage, due to the
high output impedance of SGTs (Fig. 4). It is likely that
conventional TFT implementations would require cascoding
and higher operating voltages to offer comparable power sup-
ply regulation. In principle, designing these SGTs to operate
with a low positive threshold voltage would lead to low
supply voltage operation (e.g., VDD < 3 V), an attractive
proposition for sensing circuits in distributed or autonomous
IoT applications.

The principles outlined here translate to other contact-
controlled devices [15], as well as to different means of
barrier engineering in diverse materials [17]–[19], [29], with
applications in unsupervised temperature-dependent control,
such as homeostasis. Here, the ability to produce an output
current that decreases with temperature would lead to smart
systems beyond display technology [28]. For example, smart
therapeutic systems [30]–[32] integrated into wound dressings
to maintain an optimum healing environment [33].

The circuit presented here is optimized for human core
temperature measurement. However, contact doping, geometry,
and reference current are design parameters with which to tune
the temperature range of interest as well as resolution. Hence,
these compact circuits capable of both PTD and NTD output,
and realized with unipolar devices for low-cost manufactur-
ing, would benefit highly functional autonomous temperature
sensing systems, particularly for healthcare solutions.

While the use of doping to modify source contact activation
energy is effective, consideration needs to be given to process
cost and complexity. To simplify implementation, a process
may be chosen in which one of the two transistors within
the mirror circuit has an undoped rectifying contact. In this
case, several processing steps may be combined, for example,
field-relief structures definition and contact doping through the
same contact window in top-contact LTPS SGTs [34].
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IV. CONCLUSION

We have demonstrated a compact implementation of ver-
satile temperature sensing circuits based on unipolar polysil-
icon TFTs. In this realization, the temperature dependence
is achieved by using SGTs of identical geometry but with
different charge injection activation energies.

This method complements our previous solution in which
the source injection area was altered to create devices with dif-
ferent temperature behaviors. Changing relative device geom-
etry is likely to be preferred in most implementations, due
to reduced processing steps. However, tuning the respective
source contact properties of transistors with minimal feature
size may find uses in arrays where area reduction is a strict
priority.
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