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ABSTRACT: Real-time thermal sensing on flexible substrates could
enable a plethora of new applications. However, achieving fast, sub-
millisecond response times even in a single sensor is difficult, due to
the thermal mass of the sensor and encapsulation. Here, we fabricate
flexible monolayer molybdenum disulfide (MoS,) temperature
sensors and arrays, which can detect temperature changes within a
few microseconds, over 100X faster than flexible thin-film metal
sensors. Thermal simulations indicate the sensors’ response time is
only limited by the MoS, interfaces and encapsulation. The sensors
also have high temperature coefficient of resistance, ~1—2%/K and 0 0.3 0.6
stable operation upon cycling and long-term measurement when they m Time (ms)

are encapsulated with alumina. These results, together with their

biocompatibility, make these devices excellent candidates for biomedical sensor arrays and many other Internet of Things
applications.
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ast and accurate thermal measurements are needed in fabricated by a recently developed direct transfer technique.'®

biomedical applications,"” wearables,” robotics,* environ- The sensors exhibit high TCRs of ~1—2%/K between 27 and
mental monitoring,5 and safety-critical machine management.6 120 °C and a stable response after a thin (~35 nm) alumina
Hence, realizing temperature sensors on ultrathin, conformal, encapsulation. Furthermore, we determine a thermal time
and flexible substrates is important to allow for improved constant of <36 us (limited by our integrated Ti/Pd
interfacing with biological tissue such as skin,' and it simplifies microheaters), which is >100X faster than previously shown
the integration in disposable packaging (e.g., for food flexible thin-film metal sensors." We also realize 4 X 4 arrays of
monitoring)5’7 or tight spaces in machines or electronic our MoS, temperature sensors to demonstrate the feasibility of
components (e.g, power electronics).® Furthermore, some this material and integration approach for temperature
applications require high spatial resolution and mapping of mapping,

Figure la summarizes the device fabrication process. First,

temperature in real time:” for example, arrays of micrometer-
continuous monolayer MoS, films are grown on SiO,/Si by

scale temperature sensors could be used on electronic skin,"
to detect skin'! or breast'> cancer at an early stage or to chemical vapor deposition (details are given in refs 19 and 20).

observe local infections that can occur during wound healing Before the films are transferred to flexible substrates, Au metal
(e.g, after surgery). > contacts are deposited and the MoS, film is patterned. Then, a
Recently, low-dimensional materials such as graphene and ~5 pm FhiCk flexible polyimide (P1) subst-rate is sp in.—coated on
carbon nanotubes have become popular candidates for flexible to-p . This ensures a very smooth MoS, interface with th.e PL,
temperature sensors with good sensitivity."”> However with a surface roughness of ~0.4 nm (Supplementary Section 2
) ) . . ! in ref 18). MoS, and Au both have low adhesion to SiO,,
emerging two-dimensional (2D) semiconductors such as

molybdenum disulfide (MoS,) have been largely unexplored which enables a simple release in deionized (DI) water while

for such applications. Prior works on MoS, have indicated

promise due to its biocompatibility'® and high temperature Received:  April 3, 2022
coefficient of resistance (TCR),17 but its real-time sensing Revised:  July 3, 2022
performance and potential for array integration remain Published: July 28, 2022
unknown.

In this work, we demonstrate flexible monolayer MoS,
temperature sensors on thin (~5 um) flexible substrates
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Figure 1. Flexible monolayer MoS, temperature sensors. (a)
Schematic of the fabrication process and sensor structure. Optical
images of (b) the flexible substrate with sensor arrays and (c) a single
resistive sensor, encapsulated with alumina. The dashed line marks the
outline of the MoS,, and the different colors can be attributed to
different thicknesses of Au below MoS,.

they are supported by the flexible PL'® Finally, devices are
encapsulated with ~35 nm thick Al,O; and holes for probing
are formed. The monolayer MoS, has good crystallinity with a
grain size of tens of micrometers, and the quality is preserved
throughout the fabrication process.'® " (Transistors fabri-
cated on the same substrate as our sensors display good
mobility up to ~20 cm® V™' s7', as shown in Figure S1.) In
Section S4 in the Supporting Information, we briefly discuss
how different MoS, qualities may affect sensor behavior, and
additional details of our fabrication and release process can be
found in refs 18 and 21. Figure 1b,c displays optical images of
the flexible PI substrate and a temperature sensor after
fabrication, respectively. The mechanical flexibility of similar
device stacks (but with MoS, transistors) was evaluated in
detail in ref 18, where it was found that the thin PI substrate
enables bendability to a radius of 4 mm and below.

During our initial electrical characterization, we found that
the microscope light, used for probing the contact pads, led to
some charge generation and trapping that persists even after
the light was turned oft. This caused a baseline drift of our
sensors, which vanished after repeated measurements (see
Figure S2) or after annealing at 120 °C for 15—20 min. Thus,
we performed all subsequent measurements in the dark, in air
after an initial annealing as specified above. We used two-point
measurements for the sensors, and their electrical character-
istics are dominated by the MoS, channel properties rather
than any contact effects due to micrometer-scale channel
lengths and a comparatively low contact resistance (Rc) with
Au contacts (see Figure S4).18’22

Figure 2 presents a comparison of the sensor responses
before and after the Al,O; encapsulation. We applied a
staircase-like temperature sweep from 27 to 85 °C with 30 s
hold time at each temperature. It is apparent that the
conductance in uncapped sensors (Figure 2a) is still increasing
even after the temperature has already settled at its operating
point, while it is stable for the sensors capped with Al,O;
(Figure 2b).

The continued increase in conductance of uncapped devices
after heating can be attributed to the interaction of the MoS,
surface with air and moisture, which typically requires several
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Figure 2. Real-time sensing performance before and after sensor
encapsulation with ~35 nm of Al,O;. Conductance vs time for (a) an
uncapped and (b) a capped sensor with a width W = 20 ym and a
length L = 10 ym biased at voltages V = § and 1 V, respectively. There
are seven temperature steps, at 27 and 35 °C and then in 10 °C
increments up to 85 °C. The temperature steps are ramped at 150
°C/min, and then the temperature is held for 30 s at each point. (c)
Extracted differential temperature coefficient of resistance (TCR) and
(d) activation energy E, averaged over five sensors. Error bars denote
the standard deviations. Legend: blue circles, uncapped; red squares,
capped.

minutes to settle.”’ In contrast, a capping with ~35 nm ALO,
is sufficient to passivate the MoS, surface and stabilize the
sensor response, now perfectly following the programmed
temperature ramp of the heater (stability of over ~2 h, as
shown in Figure S3). In fact, Al,O5 is known to be an excellent
barrier for gas diffusion”* and has commonly been used for
passivation in flexible electronic devices”® because dense and
high-quality films can be obtained at low temperatures*® that
are compatible with flexible plastic substrates.”” For future
application in aqueous or humid environments, the Al,O;
passivation could also be applied on the back side of the PI
substrate to prevent water vapor diffusion through the PI
film.”**®* We also note that the conductance of the sensors
increases by ~50X after Al,O; encapsulation, which can be
attributed to the removal of oxygen and water from the
surface”” in addition to the n-type doping effects of
alumina.*

We also estimate the differential TCR and activation energy
E, (see Section S8 in the Supporting Information) by taking
the resistance difference immediately before and after the
heater stage setting is changed (~4 s for a temperature change
of 10 °C) to avoid capturing the slower effects visible for
uncapped devices. We find that the absolute TCR and E, are
higher before encapsulation, which indicates that the Fermi
level is deeper inside the band gap, as is the case for lower
doping. We analyze the conduction mechanism of sensors after
encapsulation and deduce that space-charge limited current is
present, a common mechanism in lightly doped semi-
conductors (see Section S9 in the Supporting Information
and Figure $5)." We also find there are growth-to-growth
variations affecting the nonlinearity of the current—voltage
characteristics and E,, indicating differences in doping density:

e.g,, from variations in sulfur vacancy concentrations (Figure
S 6) 31,32
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Figure 3. Investigation of sensor response time with integrated microheater structures. (a) Schematic of the metal microheater on top of the
temperature sensor. Optical images of (b) the whole structure and (c) the magnified active area with the heater and sensor. (d) Sensor response
upon pulsed actuation with the heater. The red dashed lines represent fits with exponential functions (see Section S11 in the Supporting
Information). The average thermal time constant 7, of the heater is 35 + 2 us. The sensor rise and fall 7y, values are 36 & 2 and 29 + 2 us,
respectively. We measured five heater—sensor pairs of this geometry to obtain these averages and standard deviations. (e) Enlargement of the
transient heater current. (f) Schematic of the thermal simulation. Ry, and Ry, are the thermal (interface) resistances. (g) Simulated response for a
heater with 74, = 35 us (left) and a step function (right). (h) Benchmarking of flexible temperature sensors. Most sensors have a response time of
between 0.1 and 10 s. Thin-film metal sensors have shown the fastest response times down to few milliseconds but generally have a low TCR. Our
flexible monolayer MoS, sensors have a reasonably high TCR of ~1.5%/K and ~100X faster response time in comparison to the fastest metal

temperature sensors.

We further investigate the response time of our flexible
MoS, temperature sensors by fabricating thin metal micro-
heaters (Ti/Pd 3/37 nm) on top of the Al,O; passivation layer
(Figure 3a—c). We apply a negative voltage pulse with an
amplitude of V,, = —1.5 V, a period of 1 ms, and a 50% duty
cycle to the heater while the sensor is direct-current biased
with the voltage V = 2 V. We apply a negative V, to avoid
accidentally “turning on” the MoS, sensor under the metal
heater, because such CVD-grown MoS, devices are n-type and
in a transistor configuration they turn on with positive gate
voltages.'¥*>**?**> In Figure 3d, we observe that the MoS,
sensor current increases when the heater is pulsed, which
indicates that the heating dominates. (See additional
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discussion and data in Section S11 in the Supporting
Information.) The sensor is very stable to such pulsed heating,
as shown by 1000 cycles in Figure S7. We also obtained similar
results with a U-shaped heater without any vertical overlap
with the MoS, active area, where heat needs to spread laterally
to reach the sensor and any possible gating effects are
eliminated (Figure S8).

By fitting exponential functions (Section S11 in the
Supporting Information) to the heater and the sensor currents,
we find that the thermal time constant of the microheater is 7y,
& 35 us and the sensor responds with 7y & 36 us when it is
heated and then recovers with 75 &~ 29 us. Such heater time
constants are common for thin-film metal structures, and the
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Figure 4. Flexible monolayer MoS, temperature sensor arrays with sensors dimensions of W = 20 ym and L = 3 ym. (a) Optical images of a 4 X 4
sensor array including an enlargement of active sensing region. The concentric feature is a visual artifact from attaching the flexible sensor to a
silicon substrate for microscope imaging. Spatial distributions of (b) conductance, (c) temperature coefficient of resistance (TCR), and (d)
activation energy E,. The axis labels represent each sensor index, from 1 to 4. The sensor pitch is ~60 um in the horizontal direction and ~100 ym

in the vertical direction.

initial heater current transient shown in Figure 3e (within the
first 0.1 ms) can be associated with the positive TCR of the
metal.*> Hence, we can conclude that the heater limits the
thermal transients in the system and that the intrinsic speed of
our MoS, temperature sensors is much faster.

The thermal time constant of an individual MoS, monolayer
(~0.615 nm thick) is less than 1 ns, as determined by
molecular dynamics simulations.”* However, the response time
of our sensors is limited by the PI substrate, the Al,O;
encapsulation, and the thermal resistances of the various
material interfaces. To estimate this intrinsic response time of
our temperature sensors, we perform thermal simulations
(Section S3 in the Supporting Information). We built a 2D
cross-sectional structure of our sensors with all involved
materials, including their thermal properties and boundary
conditions (Figure 3f). Initially, we applied an exponential
signal to the heater mimicking the experimental conditions (7,
= 35 us) and found good agreement in the simulated and
experimental sensor time constants (Figure 3g, left). Then, we
changed our simulated heater temperature rise to a step
function and observed the delay of the simulated sensor
response. This indicates that our flexible MoS, sensors should
be able to react to temperature changes within a few
microseconds (Figure 3g, right). Note that a lateral heater
offset slightly slows down the sensor response, because this
requires additional lateral heat spreading, as confirmed by
experiment and simulations in Figure S8. On the other hand,
applying heat at the bottom of the PI substrate would slow
down the response time to ~0.5 ms (see Section S12 in the
Supporting Information).

Next, we compare the absolute TCR and response time of
our devices to those of other flexible temperature sensors
(Figure 3h). Many temperature sensors based on carbon
nanomaterials (CNM), inks, and composite materials have
been investigated with strongly varying TCR values and
relatively slow response times of typically between 0.1 and 10's.
Similar results can be found for semiconductor thin films and
other types of devices such as temperature-dependent gate
dielectrics in field-effect transistors (FETs).”> The fastest
response times for CNMs and semiconductors have been
found for poly(vinylidene fluoride)/reduced graphene oxide
nanocomposite films (11 ms)*® and NiO nanoparticles (50
ms),”” respectively. On the other hand, thin-film metals have
shown faster response times down to 4.2 ms' but exhibit a
limited TCR of ~0.2-0.3%/K on the basis of their less
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sensitive mechanism of temperature dependence (electron—
phonon scattering”). Our atomically thin monolayer MoS,
temperature sensors on 5 ym PI are ~100X faster than other
flexible temperature sensors on the basis of our experiments
(limited by the Ti/Pd microheaters), and we estimate that
their intrinsic speed is another order of magnitude higher,
through simulations. Table S1 summarizes all literature
associated with the data shown in Figure 3h.

Finally, we fabricate and analyze flexible MoS, temperature
sensor arrays to investigate their suitability for future
applications that require spatial mapping of temperature.
Figure 4a displays a 4 X 4 array of flexible MoS, temperature
sensors after fabrication. The color maps in Figure 4b—d
illustrate the conductance, TCR, and E, distributions,
respectively, revealing that a 100% yield can be reached with
this fabrication and transfer process and that any variation
between sensors appears to be random rather than systematic.
At the same time, the 16-sensor array does feature one outlier
with higher absolute TCR and E, values in comparison to the
other sensors (see Figure S11 for the sensor distributions
visualized as bar charts).

In summary, we demonstrated flexible monolayer MoS,
temperature sensors and arrays with high temperature
coefficient of resistance of ~1—2%/K on S pm thin polyimide
substrates. All materials used here are biocompatible,"***~**
and our temperature sensitivity estimations indicate a
suitability for future biomedical applications such as skin or
breast cancer detection'"'” and wound healing,"* but we note
that other use cases may require sensitivity improvements
(Section S15 in the Supporting Information). Furthermore, we
experimentally determined that the response time of these
sensors is <36 us and our simulations suggest values down to
few microseconds, at least 100X shorter than those of other
flexible temperature sensors. A fast detection of temperature
changes is important to allow a real-time readout in large-scale
arrays and, for example, to detect microsecond temperature
spikes in power electronics to prevent device failure.*’ Overall,
these results pave the way for ubiquitous real-time temperature
sensing with atomically thin semiconductors, such as MoS,.
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Section S1: Device Fabrication

The fabrication and transfer process has been described in detail in our recent work including
additional analysis of MoS; material and structures before/after transfer.! Here, the temperature
sensors have been fabricated based on the same approach as described briefly in the following:
First, monolayer MoS, was grown by chemical vapor deposition onto SiO»/Si substrates with
methods described in detail elsewhere.” * Then, 45 nm thick Au contacts were electron-beam
evaporated at a rate of 0.5 A/s and patterned via optical lithography and lift-off. The lift-off process
is described in detail in ref. [1]. Next, the MoS; was patterned by reactive ion etching using CF4:02
gas at a flow ratio of 50:10 sccm (power: 100 W, pressure: 30 mTorr, time: 30 s). This was
followed by an in situ surface cleaning with O> plasma (power: 20 W, pressure: 10 mTorr, gas
flow: 40 sccm, time: 30 s), where the MoS, active area remained protected by photoresist.
Afterwards, contact leads and pads were electron-beam evaporated (Au/Ti, thicknesses: 60/5 nm,
deposition rates: 0.5/0.1 A/s), and patterned via optical lithography and lift-off. Then, 5 um thick
polyimide (PI) (PI-2610, HD MicroSystems) was spin-coated on top, baked hot plates at 90 °C
and 150 °C for each 90 s, and subsequently cured in a nitrogen oven at 250 °C for 30 min. After
that, the Au and MoS; features, embedded into PI, were simply released by actuation in deionized
water as described in ref. [1].

After transfer, the MoS; surface was passivated by first electron-beam evaporating a 1.5 nm
aluminum seed layer (rate: 0.2 A/s) and then thermal atomic-layer deposition (300 cycles,
precursors: trimethylaluminum and water) at 200 °C leading to a total thickness of ~35 nm. Finally,
the contact pads were opened by aluminum etchant at 40 °C (J.T. Baker Aluminum etch 16-1-1-2,
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etch time: 13 min). The photoresist mask for the contact pad etch was defined by optical
lithography on the released polyimide as described previously.* This concluded the temperature
sensor fabrication. For the integration of microheaters on top of the temperature sensors
(Figures 3, S8), we performed one additional optical lithography step and lift-off to pattern 3/37
nm Ti/Pd (electron-beam evaporated at rates of 0.1/0.5 A/s) on top of aluminum oxide.

Section S2: Electrical measurements

Temperature profiles with Linkam stage: We characterized the temperature sensors by mounting
a Linkam stage (model THMS600 with T95 system controller) to a probe station in ambient air
and performed measurements in the dark. For the staircase temperature measurements shown in
Figure 2 we programmed steps of 27, 35, 45, 55, 65, 75, 85 °C with a hold time of each 30 s and
a ramp rate of 150 °C/min (when the temperature changes). The temperature of the stage settles
quickly without any noticeable overshoot, as visible for the sensor response in Figure 2b. For the
current-voltage sweeps in Figure S5a, we instead held the temperatures constant for ~5 min before
running the measurement. The electrical data were collected with a Keithley 4200 system using
source-measure units.

Microheater measurements: The samples were measured on a probe station in ambient air and in
the dark. We used pulse-measure units on a Keithley 4200 system to perform the synchronized
measurements of heaters and sensors.

Section S3: Numerical simulations

We performed 2D transient electro-thermal simulations using COMSOL™ Multiphysics with the
device geometry shown in Figure 3f. The input transient temperature pulse accountable for the
temperature rise in the simulation is defined by an exponential function with a time constant of
35 ps obtained from our experimental measurement or as a step function (see Figure 3g). As
indicated in Figure 3f, we have placed the heater vertically aligned on top of the sensor in the
simulation which represents a heater right on top of the sensor similar to our experimental setup
with a meander heater. For our U-shaped heater geometry (Figure S8), we instead used a lateral
offset in the 2D simulation with a distance of 500 nm from the Au contacts which represents the
experimental situation. The simulation domain takes all material electrical (resistivity, p) and
thermal characteristics (thermal conductivity, k) as well as the thermal boundary resistances (TBR)
present at the material pair interfaces as the main input parameters. The thermal conductivities of
the materials used in the simulations and the thermal boundary resistances (TBR) of material pairs
are detailed elsewhere (see Supplementary Table 1 in our prior work!). Reasonable estimates are
assumed in the case of parameters not directly reported in the literature.

We assumed isothermal boundary condition at the bottom interface of the PI substrate at 7= 300 K.
On the outer circumference open boundary conditions were assumed, so that the heat can flow out
of the domain (at 7 = 300 K) or into the domain. At the top boundary, a convective heat flux
boundary condition was assumed conforming to the device measurement condition (ambient air).
I um thick PI was used in the simulation because the temperature profile already reaches room
temperature within a depth of a few hundred nanometers in the PI.



Section S4: Field-effect transistor characteristics
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Figure S1. Characteristics of a Ti/Pd top-gated MoS: field-effect transistor fabricated within the
same process as the temperature sensors with Ti/Pd microheaters. The Al>O3 capping layer acts as
gate dielectric. The characteristics are comparable to prior work.! (a) Transfer characteristics at
two different drain-source voltages V'ps. The high Ip on/off ratio and low hysteresis indicate good
quality of MoS; and its interfaces. (b) Extrinsic field-effect mobility urg.ext as a function of Vs.

Figure S1 confirms good quality of the MoS; used in this study consistent with prior works.!"
Here, we discuss how the quality may impact the sensor behavior. The crystallinity and grain size
will have an influence on the transport mechanism. We have determined ohmic and space-charge
limited current (see Section S9), which have an Arrhenius temperature behavior and require
sufficient degree of crystallinity for band-like transport within MoS:. In contrast, a large number
of grain boundaries (e.g., in nanocrystalline material) and high defect density could lead to
different conduction mechanisms like variable range hopping,>® which have a different
temperature dependence. High defectivity would also lead to higher overall resistivity, which
could influence sensitivity as discussed in Section S15. However, small crystal grains could reduce
variability in arrays because the number of grain boundaries will be statistically averaged.
Differences in doping of MoS: will also affect the conduction mechanism and thus temperature
coefficient of resistance (TCR).®” The thermal time constant of the sensors is not expected to be
affected by material quality because the thermal properties of the overall device are dominated by
interfaces and packaging.



Section S5: Drift after illumination with the microscope light
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Figure S2. Drift after illumination with microscope light. (a) Current vs. time in a temperature
sensor at room temperature where the light was switched on for ~50 s as indicated in yellow. The
recovery to similar current levels takes ~15 minutes. (b) Measurements in dark right after the
microscope light was switched on and off for probing the sensor. There is a large baseline drift for
the first measurement. The horizontal lines indicate that similar current levels are reached for
cooling down compared to heating up of the heater stage for the third measurement. We allow for
longer times for the cooling because the cooling rate (passive) is much slower than the heating rate
(active). As discussed in the main manuscript, the drift can also be eliminated by an initial 15-20

min anneal at 120 °C after probing. W, L denote the width and length of the sensor, and V' the
applied voltage.

Section S6: Sensor current stability
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Figure S3. Current vs. time for a measurement over >2 hours where the temperature of the heater
stage was changed multiple times between 27 °C and 36 °C (hold time each 20 min). ¥, L denote
the width and length of the sensor, and V' the applied voltage.



Section S7: Channel vs. contact contributions to the device resistance
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