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In this Perspective, recent literature on field-effect transistors based on emergent semiconducting
materials, including metal-halide perovskites, conjugated polymers, and small-molecule organic
semiconductors, is analyzed in terms of electric power and power density reached in transistors'
channel during their measurements. We used an in situ IR imaging to directly obtain the surface
temperature distribution of biased devices under the experimental conditions commonly used in the
literature. It is shown that at such conditions, the semiconducting channel would be resistively self-
heated to significant temperatures, easily in excess of 150 °C. This implies a non-equilibrium device
operation, possible materials’ degradation, parameter drift, and, in the best-case scenario, a non-room-

temperature mobility extracted from such measurements. We show that this problem is rather common
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in various subfields represented in the literature, indicating that paying attention to the biasing
conditions in transistor research and monitoring the local temperature of the semiconducting channel
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Studies of field-effect transistors (FETs) based on emergent semi-
conducting materials,"® including metal-halide perovskites,**
organic semiconductors,'>** layered inorganic materials, such as
transition metal dichalcogenides, graphene and others,"®*® nano-
crystal arrays and nanowire/tube networks,'>* as well as metal
oxides,”* are important for our understanding of the basic
charge transport properties of these materials and developing
novel applications. However, in a number of studies, rather
extreme biasing regimes were exploited in thin-film transistor
(TFT) measurements of soft lattice metal-halide perovskites and
organic semiconductors without addressing the potential issues
related to very high local Joule heating and electric fields generated
in the semiconducting channels (for details, see Tsable S1, ESIY).

In this Perspective, we employed an in situ infra-red (IR)
imaging of biased resistive thin films to directly address the
problem of local Joule heating (a rise of the active material’s
temperature, 7) under some of the typical biasing conditions
used in exemplar studies summarized in Table S1 (ESIT). In
particular, there is a group of representative papers, in which
both Joule power and power density reached in the TFT
measurements were very high (lines 1-9 of Table S1, ESIf).>*?
In our tests, we applied the Joule power density on the lower

“Dept. of Physics & Astronomy, Rutgers University, 136 Frelinghuysen Rd,
Piscataway, NJ 08854, USA. E-mail: bruevich@physics.rutgers.edu,
podzorov@physics.rutgers.edu

b Dept. of Mechanical & Aerospace Engineering, Rutgers University, 98 Brett Road,
Piscataway, NJ 08854, USA

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d4tc02612h

17802 | J Mater. Chem. C, 2024, 12,17802-17806

end of the range covered in these representative papers to
ensure that we probe the lower bound of the associated
temperature rise. To be experimentally specific, we emulated
as closely as possible the totality of the experimental conditions
(including the sample geometry, resistance, applied power,
power density, substrate, etc.) used in a recent study of hybrid
perovskite TFTs.>** As shown in this Perspective, common
issues with device characteristics (nonlinearities, hysteresis,
instabilities, fluctuations, etc.) and thus complications with
the carrier mobility extraction encountered in the literature
(see, e.g., a recent report over a study performed at similar
biasing conditions),>® might be partially associated with the
run-away heating effects.

Fig. 1 below shows the results of these thermal imaging
experiments. The source video of the test is available as a
Supplementary movie file (ESIt). In order to reproduce the
reported measurement conditions, we used a commercially
available thin-film chip resistor (a metal film deposited on a
small, flat ceramic substrate, package 0402) of resistance R =
1 kQ. The area of the resistive film is comparable to the channel
area, A, of the reported TFTs (A = channel length x channel
width = 0.2 x 1 mm?). In our setup (Fig. 1a or Supplementary
video, ESIt), the resistor is firmly glued film-down to a smooth
oxide surface of a silicon wafer similar to those used in ref. 25—
33 (a 0.6 mm-thick single-crystal Si wafer with a thin layer of
thermal SiO,), ensuring a direct thermal contact between the
active film and the substrate. Note that the size of the Si
substrate (10 x 10 mm?®) in our case is much greater than the
dimensions of the sample. The resistor is electrically connected

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Thermal imaging of a surface temperature distribution of a biased resistive film on a Si wafer closely emulating the experimental conditions of H.
Zhu et al.® (for detailed parameters, see line 1in Table S1, ESI+). (a) A photograph of a small thin-film resistor chip thermally anchored to a square piece of
a large silicon wafer (10 x 10 mm?) and wired to a power source. (b) A screenshot from the thermal video taken right after the device has been powered
up (the higher the local temperature, the brighter the color). The full video, recorded with an IR camera, is available as a Supplementary movie file (ESIT).
(c) Temporal temperature profiles, T(t), calculated from the thermal video in the three regions outlined with the rectangles in panel (b): the resistive thin-
film device itself (black), a small region of the substrate close to the device (red), and a larger region of the substrate far from the device (green). The
temperature is averaged over the area of each rectangle. An electric bias, generating some of the lowest power density (200 W cm~2) among the Ppax
values reached in the representative TFT studies,?>~>* was applied at the time marked by the vertical red dotted line and then turned off at ~22 s. The
sample's prompt heating rate (~350 °C s~ was determined by a linear fit of the initial heating region of the black curve (near the red dotted line).

to a power source with 44 AWG tin-coated copper wires that are
soldered directly to the resistor’s contact pads located on the sides
of the ceramic chip, such that these contacts do not interfere with
making a good physical contact of the resistive film with the wafer.
To induce Joule heating of the resistive film not greater than that
in the representative papers (lines 1-9 of Table S1, ESIT),>>* we
have applied some of the lowest P;,,,, among the values reached in
those studies, Ppa = 200 W cm ™2 In some of the studies we
examined, significantly greater Py, was apparently reached (for
detailed parameters, see Table S1, ESIt). Py, in TFTs is defined as
the product of the source-drain voltage, Vps, and the maximum
source-drain current, Ips ", reached during the recording of a TFT’s
transfer curve (typically corresponding to the maximum gate
voltage, Vgs), divided by the channel area, A = L-W:">°
max
P = [Vos| - |75 1 )
A

During the test, we imaged our sample from the top with an
infrared thermal camera Micro-Epsilon ThermoIMAGER
TIM640 (15 degrees, f = 41.5 mm, default emissivity 0.880)
capturing a video of the in situ temperature distribution along
the surface of the sample and the substrate (all exposed non-
metallic surfaces are imaged). Based on the tabulated emissiv-
ity of the imaged materials, the accuracy of these temperature
measurements is estimated to be about 10%.

Fig. 1b is a screenshot from a video of the surface tempera-
ture distribution of the biased device. The detailed temporal

This journal is © The Royal Society of Chemistry 2024

profiles, 7(¢), calculated from the full video (Supplementary
movie file, ESIT) are shown in Fig. 1c. The local temperature is
calculated by averaging the data in the three regions outlined in
Fig. 1b with the rectangles: the device itself (black curve),
a small region of the Si/SiO, substrate close to the device
(red curve), and a region of the substrate far from the device
(green curve). It can be seen from Fig. 1c or the Supplementary
video (ESIt) that right after the excitation current is applied, the
resistor heats up very quickly, reaching temperatures well above
100 °C in a fraction of a second (at a rate of ~350 °C s~ '), and
then rapidly heating up further, to >150 °C. The temperature
of the substrate (Si/SiO, wafer) also increases rapidly and
significantly: its temperature near the sample goes up to
~80 °C (red curve in Fig. 1c). These observations confirm a
good thermal contact between the active film and the Si wafer
in our experiment. Importantly, even if we conservatively
assume that the thermal contact between the resistive film
and the wafer in our test were poor, improving it could only
lead to an even higher temperature of the substrate. In this
sense, the substrate’s temperature in the vicinity of the sample
gives the lower bound for the temperature of the sample itself
regardless of the quality of thermal contact. Combined with the
facts that thermal mass of the substrate in our control experi-
ment is much greater than that of the resistive film, and
thermal conductivity of heavily doped Si wafers is very good,
we likely underestimate the temperature of the sample. Also,
the calculated Joule power and its density are direct

J. Mater. Chem. C, 2024, 12,17802-17806 | 17803
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consequences of Ohm’s and Joule’s laws. Therefore, once the few
essential experimental parameters, such as Vps, Ips, L and W,
are given in a paper, those indicators of a potential overheating
of the sample can be unambiguously calculated and become
relevant, irrespective of a specific TFT channel material.

Thus, our demonstration unambiguously shows that the
Joule heating of the semiconducting films in the TFT measure-
ments under high biases reported in ref. 25-33 must be very
significant, with the local temperature of the channel that can
easily increase from room temperature all the way to > 150 °C.
Such measurements certainly cannot be portrayed as room-
temperature, continuous (steady-state), reproducible TFT opera-
tion. Such conditions would inevitably bring the sample out of
thermal equilibrium with the setup/ambient. Interestingly, our
results are quantitatively consistent with the temperature rise
due to Joule heating estimated in strontium tin oxide thin films
using an all-electrical pulsed measurement technique.’” The
detrimental effects of heating will be especially harmful in the
most important high-current region of TFTs’ transfer curves.
Such a biasing regime cannot be considered safe or reliable
when studying semiconductors whose properties might be tem-
perature dependent. Furthermore, possible issues with the
material degradation, parameter drift, or chemical and struc-
tural modifications (due to, e.g, an ionic drift or electro-
chemistry), known to occur in perovskites or disordered organic
semiconductors under such measurement conditions, could
have an impact on the reported results and conclusions. As
compared to conventional inorganic semiconductors, emergent
soft-lattice electronic materials, including metal-halide perovs-
kites and organic semiconductors,*®**" are not expected to be
very stable structurally,"> morphologically,** or electrically (on
bias stressing),” especially at 7 > 150 °C. Although some of
these materials might be annealed at the fabrication stage,
applying a very strong electric bias simultaneously with unin-
tended and uncontrolled heating in TFT measurements could be
much more detrimental to these devices than merely thermal
annealing. The applied electric bias in TFT measurements in the
papers analyzed in Table S1 (ESIf) is indeed very strong. For
example, in the study of hybrid perovskite TFTs by H. Zhu
et al,* an average longitudinal electric field applied during
the transfer curve measurements was Eps = Vps/L = 2 kV cm ™!
(line 1 of Table S1, ESIt). Given the fact that those are saturation
regime measurements, the local electric field in the pinch-off
region of the hybrid perovskite channel must have been even
higher. The authors explicitly report their measurements as a
steady-state, room-temperature TFT operation.
However, it remains unclear how the detrimental effects of
self-heating, including the likely material’s degradation, were
mitigated, as none of these issues were addressed.

It must be noted that, while we have chosen the specific
biasing conditions similar to those in a few papers,>° the
problem we have outlined seems to be pervasive in the TFT
literature. Indeed, similarly strong or sometimes even stronger
biasing is used with various delicate materials, including con-
jugated polymers with P, ~ 400-750 W cm >, small-

molecule organic semiconductors with Ppa ~ 2-7 kW cm ™2,

continuous,
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and two-dimensional fused aromatic networks with P, ~
10 kW cm 2 (for details, see Table $1, ESIt). To put these values
in perspective, the following comparison might be useful: (a) the
working surface of a typical household clothes iron emits about
0.36 W cm ™ > during the full-power operation; (b) the integral (over
the entire electro-magnetic spectrum) power density emitted by our
sun at its surface is Py, x 6.4 kW cm %* and (c) the power
density of a CO, laser beam in industrial laser cutting machines,
sufficient to cut (or engrave) thin sheets of plastics, wood or leather,
is in the range Pigercutter = 3-10 kW em™2.*®> To make matters
worse, besides the extremely high power densities, some of the
studies also reach very significant absolute powers, Wy,.x = |Vps|-
|5, in the channel of their TFTs in the range 0.2-0.4 W
(Table S1, ESIt), which is very high for small devices based on
delicate thin-film materials.

Finally, we would like to discuss the limitations of eqn (1)
that defines the theoretical maximum power density in a TFT
channel, as it assumes zero contact resistance (Reon¢ = 0). Given
the expression for the transistor’s source-drain current in the

.. . w .
limit of zero contact resistance, Ips = IVDso'g, where o is

the sheet conductivity of the channel per square (in Q1)
eqn (1) leads to:
Pmax =

LW L) 8 2)

Vos| - 158" _ (Vi)

where o = eunpax is the maximum channel conductivity

reached at the highest carrier density n,,.x corresponding to
imax

Ips™, 1 is the charge carrier mobility in the channel, and e is the
elementary charge. Thus, in the limit of short-channel devices

. . 1
(L — 0), the above theoretical P,,,, diverges as T The actual

(local) Joule power density, Pf,ﬁ‘ax, generated in the channel does
not diverge, because it will inevitably become limited by the
contact effects as L — 0. Indeed, when Ry is not negligible in

. . . L
comparison with the channel resistance, Ry, = o7 W the

actual voltage drop on the semiconducting channel, Vpg,
should be smaller than V7y:
R h
Vie = Vpg—n . 3
DS P Rch + Rcont ( )

Thus, P2, generated in the channel of such devices can be
expressed as:

2 2
h ‘VDS| | maX| Vs max Ren
peb = 1TDsIT DS | (DS )" e (L Reh )7y
L-W L Rch + Rcont

The contact effects that typically become relatively more
significant in short-channel devices will be limiting the voltage
drop along the channel, thus also limiting the local Joule power
density generated in the semiconducting film. Nevertheless,
because shrinking the device’s length inevitably places the
contacts in a closer proximity to the semiconducting channel,
any heat generated in the resistive contacts can be easily
transferred to the channel and vice versa, so that, with L — 0,
the net heat (generated by both the channel and the contacts) is

This journal is © The Royal Society of Chemistry 2024
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released in an increasingly smaller volume of the sample. Thus,
parameter Pp,.x given by the simple eqn (1) is a sufficiently
strong indicator for potentially serious problems: high P,y
could mean that the channel has been significantly over-heated
during the TFT measurements, unless (a) special measures
were undertaken to efficiently cool the devices, or (b) the
reported devices were long-channel TFTs with highly resistive
contacts. If such unusual long-channel yet contact-dominated
TFTs are reported (case b), one has to pay attention to the
reported carrier mobility. Indeed, while the local power density,
Pcnﬁ‘ax, generated in the channel of such devices might be
reduced due to the contact effects (Pffl‘ax < Ppax), o should
be the two-probe TFT mobility, u. This suggests that the
reported u in such devices cannot be too high. Hence, publica-
tions reporting an unusually high (for a given material) two-
probe TFT mobility, in which the power density Py, estimated
by eqn (1) is also very high, are especially concerning. As one
can see from Table S1 (ESIt), there are many such reports. In a
nutshell, with a high P,,,, one cannot simultaneously have a
high two-probe TFT mobility 4, yet argue that the contact effects
have prevented overheating of the semiconducting channel.

Given the above considerations, a more direct and physically
meaningful parameter is the local temperature, T, of the
semiconducting channel that governs the physical properties
of the material and largely defines the device characteristics.
The local T is the result of a balance between the rates of heat
generation and dissipation and thus depends not only on Py,
but also other experimental parameters and conditions, includ-
ing the type and size of the substrate, the net absolute applied
power (in watts), cooling efficiency of the substrate, the lateral
channel dimensions in comparison with the substrate’s thick-
ness and size, how fast TFT measurements are carried out (the
gate voltage sweep rate), etc. In the majority of papers reporting
TFT measurements at extreme biasing conditions, including
those reaching very high P,,.,, the gate voltage sweep rates or
device heat management efforts are not mentioned.

For instance, in very short-channel devices (when the chan-
nel length is much smaller than the thickness of the substrate,
L « d), the TFT channel can be approximately considered to be
in contact with a semi-infinite space of the substrate material,
which would allow a radial heat dissipation into the substrate
in any direction within a solid angle of 2n. On the contrary, for
longer channel devices (L 2 d), the heat must first flow
vertically into a thin substrate and then propagate away later-
ally through it, which would limit the cooling rate. In addition,
in short-channel devices, the heat generated in the channel can
be more efficiently removed via the metal contacts due to their
proximity to the channel, provided that the contacts are suffi-
ciently thick and are well thermally anchored. Thus, the natural
heat dissipation in short-channel devices is expected to be
somewhat better.”® Therefore, seeing a very high P, in
normal-to-long channel devices with a high reported TFT
mobility is especially alarming. For example, in H. Zhu
et al.,” the TFT channel is not short at all (L ~ d), meaning
that the power density Pp.. & 200 W cm > estimated via
eqn (1) is close to the actual local power density in the channel.

This journal is © The Royal Society of Chemistry 2024
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To conclude, a number of recent studies of transistors based
on emerging electronic materials, carrying out measurements
under extreme biasing conditions, could have been affected by
a significant increase of the local temperature of the semicon-
ducting channel, possibly leading to materials’ degradation,
parameter drift, or nonlinearities that in turn could lead to
errors in the extracted charge-carrier mobilities. At the very
least, the mobilities reported in those studies are most certainly
not room-temperature mobilities. We have clearly demon-
strated this problem here (using the experimental conditions
similar to or milder than those in the representative ref. 25-33)
by performing an in situ IR imaging of electrically biased
resistive channel, indeed confirming a rapid increase of the
local temperature of such devices to well above 150 °C. This
Perspective emphasizes the need for restricting the power and
power densities applied in TFT measurements, along with a
concerted and well-documented effort on device heat manage-
ment (cooling) and in situ monitoring of the local temperature
of devices in such experiments.
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