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Abstract— Gate-all-around (GAA) MOSFETs use multiple
nanowires (NWs) to achieve target ION , along with excellent
3-D electrostatic control of the channel. Although the self-heating
effect has been a persistent concern, the existing characterization methods, based on indirect measure of mobility and
specialized test structures, do not offer adequate spatiotemporal
resolution. In this paper, we develop an ultrafast high-resolution
thermoreflectance (TR) imaging technique to: 1) directly observe
the increase in local surface temperature of the GAA-FET
with different number of NWs; 2) characterize/interpret the
time constants of heating and cooling through high-resolution
transient measurements; 3) identify critical paths for heat
dissipation; and 4) detect in situ time-dependent breakdown of
individual NW. Combined with the complementary approaches
that probe the internal temperature of the NWs, the TR-images
offer a high-resolution map of self-heating in the surround-gate
devices with unprecedented precision, necessary for the validation
of electrothermal models and the optimization of devices and
circuits. In addition, we develop the simple compact model of the
complex structure, which can explain experimental observations
and can provide the internal temperature of the NWs.
Index
Terms— Gate-all-around
(GAA),
MOSFETs,
nanowire (NW), reliability, self-heating, thermoreflectance (TR)
measurement, variability.

I. I NTRODUCTION

M

ULTIGATE devices, such as FinFET, gate-all-around
FETs (GAA-FETs) improve 3-D electrostatic control of
the channel, but the corresponding increase in self-heating may
compromise both the performance and the reliability. Although
the self-heating effect (SHE) of FinFET appears significant,
but tolerable [1], the same may not be true for the GAA
geometry [2], [3], especially in quasi-ballistic regime where
hot spots and nonclassical heat-dissipation pathways may lead
to localized heating and damage to gate insulators.
Over the years, a number of self-heating characterization
techniques have been developed. The electrical methods,
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such as four-terminal gate resistance [4], ac output conductance [5], [6] pulsed-I –V methods [7], [8], have been
devised to characterize temperature in the channel (TC ).
Briefly, the four-terminal gate resistance method uses a
specialized test structure to monitor changes in the gate
resistance (RG ) due to the self-heating. The temperature
dependence of RG is first calibrated by monitoring the change
in RG as a function of substrate (chuck) temperature, TB .
Subsequently, as the channel self-heats during the normal
operation, one obtains the channel temperature by assuming
that RG (TB ) = RG (TC∗ ). Note that the substrate heating is
homogenous, but the self-heating is not; therefore, TC∗ may
not equal TC exactly. Other electrical characterizations, such
as ac output conductance and pulsed I –V methods, rely on
the difference between the electrical and the thermal timeconstants to determine TC . After all, the electrical response is
almost instantaneous and power dissipation can follow highfrequency input signal; on the other hand, thermal response
is slower and depends on heat dissipation pathways. In general, these electrical techniques are somewhat indirect due
to complicated calibrations necessary to convert changes in
electrical parameters (e.g., resistance and mobility) to the
channel temperature. The most important limitation is that they
rely on signals integrated over nanowires (NWs) and cannot
provide spatially resolved temperature distribution necessary
to analyze failure mechanisms in transistors and optimize heat
dissipation in an IC.
In contrast, optical characterization methods, such as
infrared (IR) thermography [1], [9-11], micro-Raman [12],
and others, can map the spatial distribution on the surface
temperature (TS ) [13], [14]. The spatial resolution for each
method is defined by the diffraction limit (λ/2), which makes
IR thermography inappropriate to characterize quasi-ballistic
sub-100-nm GAA transistors. Other optical methods involve
scanning, as opposed to imaging; the spatial resolution is
high, but the methods are unsuitable to characterize transient
heating and cooling. The optical technique to be discussed
in this paper, namely, thermoreflectance (TR) imaging, offers
a compromise: submicrometer wavelengths of various illumination sources (∼400–800 nm) offer higher resolution compared with IR techniques, and large-area imaging enables
mapping of transient heating and cooling at submicrosecond
time-scales [15]–[17]. The NW-resolved temperature maps
allow one to establish the dynamics of degradation of each NW
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TABLE I
D ESCRIPTION OF THE S AMPLES (L ch = 70∼80 nm, AND WNW = 30 nm)
U SED IN T HIS PAPER [18], [19]

Fig. 1.
(a) A schematic of an InGaAs GAA NW n-channel MOSFET.
(b) SEM image of parallel NWs. (c) Side view: STEM image of the cross
section of the InGaAs NWs. (d) Top view: SEM image of the parallel InGaAs
NWs. The images are taken from [18].

as a function of time. Eventually, TS must be mapped back to
TC for predictive modeling; therefore, optical techniques must
be complemented by the electrical characterization within a
self-consistent modeling framework for predictive modeling
of the implications of self-heating on the performance and the
reliability of the GAA and the FinFET transistors.
This paper is organized as follows. We first develop in
Section II an ultrafast, the high-resolution TR imaging technique to directly observe the local time-dependent rise of the
surface temperature, TS (x, y, td ). In Section III, a variety
of transistors with different number of NWs are explored,
and the NW-dependence of self-heating is analyzed and
interpreted. Indeed, this high-resolution transient measurement
would allow us to characterize the time constants of heating
and cooling of the channel. In Section IV, we develop a
thermal compact model, which explains the experimental
observations systematically and can anticipate the internal
temperature (TC ) of the NWs based on the surface
temperature (TS ). Finally, Section V shows how the highspatial resolution of TR imaging offers new insights into the
mechanics of correlated degradation of individual NWs as they
approach dielectric breakdown (BD). We conclude this paper
in Section VI by summarizing the key results.

Fig. 2. (a) Simulated potential profile of the GAA MOSFET (Sample A)
for VGS = 2 V and VDS = 2 V. Strong gate controllability over the NWs
is confirmed [8]. Note that the gate (surrounding the NW) is removed for
easier visualization. (b) The peak position of the electric field (in the electric
field versus potential plot) confirms that the potential drop and the power
dissipation are maximum at the channel-drain edge.

subthreshold slope, reported experimentally in [18] and [19],
is reproduced by the 3-D Sentaurus simulation (Fig. 2),
confirming excellent electrostatic control of GAA-FET [20].

II. E XPERIMENTAL S ETUP
A. Device Geometry

B. Self-Heating and Heat Dissipation

The devices used in this paper are InGaAs GAA
nMOSFETs (Fig. 1), with different oxide thicknesses (Tox),
channel lengths (L ch ), and the number of NWs. The substrate
is InP, and highly thermal conducting gate, source, and drain
pads are used to facilitate the electrical measurement. The
fabrication process is described in detail in [18] and [19],
and the device dimensions are listed in Table I. The steep

With the application of the gate (VGS ) and drain (VDS )
biases, current flows through the channel (I D ). Heat dissipation occurs at the channel-drain edge (P ∼ I D × V D S ). Therefore, each NW acts as a heat source and the substrate contact
acts as a heat-sink [see Fig. 1(a)]. In principle, heat can also
dissipate through the top surface by air convection, as well as
through the gate, source, and drain metal pads. However, given
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Fig. 3. (a) A schematic of TR imaging system. A pulse generator (VDS )
and a constant voltage source (VGS ) drive the transistor. A control computer
triggers the illumination driver and the CCD camera for a given delay time
with respect to VDS . (b) Timing diagram for transient TR imaging with a
given LED delay time (td ).

the heat transfer coefficient in air is h ∼ 10 W/m2 /K , the
heat-flux through top surface [F = h AT ∼ 10 × (600 nm ×
4 μm) × 100K = 2.4 × 10−9 W] is negligible compared with
heat dissipation through the substrate (10−3 Watts).

Fig. 4. (a) CCD image of the top view of the transistor and TR images
under drain bias (VDS = 0∼4 V) with fixed VGS = 1 V. (b) TS and power
(heat) dissipation (= VDS × I D ) corresponding to (a).

C. Setup and Principle of TR Measurement
During the TR imaging [17], [21], a high-speed
LED pulse illuminates the device, and a synchronized chare
coupled device (CCD) camera captures the reflected image
[see Fig. 3(a)]. Briefly, the gate pad surface (Au) is illuminated through an LED (λ = 530 nm) via an objective lens
(magnification 100). The reflected light from the surface
from the gate pad is captured on a variable frame rate,
14-bit digitization, Andor CCD camera with 512 × 512 active
pixels [15].
Theoretically, this technique relies on the change of the
complex refractive index of a material with differential
increase in temperature (TS ), so that the change in local
reflectance of the device surface is given by

1 d R 
R
=
·
× TS ≡ k · TS
(1)
R0
R0 d T T =T0
where k(K −1 ) is the TR coefficient. The calibration of k
allows a CCD image to be interpreted as a map of TS (x, y),
with 50-mK resolution.
For the transient measurement of TS (x, y, td ), the device
is periodically turned ON and OFF by a VDS pulse train
[Fig. 3(b)], allowing the channel to heat and cool, respectively.
By controlling the delay of the LED pulse with respect to the
beginning of the VDS pulse, the TR image can capture different
phases of the transient heating and cooling kinetics, with
∼50-ns temporal resolution. The delay time (td ) for the LED
illumination can be varied and each illumination pulse acts as a
camera shutter. Every VDS cycle produces an image capturing
the thermal state of the substrate at time td . The average of
these images improves the signal-to-noise ratio and produces
a high-resolution map of Ts (x, y, td ). Finally, regarding the
spatial resolution, note that the sensor size is 8.2 × 8.2 mm2 ;
since the objective lens use a 100× magnification, the area
imaged is 80 × 80 μm2 . When resolved to 512 × 512 pixels,
each pixel corresponds to 157 × 157 nm2 .

D. Calibration of Thermoreflectance Coefficient, k
The change in reflectivity (R) of most metals under
visible spectral range is proportional to the change in
temperature, so that once the TR coefficient (k) is obtained,
R can be mapped to TS [see (1)]. Unfortunately,
k must be calibrated, because it depends on the wavelength,
the angle of incidence, and the polarization of the incident
light, as well as the surface properties of the reflecting
material. The calibration is performed by heating the sample
by placing it on an external microthermoelectric stage. The
temperature of the sample is monitored by microthermocouple
while capturing the reflection changes by the CCD camera.
The k for the specific setup is obtained by plotting the change
in reflectivity as a function of temperature measured by the
thermocouple [22].
E. Validation of Thermoreflectance Imaging
Fig. 4(a) shows the TR images of a GAA transistor with
four NWs (Sample A). Here, VGS = 1 V, but VDS changes
from 0 to 4 V. The gate metal covering channel region
(600 × 1250 nm2 ) defines the calibrated Au surface that
allows us to obtain the surface temperature of the device.
We observe a number of features in these images. First, the
images show that the asymmetry between the source and
the drain temperatures increases with VDS . This is expected,
because power dissipated at the drain, P ∼ I D ×VDS , increases
with the drain bias. The energy is most likely dissipated close
to the drain edge. The spatial extent of the temperature is
related to the heat diffusion through the drain metal contact,
heated by the bottom edge of the drain. Second, in the
VDS = 4 V image, there is a space between the gate and
the drain, which appears unheated. This is an artifact: the
segment arises from the gap between the drain and the gate
metal contacts. Obviously, the channel region in the gap is
heated, but the low k of the semiconductor makes the region
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Fig. 5. 3-D TR images for heating (VDS = 2 V and VGS = 1 V) and cooling (VDS = 0 V and VGS = 1 V) phases. For clarity, only three images (out of
more than 15) per cycle per device are shown. In addition, the images of four NWs are available, but not shown. The device with 19 NWs (top) shows higher
saturation temperature compared with the device with 9 NWs (bottom). The heating and cooling time constants lie on the order of 100–500 ns, depending on
the number of NWs, oxide thickness, and so on.

invisible in a TR map. Finally, the significant heating in the
gate suggests that even for this short-channel transistor, one
cannot neglect power-dissipation within the channel region.
Finally, as expected, TS obtained from the TR images
in Fig. 4(a) is directly proportional to the power dissipation, P
[see Fig. 4(b)].

the spatiotemporal distribution of surface temperature during
heating and cooling, the dependence of heating and cooling
time constants as a function of the number of NW in a
transistor, and so on.

F. Limitation of TR Measurement

The high spatiotemporal resolution of TR imaging
provides new insights into the transient heating/cooling
of a GAA-FET as a function of the number of NW.
Fig. 5 shows that during the ON (OFF) state of the VDS pulse,
the channel region heats (cools) at 200∼400-ns timescale. The
steady-state temperature (TSS ) scales with the number
of NWs, indicating a significant thermal cross talk among
the NWs. Indeed, TSS ∼ 50K at the gate metal surface for
a 19-NWs transistor implies even higher self-heating inside
the channel, i.e., TC > TS [3]. Since TC dictates the
performance and the degradation of the transistor, an accurate
estimate is desired. Although the methodology to estimate TC
is beyond the scope of this paper, we note in passing that
TC can either be directly measured by complementary experiments, or correlated to the TS through theoretical modeling
as follows.
For the experimental approach, we have previously used
the ac output conductance method to independently measure
TC [3]. The results correlate very well with TS measured by
the TR method (see Fig. 6), reflected in the linear increase in
T with the number of NW and the fact that TC is considerably
hotter than TS , as expected. From the theoretical perspective,
given the material constants, the thermal compact model

Before we close this section, we wish to emphasize some
of the fundamental limitations of the TR approach [15]–[17],
because metal contacts would one assess the accuracy of the
temperature plotted in Section III. Since the positions of the
NWs are known a priori (because they are defined lithographically), the diffraction limit (∼λ/2) manifests alternatively as
an uncertainty of the temperature from individual NWs. In
particular, the reflectivity of two neighboring NWs (separated
by a distance smaller than the diffraction limit) overlaps in
such a way that it becomes difficult to assign unique temperature to individual NWs. Moreover, the technique requires
careful calibration of k, because the reflectivity of the metal
surfaces depend on local surface roughness, dictated in turn by
the deposition conditions. Finally, it is important to remember
that the TR approach measures surface temperature; internal
temperature must be measured by complementary techniques
[3] or inferred through a theoretical model.
III. C HARACTERIZATION OF S ELF -H EATING T RANSIENT
In this section, we will use the TR technique to explore
several aspects of self-heating in GAA transistors, namely,

A. Spatiotemporal Temperature Distribution
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Fig. 6. Increase in the surface temperature and the internal NW channel
temperature both scale with the number of NWs. Here, TS is the peak
temperature of the 2-D spatial surface temperature by the TR method
described in this paper, and TC is the average channel temperature measured
by the ac output conductance method.

Fig. 8. (a) Transient TS at the channel surface (Sample A) as a function
of the number of NWs as the voltage pulse is applied and then removed.
(b) Both TS (blue square) and the thermal time constants (at 63% of max
TS , red circle) increase with the number of NWs. (c) Both measured T and
power (= V DS × I D ) follow similar dependence with drain bias, indicating
TS ∼ power, as expected.

Fig. 7. (a) Transient TS at the channel surface (Sample B) depending on
the LED pulsewidth τLED = 50 ns∼1.6 μs. For τLED ≤400 ns, the transient
profiles overlap, indicating adequate resolution. (b) Saturation of thermal time
constants for τLED ≤400 ns reflects the overlap of TS (t) in (a).

described in Section IV can be used to infer TC from TS .
A detailed model combining theory and experiments will be
discussed in a future paper.
B. Thermal Time Constants
To understand the dynamics of heating/cooling at the operating frequency, it is also important to characterize the time
constants for heating and cooling carefully and precisely.
To determine the time resolution needed to capture the
transient temperature rise, we reduce LED pulse width (τLED)
from 1.6 μs to 50 ns, and check if the heating transients are
fully resolved and independent of τLED . Fig. 7(a) shows the
transient heating of the channel surface after VDS pulse is
turned ON and characterized with different values of τLED. The
heating transients overlap for τLED ≤400 ns, suggesting that
τLED ∼400 ns provides sufficient temporal resolution. A plot
of the effective thermal time-constants, obtained by fitting the
heating transients in Fig. 7(a) and summarized in Fig. 7(b),
confirms the assertion.
Once the required τLED is determined, the transient heating
and cooling for GAA transistors with different numbers of
NWs are measured [see Fig. 8(a)]. Fig. 8(b) plots the saturated
temperature rise (TSS at t = 0.64 μs) and the thermal time
constants as a function of the number of NWs, indicating from
the data in Fig. 8(a). We find that the increase in thermal cross
talk as a function of the number of NWs increases TSS . The

time constants also increase with the number of NWs indicating, that the devices with larger geometry need more time
to reach the maximum temperature. Physically, the increase
in the time constants reflects the increase effective thermal
resistances, confirmed by the increasing slope of the power
dissipation versus TS curves for transistors with different
numbers of NWs, as shown in Fig. 8(c). In Section IV, we will
use a compact model to explain these empirical observations;
the surprising complexity of heat diffusion in these structures
will be discussed in a future publication [23].
IV. I NTERPRETATION OF S ELF -H EATING T IME C ONSTANT
To understand the experimentally observed features in
Section III (e.g., the origin of ∼100-ns time constant), it is
important to realize that the GAA transistors involves complex
multilayer fabrication. The complexity of the channel geometry and material constants leads to nontraditional heat transport
(and multiple time constants) in these structures as follows.
First, note that the aligned array of GAA NWs is covered by Au gate-pad with high thermal conductivity (k G =
300 W/m/K) [see Fig. 1(a)]. However, since the thermal
conductivity of the Atomic Layer Deposition (ALD)-deposited
tungsten nitride (WN) gate (kWN = 4 W/m/K) is much
smaller than that of the gate oxide (kOX = 50 W/m/K), heat
cannot escape directly to the Au-gate; instead, heat must first
diffuse through the gate oxide and then exit to the gate contact
pad. Unfortunately, heat dissipation through the Au-pad by
air convection is not sufficiently fast. Instead, the temperature
build-up forces heat to diffuse toward and dissipate through the
substrate, Eventually, the substrate acts as the dominant heat
sink of the GAA transistor. Despite the complexity of the heat
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Fig. 9. Temperature plots (a) across and (b) along the channel from Fig. 5
for different times t in heating phase from the nine NWs device.

diffusion, self-heating in these transistors can be explained by
three different time constants, associated with three distinct
phases of heat diffusion as follows.
For the first phase of self-heating, we may view the
NWs to be encapsulated within a thermally insulating
surrounding defined by the gate oxide. The relevant time
constant for self-heating of the NWs is τNW ∼ L ∗ox2 /(kOX /
ρOX C V ,ox ) ∼1 ns, based on the parameters in Table I. Note
that L ∗ox = 35 nm is the effective oxide length to heat flow
out to the gate-pad through the oxide. We emphasize that L ∗ox
(∼L ch /2) is not the oxide thickness, because WN gate does
not allow direct heat dissipation to the gate. Note that this
1-ns time constant of NW-self heating will not reflected in the
TR-based measurement of the surface temperature.
In the second phase, T max
NW is defined by the time needed
for the heat to spread over the contact pad. Assuming an
effective contact pad width of WG∗ ∼3 μm, the effective

time constant is given by τG ∼ WG∗ 2 /(k G /ρG C V ,G ) ∼100 ns,
based on the typical material parameters. This is indeed the
time constant observed in Fig. 5, replotted in Fig. 9(a) and (b)
for clarity.
In the third phase, the final time constant
corresponds to that of the heat dissipation through
2 /(k /ρ C
the substrate, τsub ∼ Hsub
sub sub V−sub ) = 60 ms. Here,
Hsub = 350 μm, ksub = 3 W/m/K, ρsub = 4810 Kg/m3, and
C V −sub = 310 J/Kg/K are the physical thickness, thermal conductivity, mass density, and specific heat, respectively, of the
substrate. This slower time constant will be reflected in the surface temperature only for kilohertz heating/cooling transients.
The identification of the three time constants suggests
an opportunity to create a simple thermal equivalent
circuit Fig. 10(a), which can be used to predict the IC
response under a variety of pulse trains as follows. As shown
in Fig. 10(b), the input power (P) first heats the GAA-NW,
with τNW = 1 ns. Subsequently, heat spreads all over
the highly thermal conducting gate-pad (τG = 100 ns). The
gate-pad can be viewed as a second reservoir. From the
gate-pad, heat flows out through the substrate (τsub = 60 ms).
The compact model explains the NW-dependence of the
steady-state temperature. First, note that if the NWs are
thermally isolated (and the substrate and the gate-pad have
high thermal conductivities), the temperature rise per NW
should be independent of N. In practice, the maximum
temperature rise in the NWs, T max
NW ∼ P × Rth-NW + N ×
P × Rth-G , where Rth-NW and Rth-G are the thermal resistances

Fig. 10.
(a) Thermal circuit model is developed using Foster
RC ladder model (Fig. 2a, [24]). (b) Analytical model with realistic thermal time constants (τNW = 1 ns, τG = 100 ns, and
τsub = 160 ms). Maximum NW temperature and maximum surface temperature versus time.

of the each GAA NW and the gate-pad due to lateral heat
spreading, respectively. The first component represents the
heating in the isolated GAA NW, and the second the heating
of the gate-pad by collective power of all NWs. Maximum
surface temperature rise follows the gate-pad resistance drop
∼ N × P × Rth-G ∼ N. Therefore, the surface heats
T max
S
increase
up more with the increase of N. Both τG and T max
S
almost linearly with N.
V. T HERMOREFLECTANCE I MAGE OF TDDB
Unlike the indirect methods used to date, the high spatiotemporal resolution of TR images may be used to detect the variability and the degradation of individual NW (e.g., Vth shift,
BD, which impacts the local ON current and consequently
local temperature). As an illustrative example, following a
gate stress for a certain time (Fig. 11), the channel abruptly
becomes very hot, reflecting dielectric BD. Soon thereafter, a
few of the NWs are destroyed. With the broken NWs excluded
and the temperature of the NW is reduced, TS (x, y) of the
remaining NWs is restored to pre-BD levels [Fig. 11(d)].
There are several important observations in these images.
First, the asymmetric bell-shaped temperature profile
in Fig. 11(a) reflects the fact that NWs in the middle have
higher self-heating compared with those at the edge—and the
heat diffusion toward the right through the gate pad makes
the profile asymmetric. Second, the significant increase in
temperature between Fig. 11(a) and (b) reflects the difference
in the temperature rise early in the self-heating process
versus self-heating due to excess gate leakage when the gate
dielectric of one of the NWs is broken. The broken NW
would also heat the neighboring NWs through thermal cross
talk. In time, the significant self-heating is likely to destroy
(open) the channel.
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Fig. 11. TR images (side view in Fig. 1, the x-axis is along the width of the channel) at different time instants. After stressing (VDS = 2 V, VGS = 1 V)
Sample A (with 19 NWs) for a certain time, the channel region is suddenly heated due to the increased gate leakage (second image). Eventually, a fraction
of the NWs is broken, and the remaining NWs settle the pre-BD temperature (right image). Correspondingly, ION is decreased from 2 mA at the beginning
to 1.5 mA at the end. This clearly indicates that about one-fourth of the NWs are no longer functioning. Inset: schematic of BD of the NWs.

Now, the drain currents in these broken NWs are
suppressed; and the channel has been decomposed into two
thermally decoupled transistors—on the left with 8–10 NWs,
and on the right with 3–5 NWs. The self-heating is reduced
significantly, as expected from Fig. 8(c), because some of NWs
in the middle are not operational [25]–[27].
This paper demonstrated the detection of BD in NWs
level by the TR method. However, the sensitivity of the
technique for very low degradation levels and low VDS remain
to be established. Note that the temperature change (TS ),
as observed in the TR method, is directly proportional to
the change of power (∼I ). The TR method can resolve
temperature down to 50 mK; therefore, the method should be
able to detect a few percentage change in current. For example,
if TS ∼ 3 K for nominal ION at VDS = 1 V [Fig. 4(b)],
a 2% of change in ION is expected to produce 60mK change
for TS . One must confirm this assertion through controlled
experiments (noise is always a challenge) and is left as a topic
of future research.
VI. C ONCLUSION
The high spatiotemporal resolution of the TR imaging
offers unprecedented and fundamentally new insights into
the mechanics and kinetics of self-heating (e.g., degree of
self-heating, dominant heat conduction channel, and dynamics
of channel BD) of the emerging multigate technology. Simple
thermal compact modeling relates surface temperature with
internal temperature, and provides the thermal equivalent circuit for the novel structure. A nuanced use of this versatile
technique will help calibrate quasi-ballistic electrothermal
modeling tools, assess the relative merits of different multigate
topologies, and can eventually improve the cell/circuit layout
to suppress SHE as a source of variability and reliability in
the modern hyperscaled IC technology.
In particular, regarding the relevance of the technique to
other transistor geometries, note that the temperature rise
in FinFETs, for example, is much smaller compared with
that of the GAA transistors, because the bottom of the fins
is directly connected to the substrate, and the gate-stack in
FinFET is more thermally conductive than the GAA gate-stack
surrounded by poorly conducting ALD-grown WN gate metal.
The placement of metal contacts in an industrial FinFET may

also not be optimum for TR imaging. These considerations
make TR imaging of the standard FinFET more difficult than
GAA transistor. Regardless, TR imaging is likely to offer
higher spatial and temporal resolution than IR or other imaging
techniques. Complemented by other experimental techniques
(e.g., ac conductance and IR imaging), TR images can be an
important characterization tool for these transistor structures.
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