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ABSTRACT

While FinFETs are widely adopted in advanced nodes for high-performance integration, their elevated power density induces pronounced
self-heating effects that pose significant challenges to device reliability and performance, underscoring the importance of effective strategies
for mitigating self-heating effects. By combining electro-thermal simulations based on the drift-diffusion model with phonon Monte Carlo
(MC) simulations, this work elucidates the heat generation mechanisms in FinFETs and accordingly proposes a doping-engineering approach
to mitigate self-heating effects. The results indicate a shift in the dominant heat generation mechanism with operating bias. While Joule heat
is the primary heat generation mechanism under the saturation bias, the contribution from Thomson heat becomes significant under the typ-
ical CMOS operating bias, emerging as the dominant driver of heat generation non-uniformity due to its highly localized distribution in devi-
ces with reduced feature sizes. As a result, Thomson heat provides a pronounced contribution, approximately 16%, to the maximum device
temperature rise. To address this issue, it has been found that reducing the doping concentration gradient in the device extension region can
significantly reduce Thomson heat without decreasing the electrical performance, whereby the peak Thomson heat is reduced by 66% and the
hotspot temperature rise is decreased by 13%. These findings provide insights into the self-heating behavior of FinFETs and suggest a poten-
tial approach for device-level thermal management.
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Fin field-effect transistors (FinFETs) have become the dominant
transistor architecture in modern IC manufacturing, enabling high-
performance and low-power applications through superior electro-
static control.1 However, their scaled dimensions and increased power
densities give rise to pronounced self-heating effects,2,3 which present a
major challenge for performance4,5 and reliability.6,7 As a result, miti-
gating self-heating effects at the transistor level has become an impor-
tant consideration in modern thermal management strategies.8–10

Prior investigations have concentrated on lowering the thermal resis-
tance within the device to facilitate more effective heat dissipation.
Specifically, efforts have been devoted to modifying the thickness of
shallow trench isolation layers,3 and tailoring the thermal conductivity
of oxide materials.11,12 These strategies have effectively enhanced the
predominantly one-dimensional heat transfer pathway from the chan-
nel region to the substrate, thereby markedly mitigating the tempera-
ture rise within the device.

However, within the transistor channel, the internal temperature
rise is predominantly governed by three-dimensional heat spreading.13

Moreover, as the characteristic dimensions of devices approach the

nanometer scale, the presence of nanoscale heat sources further ampli-
fies ballistic transport effects,14 thereby exerting a pronounced influ-
ence on the heat spreading process.15 As a result, the channel
temperature distribution is governed by the spatial characteristics of
heat generation, underscoring the necessity of modulating the heat
profile to alleviate self-heating and enhance device performance. This
strategy has already been implemented for gallium nitride (GaN) high-
electron-mobility transistors (HEMTs).16 However, in FinFETs, two
aspects merit particular attention. On the one hand, due to their preva-
lent application in CMOS technology,17 their operating condition is
not constantly held at the highest current and voltage point, as is typi-
cally assumed in most thermal studies;18 instead, their condition is
continuously changing, and the current often peaks at half the satura-
tion point.19 On the other hand, their scaled dimensions result in steep
carrier concentration gradients, which can potentially alter the relative
importance of different heat generation mechanisms, including not
only the well-established Joule heat20,21 but also Thomson heat.22

These two points highlight a critical gap in the current understanding
of FinFET heat generation characteristics, which in turn impedes the
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application of effective heat generation regulation methods. Given the
fundamental relationship between the electrical properties of a device
and its heat generation, techniques that regulate these properties offer
a promising pathway for modulating heat generation. While doping
engineering is a well-established method for tuning electrical charac-
teristics,23,24 its strategic use to modulate self-heating effects has not
been systematically investigated.

In this study, we employed electrothermal simulations based on
the drift-diffusion model and phonon Monte Carlo (MC) simulations
to investigate the heat generation mechanisms in FinFETs and, on this
basis, propose an approach for mitigating self-heating effects through
doping engineering, effectively suppressing Thomson heat and reduc-
ing the device hotspot temperature. This work aims to provide a
potential strategy for thermal management in device applications.

The FinFET structure investigated in this study is illustrated in
Fig. 1(a) and is based on the design reported in Ref. 25. The upper sili-
con portion of the device is divided into the drain, the source (length
45 nm), and the fin (width 8nm and height 42 nm). Within the fin,
two regions are defined: the extension region (length 15nm) enclosed
by the spacer and the channel region (length 20 nm) surrounded by
the gate oxide. In addition, the lower portion of the device comprises
shallow trench isolation layers (height 40 nm) and the substrate. The
drain and source regions are uniformly doped to a high concentration
of 2� 1019 cm�3, whereas the channel region is uniformly doped to a
low concentration of 2� 1016 cm�3. In contrast, the extension region
exhibits a Gaussian doping distribution. The electrothermal coupled
simulations were developed based on DEVSIM,26,27 an open-source
TCAD platform characterized by high flexibility and extensibility. The
heat conduction equation based on Fourier’s law and incorporating an
effective thermal conductivity was solved to capture the impact of ther-
mal effects on the electrical characteristics. The boundary conditions
included a fixed substrate temperature of 300K, periodic lateral bound-
aries, and a thermal boundary resistance of 9� 10�9 m2 � K=W.28 The
heat generation mechanisms considered comprised Joule heat, recom-
bination heat, and Thomson heat. Electron transport was modeled
using the classical drift-diffusion model (DDM).29 To account for the
dependence of carrier mobility on both doping concentration and tem-
perature, the Philips mobility model30 was adopted. Additionally, sur-
face scattering effects in the silicon thin film were modeled using the
Lombardi surface mobility formulation.31 Furthermore, the Canali
model was utilized to incorporate the electric field dependence of
mobility.32 The heat generation profiles obtained from TCAD were
further used as inputs to phonon Monte Carlo simulations to evaluate

ballistic phonon effects on temperature distribution. This one-way cou-
pling approach is justified because the Joule heat generation profile in
the hotspot is primarily governed by the high electric field rather than
local lattice temperature. Additionally, Thomson heat is dominated by
the steep carrier concentration gradients rather than temperature gra-
dients. The specifics of these simulations and the phonon properties
utilized are detailed in Ref. 33. Figure 1(b) shows the output character-
istics under these simulation conditions, which demonstrate good
agreement with the experimental DC results extracted from Ref. 25.

To analyze the characteristics and underlying mechanisms of dif-
ferent heat generation processes in FinFET devices, a representative
CMOS operating bias ðVg ¼ VDD;Vd ¼ VDD=2Þ19 was selected for
simulation, as this condition captures the peak drain current during
the switching transient in realistic CMOS circuits (Vd � VDD=2 and
Vg � VDD),

19 thereby representing the typical heat generation scenario
during device operation. Numerical calculations confirm that the con-
tribution of recombination heat is negligible and can thus be excluded
from consideration, in agreement with prior studies.34 Consequently,
Joule heat and Thomson heat remain the dominant heat generation
mechanisms in transistors. Figure 2 shows the spatial distributions of
Joule and Thomson heat in a FinFET device, highlighting their distinct
localization characteristics. The spatial distribution of Joule heat pri-
marily depends on the local resistivity within the transistor. The com-
bined effects of doping profiles and field-effect modulation alter the
local carrier mobility and carrier concentration; hence, pronounced
peaks in resistivity arise in the channel regions near the source and
drain terminals. Consequently, as shown in Fig. 2(b), Joule heat exhib-
its concentrated heat generation near both the drain side and the
source side.35 In contrast, as depicted in Fig. 2(a), Thomson heat
exhibits an alternating hot–cold distribution pattern with spatially con-
fined regions of heating and cooling. This alternating polarity is gov-
erned by the spatial gradient of thermoelectric power. Specifically,
electrons flowing from the source (low thermoelectric power) into the
channel (high thermoelectric power) absorb energy, causing negative
heat generation (cooling), whereas their injection into the drain
releases energy, resulting in positive heat generation. Although the net
power of Thomson heat is minimal due to mutual cancelation at dif-
ferent locations, its localized characteristics remain particularly signifi-
cant, specifically reflected by a peak magnitude comparable to that of
Joule heat. Moreover, Thomson heat is confined to extremely narrow
regions, predominantly occurring at the drain-extension region, the
source-extension region, and the extension-to-channel junctions,
where significant carrier concentration gradients exist. This localized
heat generation characteristic of Thomson heat may couple with Joule
heat to elevate junction temperatures, which in turn can induce pro-
nounced non-Fourier effects.36

FIG. 1. (a) Schematic of the FinFET. (b) Output characteristics of the FinFET. The
lines represent TCAD simulations, and the symbols represent experimental data
extracted from Ref. 25.

FIG. 2. (a) The Thomson heat and (b) Joule heat distributions of FinFET
(Vg ¼ 0:7 V, Vd ¼ 0:35 V).
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To further clarify the impact of Thomson heat on temperature
rise, Fig. 3 presents a comparative analysis of heat generation and tem-
perature distributions under two representative bias conditions: the
saturation bias ðVg ¼ Vd ¼ VDDÞ and the practical CMOS operating
bias ðVg ¼ VDD;Vd ¼ VDD=2Þ.19 Under the former bias condition
shown in Fig. 3(a), Joule heat not only constitutes the principal compo-
nent of the total heat generated but also serves as the primary origin of
its non-uniform distribution. However, when the bias is switched to
the latter condition, the Joule heat under the practical bias in Fig. 3(c)
is markedly reduced and exhibits a more uniform distribution due to
its strong dependence on bias.37 In contrast, Thomson heat shows
weak bias dependence and thus remains nearly unchanged across both
bias states. This stability arises because Thomson heat is driven by the
fixed doping-induced carrier concentration gradient, whereas Joule
heat diminishes drastically at lower bias (Vd ¼ 0:35V) owing to the
reduction of the pinch-off electric field. As a result, the relative contri-
bution of Joule heat decreases, whereas Thomson heat becomes
increasingly significant, and in turn becomes the dominant driver of
heat generation non-uniformity, with its peak value accounting for
approximately half of the total peak heat generation. The difference in
the proportions of Joule heat and Thomson heat under the two bias
conditions results in distinct contributions to the overall temperature
rise. As illustrated in Figs. 3(b) and 3(d), Thomson heat accounts for
only about 5% of the maximum temperature rise under the saturation
bias, but its contribution increases to approximately 16%, correspond-
ing to a temperature rise of 9.7K, under the practical bias condition.
These results demonstrate that under practical CMOS operating bias,
the thermal impact of Thomson heat becomes considerably more pro-
nounced. Therefore, implementing effective measures to suppress
Thomson heat is critical for reducing self-heating and improving the
reliability of FinFET devices.

Since Thomson heat arises primarily from the coupling between
internal carrier concentration gradients and temperature gradients,22 it
can therefore be effectively suppressed by tailoring carrier concentra-
tion gradients through doping engineering. In doping engineering, it is
feasible to adjust the rapid thermal annealing (RTA) conditions to tai-
lor the doping concentration distribution within the extension and
channel regions of the FinFET device,38 which are precisely the regions
where Thomson heat is concentrated. Figures 4(a) and 4(b) show the
original and optimized doping concentration distributions, respec-
tively. The original doping configuration adopts a relatively steep doping
profile, whereas the optimized configuration employs a relatively gradual
doping profile. The Joule heat and Thomson heat distribution results
after doping profile optimization are presented in Figs. 4(c) and 4(d).
While the magnitude and spatial distribution of Joule heat remain
nearly unchanged, the Thomson heat shows a substantial reduction,
with its peak value decreased by approximately 66%, corresponding to
an overall around 33% reduction in peak heat generation. This contrast
arises because the Joule heat profile remains stable, as our optimization
constrains the drain current to match that of the reference (original
doping), ensuring unchanged total resistance. Since Joule heat is domi-
nated by the strong electric field rather than minor resistivity variations
in the extension region, it is insensitive to the doping adjustment. This
confirms the method’s selectivity: it effectively suppresses Thomson
heat via the concentration gradient without compromising the electrical
performance. Although suppressing the Thomson effect reduces the
local cooling near the source, this impact is negligible for thermal reli-
ability. The critical thermal metric is the peak lattice temperature at the
drain-side hotspot, which is effectively reduced. Furthermore, by ignor-
ing the endothermic effect of the Thomson heat, the analysis shows
that doping optimization reduces its exothermic portion by 48%, an
amount equivalent to an 11% reduction in the total exothermic heat
generation. These results confirm that adjusting the heat generation
distribution through doping engineering is an effective method for
thermal management in nanoscale devices.

To provide a clearer illustration of the influence of Thomson heat
regulation on the temperature, Figure 5 depicts the temperature distri-
butions obtained before and after doping profile optimization. As

FIG. 3. Heat generation and temperature distributions (obtained from phonon MC
simulations) along the channel direction under two representative bias conditions.
(a) Heat generation distribution and (b) temperature distribution under Vg ¼ 0:70 V,
Vd ¼ 0:70 V. (c) Heat generation distribution and (d) temperature distribution under
Vg ¼ 0:70 V, Vd ¼ 0:35 V.

FIG. 4. (a) Original and (b) optimized doping profiles. (c) The Joule heat and (d)
Thomson heat distributions under different doping profiles (Vg ¼ 0:7 V,
Vd ¼ 0:35 V).
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depicted in Fig. 5(a), the area of the hotspot region is noticeably
reduced after doping profile optimization, and the local temperature is
also significantly decreased. Figure 5(b) further quantitatively illus-
trates the temperature distribution along the channel direction. The
results indicate that, following doping optimization, the maximum
temperature rise is reduced by approximately 13% (from 59.2 to
51.6K), which corresponds to the suppression of most of the tempera-
ture rise attributed to Thomson heat. If the meantime-to-failure
(MTTF) is used as the reliability metric, where MTTF is proportional
to expðEa=kTmaxÞ with an activation energy Ea ¼ 1:386 eV,39 the dop-
ing optimization results in an estimated MTTF increase in approxi-
mately 163%. This improvement is highly significant for enhancing
device lifetime. To distinguish the contribution of Joule heat, Fig. 5(c)
compares the temperature rise considering only the Joule heat compo-
nent. The results show that the temperature profiles exhibit only a
minor variation before and after optimization, with the Joule-induced
temperature reduction accounting for only 1.5% of the total tempera-
ture rise (approximately 0.9K). This verifies that the mitigation of the
self-heating effect is primarily attributed to the suppression of
Thomson heat. Furthermore, Fig. 5(d) presents the output characteris-
tics of the device. The consistency of the Id � Vd curves confirms that
the proposed doping engineering significantly alleviates thermal issues
without compromising the electrical performance.

In summary, this work investigates the heat generation mecha-
nisms and influencing factors in FinFETs, and accordingly proposes a
method of modulating Thomson heat via doping engineering, thereby
mitigating the self-heating effect. It is found that under a saturation
bias, heat generation is predominantly caused by the Joule heat.
However, under the typical CMOS operating condition, the contribu-
tion from Thomson heat becomes significant, emerging as the primary
driver of heat generation non-uniformity. In this case, the peak

Thomson heat accounts for approximately half of the total peak heat
generation and contributes to around 16% of the overall temperature
rise. To alleviate the influence of Thomson heat, a strategy for sup-
pressing Thomson heat through doping engineering has been pro-
posed. The device adopting the optimized doping profile characterized
by a relatively gradual gradient exhibits a reduction in Thomson heat
by approximately 66% and a corresponding decrease in the tempera-
ture rise by about 13%(from 59.2 to 51.6K). This work provides a
potential strategy for thermal management in FinFET device
applications.
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