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Systematic Investigation of Self-Heating Effect
on CMOS Logic Transistors From 20 to
5 nm Technology Nodes by Experimental
Thermoelectric Measurements and
Finite Element Modeling
M.-H. Liao, C.-P. Hsieh, and C.-C. Lee
Abstract — The characteristics of thermal conductivity (k )
with different operated temperatures (T ), material thicknesses (t ), and impurity concentrations (N ) are studied
by thermoelectric measurements and developed simulation
model for the study of self-heating effect. With the input
of these module-level material properties in our developed
finite-element model, the self-heating effect on the CMOS
logic transistors from 20- to 5-nm technology nodes are
investigated systematically and accurately. The maximum
chip temperature in the 14/16-nm technology node Si FinFET
device is ∼170 °C. On the other hand, the higher operated
temperature is also observed in high mobility material
devices such as Ge and III-V (InAs) FinFETs due to their poor
material properties of k -value. It indicates that these high
mobility materials are hard to be used in the next generation
scaled technology node devices, unless these devices can
be operated at the ultralow voltage bias (<0.5 V for InAs
and <0.8 V for Ge) from the self-heating effect point of view.
Index Terms — CMOS Logic transistors, self-heating
effect, Si FinFETs.

I. I NTRODUCTION

S

ELF-HEATING effect in the CMOS logic transistors
is becoming increasingly important, when the dimension of the device is continuously scaled down. The higher
operated temperature in the chip results in many trouble
issues including device performance variation [1], the increase
of the OFF-state current (IOFF ) [2], and the worse device
reliability [1]. Recently, many different research groups have

Manuscript received November 9, 2016; revised December 13, 2016;
accepted December 19, 2016. Date of publication January 5, 2017;
date of current version January 20, 2017. This work was supported
in part by National Science Council, Taiwan, under Grant 103-2221-E002-215-MY3, Grant 105-2628-E-002-010-MY3, Grant 106-2918-I-002039, and Grant 105-2218-E-02-024 and in part by the joint development
Project from Taiwan Semiconductor Manufacturing Company, Ltd. The
review of this paper was arranged by Editor R. Venkatasubramanian.
(Corresponding authors: M.-H. Liao; C.-C. Lee.)
M.-H. Liao and C.-P. Hsieh are with Department of Mechanical
Engineering, National Taiwan University, Taipei 10617, Taiwan (e-mail:
mhliaoa@ntu.edu.tw).
C.-C. Lee is with Department of Mechanical Engineering, National
Chung-Hsing University, Taichung City 40227, Taiwan (e-mail:
cclee@dragon.nchu.edu.tw).
Color versions of one or more of the figures in this paper are available
online at http://ieeexplore.ieee.org.
Digital Object Identifier 10.1109/TED.2016.2642404

studied this effect by theoretical calculation [3], experimental
setup for the self-heating effect observation [4]–[7], and the
brief discussion of self-heating effect on the Si device [8].
On the other hand, high mobility material devices, such as
Ge [9]–[11] and III-V [12], [13], MOSFETs are regarded
as the highly potential candidates recently to replace the
current Si-based device, due to their material characteristics
having the higher carrier mobility. Therefore, the systematic
investigation for the self-heating effect on Si (with different
device structures/dimensions) and this effect on high mobility
material devices are highly needed. In this brief, we develop
the accurate simulation model with the calibration for the input
of the extracted thermal conductivity (k) value experimentally
to investigate the self-effecting effect on Si FinFETs with
different device gate length (L g ), Fin height (H ), Fin pitch (λ),
and Fin width (W ). The experimental infrared observation
demonstrates that our simulation results are reasonable and
consistent with the experimental data. The self-heating effect
on high mobility devices, such as Ge and III-V (InAs)
FinFETs, are also studied in this brief.
II. E XPERIMENT
The k value, which is one of the most important key parameters for the self-heating effect study, is strongly dependent on
different operated temperatures (T ), material thicknesses (t),
and impurity concentrations (N). In order to calibrate our
developed finite-element simulation model for the self-heating
effect to improve the accuracy, the k value is extracted
experimentally by the designed thermoelectric measurements
first [4] as shown in Fig. 1. The tested bridge structure is
fabricated by the standard CMOS process.
A well calibrated 3-D device simulation deck is used for
this brief where the source/drain and channel doping profiles of realized devices were extracted from Monte Carlo
implant (atomistic) simulations. The simulated device structure for Si, Ge, and III-V (InAs) FinFETs can be referred
to [14]–[16], respectively. Layout dimensions for 20- to 5-nm
technology node CMOS logic transistors were taken from the
predictive technology node roadmap. The simulation approach
used in this brief is to extract the quasi-static temperature,
which should be the cumulative rise in the peak temperature
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Fig. 1. The experimental extracted thermal conductivity dependency of
(a) different operated temperature, (b) material thickness, and (c) impurity
concentration in Si.
Fig. 4. Simulated maximum device temperature (Tmax ) dependence
with (a) different Fin heights and (b) fin widths in Si FinFET devices.

Fig. 2. Thermal characteristics with temperature distribution in the real
Si devices. It can be found that the simulated results are consistent and
agree well with the experimental infrared measurement.

Fig. 5.
Dependence of the maximum device temperature (Tmax )
with different voltage bias in Si, Ge, and III-V (InAs) FinFET devices.
The simulated device structure/dimensions for Si, Ge, and III-V (InAs)
FinFETs can be referred to [14]–[16], respectively.

Fig. 3. Simulated maximum device temperature (Tmax ) dependence with
(a) different technology nodes and (b) fin pitches in Si FinFET devices.

after 1000 s of pulses. Thermal properties of various regions
are calibrated as per their exact dimensions and region-specific
material used in a typical CMOS process flow.
III. R ESULTS AND D ISCUSSION
Fig. 2 shows the thermal characteristics with temperature
distribution in the real Si devices. It can be found that the
simulated results are consistent and agree well with the experimental infrared measurement. The maximum chip temperature
approaches to ∼170 °C.
In Fig. 3, we investigate the self-heating effect and show the
simulated maximum chip temperature in devices with different
technology nodes from 20 to 5 nm and with different Fin
pitches. When the device dimension is scaled down continuously, the chip temperature will be increased a lot (>200 °C
in the 7-nm technology node device). The high operated

temperature in the chip will lead to the device performance
variation [1], the increase of the IOFF [2], and the worse device
reliability [1]. This phenomenon is called as self-heating effect
and should be avoided in the real product in the industry.
Although the increase of the H and W in the Si FinFET
device can increase the heat dissipation surface to further
reduce the thermal resistance (Rth ) possibly, the maximum
operated temperature in the chip is still found to be increased
as shown in Fig. 4, due to the simultaneous increase of
the ON-state current (ION ) per Fin, resulting in the increased
power.
Besides the reduction of the Fin numbers [8], the most
effective way to decrease this self-hating effect could be to
reduce the operated voltage in the device. Fig. 5 simulates
the maximum chip temperature with different voltage biases
in Si, Ge, and III-V (InAs) FinFETs. The simulated device
structure and dimension for Si, Ge, and III-V (InAs) FinFETs
can be referred to [14]–[16] and also shown in the inset of
Fig. 5, respectively. The technology node in these devices is
14, 45, and 40 nm, respectively.
Based on the simulation data, the operated chip temperature
in the Ge and III-V (InAs) FinFET devices is found to be
higher than it in the Si FinFET device due to the poor k value
and thermal characteristics in these high mobility materials.
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As we known, the k value of Si, Ge, and III-V (InAs)
is ∼120 Wm−1 K−1 , ∼80 Wm−1 K−1 , and ∼10 Wm−1 K−1 ,
respectively. This simulated result indicates that these high
mobility materials are hard to be used in the next generation
scaled technology node devices, unless these devices can
be operated at the ultralow voltage bias (<0.5 V for InAs
and <0.8 V for Ge) from the self-heating effect point of view.
IV. C ONCLUSION
The accurate finite-element model, with the calibration
of the experimentally extracted k parameters with different operated temperatures (T ), material thicknesses (t), and
impurity concentrations (N) in the module-level work, has
been developed to investigate the self-heating effect on
the CMOS logic transistors from 20- to 5-nm technology
nodes. The simulated result of thermal characteristics in the
Si FinFET device agrees well with the experimental observation by the infrared measurement. The maximum chip
temperature in the 14/16-nm technology node Si FinFET
device is up to ∼170 °C. The dependence of different device
gate lengths (L g ), Fin height (H ), Fin pitch (λ), and Fin
width (W ) in Si FinFET devices for the self-heating effect are
also investigated in this brief. On the other hand, we also find
that the operated chip temperature in the Ge and III-V (InAs)
FinFET devices is higher than it in the Si FinFET device
due to the poor k value and thermal characteristics in these
high mobility materials. It indicates that these high mobility
materials are hard to be used in the next generation scaled
technology node devices, unless these devices can be operated
at the ultralow voltage bias (<0.5 V for InAs and <0.8 V
for Ge) from the self-heating effect point of view.
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