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Introduction: 
 
With the continued downscaling of CMOS with ever in-
creasing power densities especially in the local on-chip en-
vironment, and with the use of silicon-on-insulator (SOI) 
technology, the measurements related to local heating of 
single devices and the transfer of heat between devices are 
becoming increasingly important1. Furthermore it is impor-
tant to be able to characterize the full thermal transient, 
since the chip thermal activity fluctuations tend to be on the 
same time scales as typical thermal time constants resulting 
in peak transient temperatures which may well exceed 
steady-state average temperatures. There have been few 
attempts at transient thermal characterization of CMOS 
devices with recent notable advances2 but the work we re-
port below is the first resolving detailed thermal transients 
for CMOS devices. Furthermore we investigate different 
heat paths between and inside devices to reveal the impor-
tance of the thermal conductivity of the gate. This work is 
extended to studying thermal transport within a 
sub-micrometer CMOS FET where we are able to detect the 
delayed heat pulse at the source due to heat generation in 
the drain. 

Table 1: Thermal transport media 

Structure LM (nm) 

I  (shallow trench isolation) 200, 300, 500, 700 

RXa (doped and silicided SOI) 300, 500, 1100 

OPa (dope d, unsilicided SOI) 0, 300, 500, 700, 1100 

PCa (floating polysilicon gate)  200, 500, 1100 

a These designations refer to names of mask levels. 

 

Experimental Approach 

This work describes our experimental approach with the 
simulation technique reported elsewhere3. The layout of our 
SOI CMOS devices is shown in Fig. 1.Two 10 µm wide 
FETs are placed back-to-back with a medium separating 
them. The different media and their lengths (LM) are given 
in Table 1. The FETs are connected to microwave probes 
with the gates grounded. This minimizes electrical 
crosstalk. 

The DC temperature sensitivity of the 250 nm FET is 
shown in Fig. 2. Note that the sensitivities are opposite for 
below threshold, injection-limited current compared to the 

above threshold, mobility limited, regime. (The 
sub-threshold sensitivity is much smaller for the longer, 
600nm, gate length3 transistor.) The sub-threshold sensing 
has the advantage in that it is sensitive to the local tem-
perature at the source junction rather than an average over 
the whole device length. 

The pulse-probe measurement circuit is shown in Fig. 3. 
Negative going power and sense pulses are applied to the 
source of power and sense transistors respectively, with a 
varying delay between them. The amplitude of the pulses is 
adjusted to give a DC current corresponding to the positive 
peak of the sensitivity curve. Typical transients are shown 
in Fig. 4a & b. Note that in Fig. 4b a large transient is 
caused by the power pulse being diverted to the sense FET 
through conducting bridge between the FETs when silicide 
or n+ silicon media are used. We have implemented a 
lock-in type sampling scheme by alternately applying and 

Fig. 1. Device layout where subscripts 1 & 2 indicate the pre-
ferred terminals of the 600nm and 250nm gate length FETs 
respectively. The medium, and LM are given in Table I.  
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Fig. 2. DC temperature sensitivity of a 250 nm x10 µm
n-FET in common-gate mode. 
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suppressing the power pulses at a 1Hz rate and averaging 
the difference of the sense pulses with and without the 
power pulses. The technique was verified by observing 
positive and negative-going current transients which were 
observed when the source pulse amplitude was varied from 
below to above threshold. 

Table 2: Thermal conductivities 

Material Thermal Cond. (W/m-K) 

copper 400 
bulk silicon 160 
polysilicon 125 

45 nm thick SOI 45 
silicide 40 

silicon dioxide 1.024 

Simulations: 

Simulation of the thermal transients in the SOI device struc-
tures were carried out by solving the 2D heat-diffusion 
equation using the finite element method (FEM) imple-
mented in FEMAB software package, as described in Ref. 3. 

Spreading of heat into the contacts (see Fig. 1) is not con-
sidered. Thermal conductivities used are given in Table 2.  

Results: Two-Transistor Measurements: 
Thermal transients obtained after 10 hrs of averaging  in 
four separate sweeps, are shown in Fig. 5a for a power 
pulse of 16 ns and a sense pulse of 8 ns duration. This fig-
ure illustrates that the sub-threshold sensing mode detects 
heat arriving at the source. In (b) the source is placed at the 
FAR end of the sense transistor so that heat has to trans-
verse an extra 600 nm of transistor channel length, so the 
signal is attenuated and delayed with respect to NEAR end 
sensing (a). This is shown (b) to be equivalent to an exter-
nal 0.6 µm floating gate (PC). Results for different PC 
lengths are shown in Fig. 9 where we also compare meas-
urements to simulations. The agreement is remarkably good 
considering the simplifying assumptions in the simulations. 
Results for the different media (see Table 2) are shown in 
Fig. 7 where the peak temperature vs. length for the me-
dium is plotted. In the PC case an extra 100 nm was added 
to account for mask differences. Note that the PC case has 
the largest thermal transmission, as expected, but note also 
that there appears to be some thermal interface resistance 

Fig. 3. High-speed Pulse-Probe circuit showing the case 
where the sense pulse is applied to the FAR FET S/D con-
tact. 
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Fig. 5. Transient sense pulse signal (after overnight aver-
aging), converted to temperature rise, for FETs separated 
by a floating gates (PC). (a) The sense pulse is applied to 
the NEAR S/D contact with a 500 nm PC medium and (b) 
to the FAR contact with 500 nm PC compared to the 
NEAR contact with an 1100 nm floating gate. 
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Fig. 4. Transient current in power transistor (top) and sense 
transistor (bottom), showing cases for (a) an insulating and (b) a 
conducting connection between the two transistors. Horizontal 
scales are 5 ns/div and 10 ns/div respectively. The power pulse 
was 16ns and the sense pulse 8ns. 
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for transfer of heat to the floating gate, which is not cap-
tured by the simulations, since the temperature falls off so 
rapidly from the zero-gap case. 

Single-Transistor Measurements: 
Measurements were also done on a single transistor using 
the circuit shown in Fig. 8. A fast Schottky diode sup-
presses the positive going overshoot of the negative going 
power pulse allowing the application of a sense pulse, 
shortly afterward, to the same terminal, with minimal inter-
ference. Transients are shown in Fig. 9 for the two configu-
rations of the circuit. Note that for sensing at the power 
drain (Fig. 9b) the sense pulse has to be large enough to 
overcome the DC drain bias and momentarily reverse the 
bias on that terminal. Both power and sense currents are 

averaged, but the sense pulse is switched on-and-off and the 
two average currents subtracted, allowing an accurate 
measure of the sense current even though the power current 
is orders of magnitude larger. To prevent the heat pulse 
from traversing the transistor during the power pulse a short 
(2 ns) pulse is required Results in Fig. 11 clearly show that 
the thermal transient is obtained only after a delay when 
measuring at the source of the power transistor (a) but is 
seen decaying immediately after the power pulse when 
measuring temperature on the drain (b). This interpretation 
is supported by measurements on the shorter, 250 nm tran-
sistor (c) where the maximum of the temperature response 
is much closer to the end of the power pulse. (The spike at 
~20 ns delay seen in all of these figures is an artifact). 

The results were supported by simulations. Fig. 11 
shows that heat generated at the drain does not have time to 
arrive at the source during a 2ns heat pulse. The magnitude 
of the temperature rise predicted by simulations agrees with 
the experimental values. 

Figure 9. (a) Single transistor transients at 2 ns/div, show sense 
pulse (bottom) measured on the complement channel of the pulse 
generator, and source current (top). The current scales are mag-
nified, clipping the power pulse, to show the sense pulse. (a) 
Sense pulse (250 mV/div) applied at the power source, current 
scale is 80µA/div. (b) Sense pulse (500 mV/div) applied at the 
power drain, current scale is 400 µA/div. 

Fig. 7. Max. Temp. vs. distance for the I, RX, OP and PC media. 
Insert illustrates thermal transfer resistance of the PC case.  
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Fig. 8. Measurement circuit for a single transistor showing use of 
Schottky diode. The sense pulse may be applied at the same or 
opposite sides of the transistor to the (negative going) power pulse.
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Fig. 6. Temperature transients for no floating gate (OP0) and for 
PC lengths of 200, 500 and 1100 nm. Solid lines (in order of 
decreasing amplitude) are simulated results for the same cases.
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Conclusions 
Our results clearly demonstrate capability of measuring 
thermal transients in separated devices on the ns time-
scale and the ability to sense local source temperature, 
both in separated and in a single FET. We show both by 
measurements and simulations that oxide does not afford 
good isolation and that the main cooling mechanism of 
SOI devices is to the gate, with transfer resistance play-
ing an important role. 
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Fig. 11. Simulation of temperature distribution in a 600nm gate 
length FET at the end of a power pulse of 2nS duration.. 
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Fig. 10. Current transients after application of a 2 ns power 
pulse (a) and (b) for a 0.6µm gate length transistor with sense 
pulse applied to the power source and drain respectively and 
(c) for a 0.25 µm gate length transistor with sense pulse ap-
plied to the power source. Note that the spike at ~20 ns 
seen in (a) and (c) is spurious, caused by a reflection. 
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