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A B S T R A C T

This work analyses the impact of device layout on self-heating (SH) extraction and treats it in terms of parasitic 
series resistance and heat evacuation paths. Specifically, the impact of having four-terminal (4T) gate access 
structures used in gate resistance technique for SH characterization is investigated. To evaluate the SH param
eters, the RF characterization technique is utilized, which includes measuring S-parameters over a wide fre
quency range. Two devices are compared in this study based on the same core MOSFET: one with the 4T gate 
access structure and one without these additional accesses. It is experimentally demonstrated that a lower 
thermal resistance is observed for the 4T device. Apart from cooling through the 4T gate accesses which could 
explain this observation, it is seen that parasitic series resistances could also affect the extraction of thermal 
resistance through the RF technique. Through PDK simulations, the impact of the series resistances on SH 
extraction using the RF technique is explored further. The fact that even for the same core device the layout can 
affect the extracted thermal parameters is evidenced.

1. Introduction

The downscaling of CMOS technology has raised concerns of the self- 
heating (SH) effect in advanced nodes. With reduced dimensions, state- 
of-the-art devices face higher current and power densities that raise 
device temperatures [1]. Additionally, the buried oxide (BOX) in fully 
depleted silicon-on-insulator (FDSOI) technology which provides elec
trical isolation of the channel has much lower thermal conductivity 
compared to that of bulk Silicon [2]. Both the aforementioned factors 
could aggravate SH issues in state-of-the-art devices. With the undesir
able effects resulting from elevated device temperatures because of SH 
(such as reduced mobility, threshold voltage shift, reduced reliability, 
etc.) widely reported in literature [3], it becomes important to have an 
accurate evaluation and modelling of SH in advanced devices.

With various characterization approaches used to estimate SH fea
tures in practice, the advantages and disadvantages of the most promi
nent techniques have been discussed in different studies [34]. For 
advanced MOSFETs with smaller thermal time constants, SH charac
terization methods like pulsed IV technique and AC conductance tech
nique are deemed inaccurate due to technological limitations from a 
measurement perspective [3]. Two main techniques that are thereby left 
suitable for SH assessment in state-of-the-art devices are the gate 

resistance technique [5] and the RF technique [6]. The gate resistance 
technique (also referred to as gate resistance thermometry in literature) 
evaluates SH from the temperature variation of the gate resistance using 
a simple DC measurement process, however, requiring special test 
structures with additional gate accesses. Generally, a four terminal (4T) 
gate access structure is used in this technique with two terminals for 
forcing a current and two others sensing voltage which aids in calcu
lating the gate resistance more accurately. The RF technique, on the 
other hand, evaluates SH from the frequency variation of output 
conductance gd and the temperature variation of drain current Id. SH 
parameters (thermal resistance Rth and channel temperature rise ΔT) 
extracted by means of these techniques are often compared and the 
difference is attributed to the inner device features itself. However, one 
needs to pay attention to the fact that device configuration has an 
important impact on the extracted features not only due to difference in 
the “inner” device configuration (and thus heating and heat evacuation) 
but also due to different parasitic elements and heat evacuation paths. In 
this work we demonstrate this based on experimental data for specially 
designed 4 T gate access RF FET (used for SH estimation with the gate 
resistance and RF techniques), complemented by product design kit 
(PDK) simulations of series resistance effect.
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1.1. Experimental details and approach

The device used in this study originates from the 22FDX® from 
GlobalFoundries [7]. The core FET is an nMOSFET in the common- 
source configuration of total width of 30 µm.

Fig. 1 shows the layout of the 4T RF test structure (with additional 
DC pads/accesses to the gate) which allows the application of both the 
gate resistance and the RF technique to the same device. This device is 
compared with a standard version of the RF device without the addi
tional DC contacts to the gate (namely Gate2, Gate3 and Gate4 in Fig. 1). 
While Gate1 and Drain terminals are connected to the central RF signal 
pad, the source is connected to the ground pads. Thus, in this work, two 
devices based on the same core FET are studied; one with 4T gate con
tacts and one without them labelled “4T” and “no 4T”, respectively. The 
assessment of the devices is done solely using the RF technique here; a 
detailed discussion of the gate-resistance technique is beyond the scope 
of this work. It is to be noted that in the measurements in this study, the 
additional DC contacts on the gate (Gate2, Gate3 and Gate4) are left 
floating.

RF measurements are realized using the MPI TS3000-SE probe sta
tion; S-parameters are measured with a VNA in a frequency range from 
100 kHz to 1 GHz, de-embedded with dedicated open de-embedding 
structures and converted to Y parameters. Two Ground-Signal-Ground 
RF |Z| probes with a pitch of 100 µm are utilized for these measure
ments. These probes are designed to withstand high temperatures, up to 
the required value of 125 ◦C.

To comparatively assess self-heating characteristics, the RF charac
terization technique, a frequency domain method, is employed. Recent 
findings have highlighted this technique as particularly adept for self- 
heating characterization in highly advanced, deeply miniaturized 
state-of-the-art devices [3]. This is because achieving dynamic self- 
heating-free conditions in these devices requires reaching frequencies 
up to the gigahertz range. The output conductance (gd) is computed as 
the real part of Ydd, transconductance (gm) is the real part of Ydg. The gd 
versus frequency curve and the drain capacitance Cdd versus frequency 
curve exhibit transitions attributed to self-heating (SH), enabling the 
assessment of SH-related characteristics such as thermal resistance (Rth) 
and thermal capacitance (Cth). It is worth noting that the transition in gd 

with frequency arises not solely from self-heating effects, but also from 
the substrate and back-gate network [89]. In this context, the signifi
cance of the zero-temperature coefficient (ZTC) point, where dynamic 
self-heating is absent, has been demonstrated in [8]. The transition due 
to the substrate network is removed by considering the transition in gd at 
this zero-temperature coefficient (ZTC) point for both the devices 
studied. Rth can then be extracted using (1) given below [10]: 

Rth =
Δgd(

Id + Vdgd,LF

)
∂Id/∂T

(1) 

where Δgd is the difference between gd at low and high frequencies of 
100 kHz and 1 GHz, Id is the DC drain current, gd,LF is the output 
conductance gd at low frequency (100 kHz) and ∂Id/∂T is the slope of the 
Id versus temperature plot extracted from Id-Vg curves measured in a 
temperature range from 25 up to 125 ◦C (with a step of 25 ◦C). To 
maintain a consistent temperature during measurements, the entire 
system is allowed to stabilize for a minimum of half an hour to ensure 
temperature equilibrium at each temperature point. The measurements 
are conducted under saturation conditions with a drain voltage (Vd) of 
0.8 V, while the back gate is kept grounded (Vbg = 0 V).

2. Results and discussion

The DC characteristics of the devices with 4T additional gate ter
minals and without them (labelled “4T” and “no 4T”, respectively) are 
similar in terms of threshold voltage, allowing for a direct comparison of 
their SH features. This can be seen from the Id-Vg and gm-Vg character
istics in linear and saturation regimes shown in Fig. 2 and Fig. 3, 
respectively. However, the difference in magnitude of Id and gm in strong 
inversion in linear regime clearly appears (Fig. 2). This difference can be 
related to different series resistances in the devices, which in turn can be 
either due to process variability or layout related effects. Lower Id 
attributed to the higher source-drain resistance Rsd is seen in 4T FET in 
linear regime (Fig. 2). It is worth noting that as power dissipation is very 
low in this bias condition, SH related effects are neglected. However, the 
difference in IV curves for the two configurations becomes smaller in 
saturation with heating coming into play (Fig. 3).

Fig. 4 shows the variation of output conductance gd with frequency 
for the 4T and no 4T device at Vd = 0.8 V and two different Vg biases of 
0.8 and 0.9 V. The higher value of gd obtained for the 4T FET for the two 
different biases demonstrates the fact that it is less affected by SH 
compared to the standard no 4T FET.

In Fig. 5, the variation of drain current Id normalized with respect to 
the value at 25 ◦C with temperature is shown. The higher Id versus 

Fig. 1. 4T device layout with the two RF and four DC pads.
Fig. 2. Drain current Id and output conductance gd versus gate voltage Vg for 
4T and no 4T device in linear at Vd = 50 mV.
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temperature slope (i.e. a steeper slope) for 4T FET demonstrates lower 
SH. The reason for the above can be seen in [10] as dId/dT is higher at 
higher temperatures is representative of higher SH computed from Id 
versus temperature. For a Vd of 0.8 V, two different bias conditions in Vg 
of 0.8 V and 0.9 V are considered and the aforementioned trends are 
verified for both cases. At Vg 0.9 V, a higher dId/dT is seen as this bias 
point is further away from the ZTC and device heats stronger than the Vg 
0.8 V case.

In Table 1, the SH features such as Rth and ΔT extracted from 
experimental results of the RF technique are shown. One can see 18 % 
lower Rth obtained for the 4T FET case compared to its no 4T counter
part, which is in line with the above observations (Figs. 3–5). Keeping in 
mind that the core FET (“inner” device) is the same in both configura
tions, we suggest that the difference in the extracted SH features arises 
from the different layout/accesses. This difference in extracted thermal 
parameters can arise from (i) thermal evacuation paths and (ii) parasitic 
series resistance. Indeed, one can expect more efficient cooling from the 
accesses in 4T device with larger or more developed heat evacuation 
path. This hypothesis is in line with our previous works having 
demonstrated that a heat sink connected to the gate of a device can 
reduce Rth by 8–20 % depending on the sink configuration and area 
[1011]. From a technique point of view, the actual device Rth is there
fore underestimated due to the gate accesses themselves acting like heat 
sinks. This points out one of the possible limitations of the gate- 
resistance technique.

Apart from this, another reason for the difference in the extracted 
thermal features could be different series resistances in those devices, 
which can be either due to variability or layout related effects. In order 
to study the impact of series resistances further, simulations using the 
PDK model with various series resistances added to the MOSFET are 
made to observe their effect on SH parameters extracted using the RF 
technique. By adding external resistances on the source, drain and gate 
terminals (Rs, Rd and Rg respectively), this impact is estimated. It is 
observed that Rg impacts only the gate related transition in gd versus 
frequency which comes into play at frequencies around 8–10 GHz; 
therefore the impact of Rg on SH extraction in our devices is very limited. 
This observation is in agreement with experiments reported in [12] 
where the transition due to gate resistance is reported to come into play 
at around 10 GHz. Although Rg does not have much impact on the 
extraction of SH parameters, it is noticed that Rs and Rd have a pro
nounced impact on both the gd versus frequency and ∂Id/∂T (increasing 
gd,LF and magnitude of ∂Id/∂T) for SH extraction. This is due to the 
difference between external applied bias and the one seen by the inner 
device arising due to a drop in voltage across these resistances. If the 
biases on the drain, gate and source seen by the inner device are Vd*, Vg* 
and Vs* respectively, it must be kept in mind that these values are 
different from the corresponding external biases Vd, Vg and Vs (Vs = 0 V). 
This arises from voltage drops from the series resistances; while Vg* is 
very close to Vg due to the low gate current Ig, the voltage drop due to Id 
across Rd and Rs causes Vd* and Vs* to differ respectively. While Rd af
fects the Vd seen by the inner device, the relation with Rs is more 
complicated as it changes Vs which in turn affects both Vgs and Vds in the 
common-source configuration used here. In this work, we shall only 
focus on just the impact of Rd. The impact of Rd on the gd transition is 
illustrated in Fig. 6 and the corresponding change in thermal parameters 
is seen in Table 2. It is seen that varying Rd affects gd,LF quite strongly 
and Δgd slightly. From PDK simulations, the percentage variation in Rth 

Fig. 3. Drain current Id and output conductance gd versus gate voltage Vg for 
4T and no 4T device in saturation at Vd = 0.8 V.

Fig. 4. Output conductance gd versus frequency for 4T and no 4T device at Vd 
= 0.8 V and Vg 0.8 and 0.9 V.

Fig. 5. Drain current Id vs temperature for 4T and no 4T device at Vd = 0.8 V 
and Vg 0.8 and 0.9 V.

Table 1 
Measured self-heating parameters on 4T and no 4T device. VG = VD = 0.8 V.

Device gd,LF 

(mS)
Δgd 

(mS)
Id 

(mA)
∂Id/∂T 
(μA/K)

Rth (Kµm/ 
mW)

ΔT 
(◦C)

4T FET 3.46 1.69 22.7 12.11 164 99
No 4T 

FET
3.4 1.81 22.85 10.54 201 123
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is ~2 % in the case of low added drain resistance of 2 Ω but can go up to 
6 % and higher if this resistance is increased to 5 Ω which results in a 1.2 
% drop in the dissipated power. It is therefore established that the 
estimated Rth is dependent on the series resistances that need to be taken 
into account for the SH extraction process. This implies that for the DC Id 
versus temperature measurements, correcting for Rd would be necessary 
otherwise resulting in an underestimated value of Rth. Detailed analysis 
of the impact of all the series resistances provides scope for further work.

3. Conclusion

Our work demonstrates that special care needs to be taken when 
comparing different techniques and device configurations or layouts 
from a self-heating perspective. Additional gate accesses used for the 
gate resistance technique for SH characterization may cause cooling 
through them resulting in an underestimation of the actual thermal 
resistance. For the RF characterization technique, it is demonstrated 
from PDK simulations that the series resistances affect the extraction of 
the thermal parameters by affecting two major parameters, namely the 
output conductance variation with frequency and the slope of drain 
current with temperature. Observed differences should not only be 
attributed to the inner device but also to non-negligible layout/config
uration effects.
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