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Abstract—Thermal impedance is required to describe static
and fast dynamic thermal behavior in silicon-on-insulator (SOI)
devices. This study presents an empirical physical model, which
accounts for gate length, for calculating the thermal impedance
of multi-finger partially depleted (PD) SOI MOSFETs at room
temperature. For the first time, the parameters of the model are
obtained from measurements of AC conductance and the
characteristic .thermal frequency determination. "The model
shows decreasing thermal’ resistance and(linearlyaugmented
thermal capacitance with increasing gate length<from 0.18 to
2.50 pm. Thus, thermal time constants of ~760 ns, extracted from
a variety of gate lengths; are correctly predicted.
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I. INTRODUCTION

he typical thermal model for the temperature tise in

devices induced by self-heating effects (SHEs) consists.of
an equivalent circuit with the thermal resistanece;” Ryg" and
capacitance, Cw, connected in parallel (see Fig. 1(a))."The
first-order Rn—Cn network was demonstrated to be sufficient
for the thermal modeling of silicon-on-insulator (SOI)
MOSFETs with intermediate gate lengths [1], [2]. The thermal
resistance, which has been extensively studied in SOI
MOSFETs [3]—[5], models the static thermal performance of a
device. Meanwhile, the thermal capacitance is necessary to
describe the fast dynamic thermal behavior in SOI devices
subjected to abrupt changes in power generation [6], [7]. Thus,
the temperature rise in the device channel, A7, is given by
ZwP, where P is the thermal power dissipated in the device
(P = Vals, neglecting gate current losses) and Zg, with
1/Zy = 1/Rn + joCuy, its thermal impedance. This thermal
model maintains a high degree of simplicity, which is useful in
the context of compact model development for circuit
simulators. Furthermore, electrothermal simulations can easily
be performed based on a thermal-electrical analogy, by
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Fig. 1. (a) Equivalent circuit for SHEs in devices. (b) Top and cross-sectional
views of the structure of the dévices under study (drawings not to scale). The
central fingers and the corrésponding source and drain terminals are assumed
(not shown).

introducing an internal temperature.node into the device. This
node is connected to ground through the thermal impedance,
and the nodal woltage is actually the temperature rise in the
device channel when the current flowing through the thermal
impedance equals the power dissipated in the device, that can
be obtained (during the circuit simulation using a controlled
current source of value Vlq.

The thermal time<conmstant, zn, which characterizes the
thermal transient response to‘pulsed measurements [8]4 can.be
easily determined as RuCr. Alternatively, the' characteristic
thermal frequency, fu = 1/(2nR@Cw), can be used to determine
the thermal frequency response.

The gate width is usually the only geometrical parameter
considered during the thermal modeling of SOl MOSFETs [4],
[9]. However, it has been demonstrated that the length of the
channel has a non-negligible impact on the thermal impedance
[10] and must be considered for precise compact modeling
[11].

The thermal resistance of SOI MOSFETs reduces as the
length of the channel increases [10] when the heat flow
through the gate contact becomes more significant. This
tendency vanishes for very long channels when self-heating
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Fig. 2. Schematic of an AC measurement system for'the deviceaunder test.

can be neglected. No' gate, length dependence’of the thermal
resistance is also expected for short channelsiwhen' thetheat
flow through the gate ‘is négligible ) (the source and drain
contacts do not shrink) [11].

In addition, when SOI technology is used, the very=low
thermal conductivity of the SiO, buried oxide (BOX) layer
significantly impedes heat transfer towards ‘the substrate,
particularly for thicknesses greater than, 100 nm™[5]: In this
case, most of the self-heating spreads out/ of the \device
through source and drain terminals for short channels.

The thermal capacitance is a volumetric physieal property.
Therefore, it is expected to increase with the length ofithe
channel, similarly to the linear increase observed with the gate
width [10], [12]. Nevertheless, to the best of our knowledge,
this dependence of the thermal capacitance of SOl MOSFETs
has not yet been extracted using the measured characteristic
thermal frequency or modeled.

In this study, the thermal impedance of multi-finger
partially depleted (PD) SOI MOSFETs with different gate
lengths is obtained with a methodology based on the AC
technique [3] and the characteristic thermal frequency
determined through the conductance frequency response [1],
[12]. Additionally, a model for the gate length dependence of
the thermal impedance is proposed, with the aim of its
implementation in circuit simulators.

The PD-SOI MOSFETs under consideration here are
described in Section II. The experimental setup used for their
thermal impedance characterization is detailed in Section III.
Section IV is devoted to thermal impedance characterization
and modeling, and the validation of the model and its
limitations are discussed in Section V. Finally, the conclusions
are presented in Section VI.

II. FABRICATED DEVICES

In order to study the thermal impedance as a function of the
gate length, L, nine PD-SOI N-channel MOSFETs were
fabricated with gate length varying from 0.18 to 2.50 um and
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Fig. 3. Measured output characteristics at different substrate temperatures for
a multi-finger PD-SOI MOSFET with a gate length of 0.18 pmand V=2 V.
Inset: resulting linear temperature dependence of the drain current for
Vd =1.8V.
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Fig. 4. Measured»(with solid lines) and ‘modeled (with dotted lines)
conductance fréquency response at,_room temperature for multi-finger
PD-SOI'MOSFETswith different gate lengthsof 0.18, 0:55, 0.85 and 2.50 pm
for Vy=2 Vand¥y=1.8 V.

1-um-thick BOX,<using XT018 0.18 pm<HV. SOl CMOS
technology (by XFEAB).)The  transistors, with ‘a"threshold
voltage of 0.6 V, were body tied to prevent the floating-bedy
effect and embedded infground-signal-ground on-wafer test
structures. To enhance self<heating, multi-finger/ deviees
composed of 30 parallel fingers, with each finger being 2 pum
wide for a total gate width, 7, of 60 um, were designed. Top
and cross-sectional views of the structure of the devices under
study are shown in Fig. 1(b), and the gate dimensions and
BOX thickness have been labeled.

III. EXPERIMENTAL SETUP

On-wafer measurements were performed with a Cascade
Summit 9000 probe station. As indicated in Fig. 2 for the
experimental setup, the S parameters were measured at room
temperature from 100 kHz to 40 MHz with an
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Fig. 5. (a) Drain current (left axis) and its slope with temperature (right axis)
and (b) DC conductance (left axis) and conductance without dynamic
self-heating (right axis), as a function of the gate length for multi-finger
PD-SOI MOSFETs, extracted from measurements (scattered)
corresponding tendencies (dashed lines) for V;=2 Vand V4=1.8 V.

and

Agilent N9913A vector network analyzer and Cascade
ground-signal-ground microprobes. An Agilent B1500A
semiconductor analyzer made the device under test operate in
the saturation regime, with DC gate and drain voltages of
Ve=2V and Vg= 1.8V, respectively, to enhance SHEs [9].

In order to -calibrate the measurement system, the
short-open-load-through method was implemented in a
previous step and the pad-to-device parasitic elements were
de-embedded with the open-short-through de-embedding
technique [13].

The DC parameters were measured with the Agilent
B1500A semiconductor analyzer. For obtaining the
temperature dependence of the drain current, the transistors
were placed on a hotplate. The substrate temperature was
changed from 25 to 150 °C in steps of 25 °C.

IV. THERMAL IMPEDANCE CHARACTERIZATION AND
MODELING

A. Thermal Resistance

According to the AC conductance technique for MOSFETs
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Fig. 6. Thermal resistance per unit width with gate length extracted from

measurements  (scattered) and modeled (line) for multi-finger
PD-SOI MOSFETs.
TABLE I
PARAMETERS FOR GATE LENGTH DEPENDENCE OF PD-SOI MOSFET
THERMAL IMPEDANCE

R o Ciho m (]
CCmm/W) “ B 7 (um) @FPCmm) (um') (um)

18.24 235 196 1.76 0.19 16.27 0.66  -2.86
[3], the thermal resistance of a device is given by:

Ri— _Sads Suar

) 7 ()
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where gqdo 18(the DC eonductance, gqyqr is the conductance at
high frequency (with dynamic self-heating removed) and /y is
the'drain current.

These parameters were obtained for all devices at the bias
considered (V; = 2 Vand V4 = 1.8.V) in the experimental
setup. In"the case of gaso and /4, these values were extracted
from the Ig¢Vys curve for Vg =/2 Vratiroom temperature
(T =25 2C, shown bya solid line in Fig. 3 for L = 0.18 um).
Output characteristics/at different temperatures«(lines in Fig.
3) were used to determine 014/0T at the"bias<considered from
the resulting linear emperature dependénce 'of the drain
current (inset in Fig. 3). Finallyj the conductance frequency
response at room temperature fromithe S parameters (shown
by solid lines in Fig. 4 for different gate lengths), gqd(f),»was
used to extract the value of the conductance without dynamie
self-heating, gaqr, at which gqq reaches a plateau (shown with
dashed lines). Note that the conductance shows a plateau
above 35 MHz for all gate lengths, a result that is consistent
with the conductance frequency response observed in [9].

The gate length dependence of the parameters in (1) is
represented with symbols in Fig. 5(a) for Iy, left axis, and
014/0T, right axis, and (b) for gqa., left axis, and guqr, right axis.
The corresponding trends are shown with dashed lines. In the
case of gado and gqar, an asymptotic response towards a value
of zero appears for longer channels. Regarding the gado
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Fig. 7. Agu/Aguaarfrequency response at room, temperature for multi-finger
PD-SOI MOSEETs with different lengths of the channel of 0.18, 0.55, 0.85
and 2.50 pm¥or Vg=2V and V4= 1.8 V.

response, two oppositetendencies for the drain.€urrent, occur
for shorter gate lengths. Firstly, short-channel effects (SCEs),
such as drain-induced barrier’ lowering (DIBL) and the
channel-length modulation (CML) effect, affect” the output
characteristics, causing the drain current to increase with drain
bias and lowering the transistor outputsresistance [14].
Experiments reveal that DIBL increases with temperature
[15]. Secondly, SHEs, which are more pronounced for shorter
gate lengths, cause the drain current to,decrease and hence
increase the transistor output resistance. Thus, for reduced
lengths of the channel it seems that SCEs prevail over SHEs,
resulting in a positive output conductance. As the“gate dength
increases, SCEs disappear faster than SHEs when gqdenis
negative, as in [3]. Finally, for longer devices, SCEs and SHEs
vanish and the output conductance tends to zero.

The measured thermal resistance per unit width as a
function of the gate length is shown in Fig. 6 with symbols.
Similar values for the normalized thermal resistances were
obtained in [2], [9], [11] and [16].

The obtained thermal resistances per unit width can be
modeled as in [11] for fully depleted (FD) SOI MOSFETs.
When the gate width dependence observed in [9] is
incorporated, we obtain the following expression:

_ r \.W” @
Ri=Rio (1 T ﬁ) T )

where L and W are expressed in microns and R x W/(W+06)
represents the thermal resistance per unit width for very long
gates (L > 6 um when self-heating is negligible). This must be
increased by y times R X W/(W+J) to predict the thermal
resistance saturation for short channel devices (L < 40 nm, as
shown in Fig. 6, when most self-heating is spread out of the
device through the source and drain terminals). @, f and J are
technology-dependent fitting parameters. The first two of
these determine the gate length dependence for intermediate
lengths of the channel, while the third (in microns) determines

the gate width dependence for narrow channels [9]. Their
values are summarized in Table I.

The modeled thermal resistance per unit width is
represented with a solid line in Fig. 6, showing the expected
dependence and agreeing with the measured data, achieving a
relative error of <10%.

B. Thermal Capacitance

Once the thermal resistance has been obtained for all
multi-finger PD-SOI MOSFETs, the corresponding thermal
capacitance is given by:

1
- 3
Co 2nf Ry, @)
where fi is the characteristic thermal frequency, for which the
conductance is equal to the average of the DC conductance,
Zddo, and the conductance without dynamic self-heating, gqar
[1], [12]. Therefore:

_ 8ado T 8aar “)
8aal) = )
or alternatively:
Agdd—th — l (5)
Agyyr 2

where AGua-m = gad(fin) — Gado and Agaar = aar — Zddo-

The! measured Aguas/Agaar frequency response at room
temperature, whith Agaq = gad(f) — Zado, 1S represented by lines
in Fig. 7 for different gate lengths. The fq, is extracted from the
dotted line; when Aguds/Agasr = 0.5. The data are smoothed to
eliminate noise, especially for longer channels. This noise for
longer channels can bedattributed firstly to a conductance
decrement with “values much lower than the nominal
conductance (20 mS) at the anput ports of the vector network
analyzer and, secondly;” to @ minor variation of the
conductance with the operation frequency due to the descent
of self-heating, as the length /of .the “channel increases
(comparefgqq for L =0.18 and 2.50 um in Fig. 4). In fact, for
multi-finger PD-SOI MOSFETs with a gate length of 4 pm or
higher, neither. the characteristic thermal fréquency, nor the
conductance plateau could be observed.

The resulting characteristic thermal frequency seems'not.to
depend on the length of the channely, maintaining its value in
the frequency range of 200-215 kHz (see Fig. 7). Once, the
characteristic thermal frequency has been extracted,
considering (3), the gate length dependence of the thermal
capacitance per unit width in multi-finger PD-SOI MOSFETSs
was obtained, as indicated in Fig. 8 with symbols. Similar
normalized thermal capacitances (1-27 nJ/°C mm) were
obtained in [1], [10] and [12] for RF SOI MOSFETs and
236 nJ/°C mm in [16] for FinFETs.

Thus, the thermal capacitance per unit width can be linearly
modeled with the gate length, as expected. When the gate
width dependence observed in [12] is incorporated, we obtain
the following expression:
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Fig. 9. Thermal time constant extracted from measurements (scattered) and
modeled (line) as a function of the length of the channel for multi-finger
PD-SOI MOSFETs.

Cin = Cno(1 + mL)@ (6)
w

where Cuo x (W+@)/W represents the thermal capacitance per
unit width at a hypothetical zero gate length (when extrinsic
elements determine the thermal performance of the device, as
contacts do not scale with the gate length). The proportionality
constant m and ¢ (in microns, which accounts for the thermal
capacitance of narrow devices [12]) are technology-dependent
fitting parameters. Their values are indicated in Table I and
the modeled data are shown with a line in Fig. 8. The relative
error between the modeled and measured data is lower than
8.5% in all cases.

Finally, accounting for the measured and modeled data for
the thermal resistance and capacitance, Fig. 9 compares the
measured (with symbols) and modeled (with line) thermal
time constant, 7 RCyp, for multi-finger PD-SOI
MOSFETs, as a function of the length of the channel.
Comparable results were obtained in [1]-[3], [12], [16] and

[17] for other device technologies. For the transistors under
study, the measured thermal time constant does not vary
significantly. The modeled data show a maximum relative
error of 7.9% with respect to the average thermal time
constant of 760 ns. Consistently, a respective characteristic
thermal frequency, 1/2n<z,>, of 209 kHz results in the range
of gate lengths under study.

V. VALIDATION AND LIMITATIONS

This first attempt at modeling the dependence on the gate
length of the thermal capacitance of PD-SOI MOSFETs
allows for a complete determination of their thermal
impedance for circuit simulations. Furthermore, only the
conductance frequency response, together with the measured
characteristic thermal frequency, was used to obtain Cy for
PD-SOI MOSFETs.

The resulting modeled conductance frequency response can
be evaluated as in [3]:

ol
8ad ~ 8adr + Re(Zth) ﬁ (Vd gddT+]d) (7)

which is shown in Fig. 4 with dotted line. A good agreement
between modeled and measured output conductance has been
obtained, with an average relative error lower than 6.5% in all
transistors.

The measured characteristic thermal frequency was
obtained based on the assumption of a single thermal time
constantywhich is convenient for compact modeling and valid
for PD-SOI MOSFETs with the gate lengths under
consideration [1], [2]. However, this assumption may fail in
ultra-scaled devices with a_gate length on the order of dozens
of nanometers. This ' was the case for FInFETs in [1], which
had a gate length off14 nm, dndicating the existence of a
second thermal time ‘constant, and. for FD-SOI MOSFETSs in
[18], ‘which had a gate*length|of 20 nm, and for which a
fourth-order thermal network needed to be employed.

Regarding’ the gate width, dependence, of the thermal
impedance of PD-SOL MOSFETs, no physical limitations of
the model are expected for typical devices, as deseribed in [9],
[12], where the gate width ranged between 10/and 60 pm.

Finally, it must be pointed out that the AC technique allows
for the identification of different factors (floating bodys SHEs,
substrate effects, and gate resistance), that affect the variation
in the output conductance with frequency, due to different
time constants [3]. Thus, the{conductance frequency response
can be partially masked by other effects than SHEs, and this
should be avoided.

To minimize the floating body effect, which appears as
augmented conductance at low frequencies, the transistors
were body tied [3]. The increase in conductance due to gate
resistance is observed in the gigahertz range [9], which is
outside the scope of this work. Lastly, substrate effects result
in an augmented conductance above 100 MHz [3], [18], at
higher frequencies than those at which the conductance
reaches a plateau (from 35 to 40 MHz, as shown in Fig. 4). In
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Fig. 10. (a) Extracted temperature rise versus dissipated power, normalized
with respect the gate width (60 um). Inset: Corresponding variation of the
thermal resistance. (b) Agaa/Agaar frequency response for different normalized
power dissipations. Inset: Variation of the thermal capacitance with
normalized power dissipation.

addition, it is known that substrate effects are relatively weak
compared with SHEs with thick BOX layers (1 pm thick in
our case).

To demonstrate the non-dependence of the thermal
impedance on bias conditions, different power dissipations
ranging from ~0.5 to 1 mW/um were considered in the
saturation regime (with V3 = 1.8 V to enhance SHEs), and the
gate voltage was varied from 1.4 to 1.8 V in steps of 0.2 V.

The resulting normalized power dissipation dependence of
the extracted temperature rise is shown in Fig. 10(a) by the
symbols, for the PD-SOI MOSFET with a gate length of
0.18 um. As expected, a linear dependence is observed (shown
by the dashed line), with null temperature rise for zero power
dissipation. An average thermal resistance of 49.7 °C mm/W
was obtained with a maximum variation of 2.7% (shown in the
inset to Fig. 10(a), where the measured variation in Ry with
normalized power dissipation is represented by symbols. The

median Ry, shown by the dashed line represents a null
variation). Regarding the corresponding thermal capacitance,
Fig. 10(b) shows (as lines) the resulting measured Agqa/Agdar
frequency response for the different normalized power
dissipations, which is similar to that observed when varying
the gate length (compare Figs. 7 and 10(b)). In both cases,
analogous characteristic thermal frequencies are extracted. An
average thermal capacitance of 15.8 nJ/°C mm was found,
with a maximum variation of 4.8% (shown in the inset to Fig.
10(b), where the measured variation in Cy with normalized
power dissipation is represented by symbols. The median Cy,
shown by the dashed line represents a null variation).

There was also no evidence of the dependence on the power
dissipation of the thermal impedance of the rest of the devices
(the plateau observed at the conductance frequency response is
attributed to SHEs). Thus, the model presented here for the
thermal impedance of PD-SOI MOSFETs is expected to be
valid for the biasing conditions recommended by the fabricant
(i.e.upto2 V).

VI. CONCLUSIONS

The thermal impedance of multi-finger PD-SOI MOSFETs,
when varying the gate length from 0.18 to 2.50 pm, has been
successfully measured for the first time using the AC
conductance method, together with the determination of the
characteristic thermal frequency. The dependences on the gate
length” of the thermal resistance and capacitance, at room
temperature, shave been also modeled for circuit-design
purposes: For the thermal capacitance, a linear gate length
dependencei(cc 1022 nJ/°C mm) has been modeled for the first
time, with/an_expected .inferior limit of 15.5 nJ/°C mm for
ultra-short devices, when.extrinsic elements determine the
device thermal performance. In addition, the measured thermal
time constants have/been correctly predicted, showing no
relevant gate length' dependencemand an average value of
760 ns: Finally, the methodology described here is based on
the use of first-order thermal networks. For lengths of the
channel on<the order of dozens.of nanometers, an extended
order thermalmetworkimay be necessary for/a proper thermal
characterization of PD-SOI MOSFETs, and this‘will form the
subject of future work.
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