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1. Introduction

High temperature is a large value market that has been difficult
to serve up till now. In automotive electronics, on-engine and on-
transmission applications are projected to require maximum tem-
peratures of up to 200 °C with the wheel-mounted applications
going even higher. Further high-temperature application areas in-
clude aerospace and environmental monitoring, such as mining
and well logging.

Silicon-on-Insulator (SOI) technology is emerging as the most
mature solution for high-temperature applications in MOS tech-
nology area. Indeed, SOl MOSFETs present lower leakage currents
than bulk devices at high temperature, as well as a smaller varia-
tion of threshold voltage with temperature [1]. They are also im-
mune to temperature-induced latchup. As a result, SOI circuits
can operate at temperatures above 300 °C, while bulk CMOS is usu-
ally limited to 150 °C [2,3].

In previous published work [1-5], high-temperature DC behav-
ior has been considered, while RF high temperature behavior has
rarely been discussed [6]. This work presents a detailed investiga-
tion of DC and RF high temperature behaviors of partially-depleted
SOI MOSFETs. Starting from DC and S-parameters measurements,
important figures of merit for both DC and RF behaviors are inves-
tigated in depth and compared for two types of Partially-Depleted

* Corresponding author. Tel.: +32 (0)10478096; fax: +32 (0)10478705.
E-mail address: Mostafa.emam@uclouvain.be (M. Emam).
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(PD) SOI transistors, which are Floating-Body (FB) transistor;
where the body is not connected to any terminal and Body-Tied
(BT) transistor; where body and source are shorted together by a
silicided contact. In addition, parameters extraction of a small-sig-
nal equivalent circuit is presented for temperatures ranging from
25 to 250°C and frequencies ranging from 40 MHz to 40 GHz.
Characterized transistors feature 30 gate fingers of 2 pm wide each
connected in parallel, on a 130 nm high-resistivity SOl CMOS tech-
nology with a gate oxide thickness, film thickness and buried oxide
thickness of 2.6, 150 and 400 nm, respectively.

2. High-temperature DC behavior
2.1. Threshold voltage V,

The threshold voltage of an n-channel MOSFET is given by

Qox QD
Vin = Oyis + 2P — == — =— 1
th MS F Cox COX ( )
where ®ys, Pr, Qox, Qp and Coy are the metal-semiconductor work-
function difference, the Fermi potential, the charge density in the
gate oxide, the depletion charge controlled by the gate and the gate
oxide capacitance, respectively. Eq. (1) is valid for PD devices where

QD = qNanax (2)

where W, is the maximum depletion width and is given by
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4651(15]:
qN,

Wmax = (3)
where € is the permitivity of the silicon, N, is the doping concen-
tration and q is the charge of electron.

If an N*-polysilicon is assumed, the value of the work-function
difference is given by

E
Dys = — jg — & (4)
with

Pp = %T In(N, /n;) 5)

where Eg, T and n; are the silicon bandgap, the temperature and the
silicon intrinsic carrier concentration, respectively.

The temperature dependence of the intrinsic carrier concentra-
tion, n;, is given by [8]

n; = 3.9 x 10'°7/2eFe/%T (6)

The temperature dependence of the threshold voltage can be
obtained from (1) and (5). Q. is assumed to have no temperature
dependence over the temperature range under consideration 25-
250 °C. The same applies to Eg, which varies by only 0.3% for this
temperature range [9]. Therefore, for bulk and thick-film SOI de-

vices [7],

dVm _ dor q €iNa

ar —dr |G len(N/n)} 7
with

% =863x107° {ln(Na) -382-— %{1 + ln(T)}] 8)

In the case of thin-film, Fully-Depleted (FD) devices, Qp has a va-
lue which can range between gN,t5 and gN,t./n, with tg the silicon
film thickness, which is independent of temperature, and the value
of n ranges between 1 and 2, depending on oxide charge and back-
gate bias conditions. If n is assumed independent of temperature,
therefore Qp is independent of temperature. And since Q,, and E,
were assumed independent of temperature too, therefore, from (1)
dVy,  do

dr — dT ®)

From (7) to (9), it can be seen that dVy,/dT is larger in bulk and
thick-film SOI devices than in thin-film SOI devices by a ratio given
by the bracket term of (7) which typically ranges from 2 to 3,
depending on the gate oxide thickness and the channel doping
concentration. In other words, it depends on Cp and Co, depletion
capacitance and oxide capacitance, per unit area, respectively. Typ-
ical values of dVy,/dT range between —0.7 and —0.8 mV/K in thin-
film SOI MOSFET’s and between —2.4 and —3 mV/K in bulk and
thick-film SOI MOSFET’s (with N, of ~ 1.6 x 10" cm~3) depending
on oxide thickness and temperature range [7].

Fig. 1 shows the degradation of threshold voltage V, with tem-
perature measured for FB and BT PD SOI devices in linear region.
Both FB and BT transistors show a dVy,/dT of —0.7 mV/K over the
temperature range from 25 to 250 °C. Although the film thickness
in our case is not very thin (150 nm), the high channel doping
(N, ~ 10" cm~3) results in higher Cp and hence smaller dVy,/dT
(as depicted from Eq. 7) compared to reported values for thick-film
devices, putting it rather near of dVy,/dT of thin-film transistors. In
a recent publication, using FD (50 and 4.5 nm of film thickness and
gate oxide thickness, respectively), low-Vy, (low-doping) devices, a
very small dVy,/dT of —0.44 mV/K was achieved [10].
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Fig. 1. Variation of threshold voltage Vy, and subthreshold slope S with temper-
ature in linear region.
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Fig. 2. Variation of threshold voltage Vy, and subthreshold slope S with temper-
ature in saturation region.

In saturation region, on the other hand, a difference in Vy, be-
tween FB and BT is noticed, as shown in Fig. 2. Also dV,/dT differs,
with —0.1 and —0.3 mV/K for FB and BT transistors, respectively.
Both differences, in Vy, and dVy,/dT, are due to the floating-body
effects which, in saturation, cause the drain current to be higher
than corresponding current in BT transistor, and this is translated
into a lower Vy, values, compared to linear region. This difference
was also reported for PD devices in [11].

2.2. Subthreshold slope S

Normally, for bulk and PD SOI transistors (if the interface traps
are neglected), subthreshold slope is given by [12]

kT Co
S:?ln(10)<1+c—ox> (10)
dQp
Cp = <D 11
’ T dys =
Qp = qN,Wmax (12)

where y is the surface potential. As W, varies with temperature,
Cp depends on temperature as well and so does the subthreshold
slope. This variation is usually linear, as shown in Figs. 1 and 2.

A severe degradation of subthreshold slope S from 25 to 250 °C
can be seen from the logarithmic scaled IDVG curves shown in Figs.
3 and 4. Measured values of S for both FB and BT transistors are
approximately 80 and 160 mV/dec at 25 and 250 °C, respectively,
in both linear and saturation regions, as shown in Figs. 1 and 2. This
is very critical for digital circuit designers. This degradation is lin-
ear in nature which is in conformity with theoretical and experi-
mental behavior for bulk and partially-depleted SOI devices as
reported in [2,12], where similar values of degradation were
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Fig. 3. IDVG in logarithmic scale for FB device at 25°C (solid line) and 250 °C
(dotted line).
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Fig. 4. IDVG in logarithmic scale for BT device at 25 °C (solid line) and 250°C
(dotted line).

shown. Still, this should be considered as an advantage compared
to a non-linear degradation scheme in the case of FD devices,
where the value of S at 250 °C could reach four times its value at
room temperature [2,12].

2.3. Leakage current

The increase of junction leakage current is one of the main
causes of failure in circuits operating at high temperature. The
junction leakage current is proportional to the area of the junction.
The strongest leakage component found in bulk CMOS operating at
high temperatures originates from the “huge” well junctions. This
causes loss of functionality in CMOS circuits at temperature above
180 °C while the same SOI CMOS circuits can operate up to 300 °C.

The leakage current in SOl MOSFET transistors is basically com-
posed of two parts, a generation and a diffusion components, both
related to the N*-P junction (body-drain junction). The sum of
these two components describes the leakage current as follows [2]

Dn> 12 2

nW
L+ gA=
Tn a q

Te

(13)

Ileal( = qA( N

where A is the junction area, D, is the electron diffusion coefficient,
T, is the electron lifetime in p-type neutral silicon, W is the deple-
tion width, and 7. = (1, + 7p)/2 is the effective lifetime related to
the thermal generation process in the depletion region. The temper-
ature dependence of leakage current is based on the temperature
dependence of n; which is given in Eq. (6).

The first term in Eq. (13) (the diffusion component) is propor-
tional to n?, and the second term (the generation component) is
proportional to n;. It has been experimentally observed [13] that
the leakage current of SOl MOSFETs and reverse-biased diodes var-
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Fig. 5. Variation of leakage current I,.;, with temperature.

ies as n; below a temperature of 100-150 °C and varies as n? above
those temperatures, which implies that the diffusion component is
more effective at higher temperatures while at lower temperatures
it is the generation component which is more effective. It is also
worth noticing that A, the area of the junction, and A - W, the vol-
ume of the space-charge region associated with the diode, are both
much smaller in SOI transistors than in bulk devices. Therefore, ex-
tremely low leakage current can be obtained in SOI devices.

In FB transistors, this diffusion component becomes more
important due to the presence of the floating charge reservoir in
the body. And as temperature increases, this reservoir becomes
more and more important with charges thermally generated and
accumulated inside it, hence the diffusion component is highly
magnified. On the other hand, in BT transistors, the connection be-
tween the body and the source limits the diffusion component as
no accumulation of charges takes place in the body. This behavior
is manifested in Fig. 5 where the measured leakage current for the
FB and BT transistors as a function of temperature is shown. Leak-
age current is measured when the transistor is in deep depletion
region, which in this case is taken for small negative values of
Vs and for Vps = 1.2 V. Under this biasing condition, the drain cur-
rent is characterized by a plateau, and as Vs becomes more nega-
tive the transistor turns into accumulation regime and the channel
current starts to increase again. Therefore, the current at the pla-
teau region is due only to junction leakage current.

It can be observed from Fig. 5 that up to 100 °C the difference
between the two transistors is not very large, since not enough
charges are accumulated in the body of FB transistors, so both de-
vices are basically acting the same. But above 150 °C, thermally
generated charges accumulated in the floating reservoir have high
enough energy to overcome the barrier between the body and the
source, therefore the floating-body transistor starts to show much
higher leakage current and at 250 °C. FB transistor shows a leakage
current of 4.7 nA/um while BT transistor shows a leakage current
of 0.43 nA/pm only, which is one order of magnitude lower than
FB transistor (at 25 °C both transistors have only 15 pA/pm of leak-
age current).

2.4. Ion-to-Iopr ratio

This figure of merit is very important for digital circuit design-
ers. It is well known that SOI devices provide much higher Ioy-to-
Iorr ratio than bulk devices, and this is related to the much smaller
area of source and drain junctions in SOI compared to bulk (by a
factor of 15 to 100, depending on the design rules) [2], and more
important, the largest of all junctions, the well junctions, are to-
tally absent from SOI CMOS. This contributes to a drastic reduction
in the overall standby current consumption of SOI circuits com-
pared to bulk ones.
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In highly-doped devices, in which Iog corresponds to leakage
current Iie,,, the evaluation of the Ion-to-Igrr ratio with temperature
is determined by the variations with temperature of threshold
voltage, subthreshold slope and leakage current. On the other
hand, in lowly-doped devices, it is dependent on threshold voltage
and subthreshold variations only. Usually, we can expect to have
stronger temperature dependence of the Ion-to-Iopr ratio in devices
with higher threshold voltages.

The measured Ign-to-Iogr ratio for FB and BT transistors is shown
in Fig. 6. Measurements of Ior are taken at Vs = 0V and of Iy at
Vgs = 1.2 V with Vps = 1.2 V in both cases. As expected, BT transis-
tor shows better Ion-to-Iogr ratio, thanks to its lower leakage cur-
rent. It should also be noticed that the Ion-to-Iope of BT
transistors degrades faster with temperature. This is related to a
higher degradation scheme of OFF current for BT transistor, as it
can be seen from the OFF current shown in Fig. 6. The relatively
large difference between OFF currents at room temperature (about
one decade) tends to diminish at 250 °C, which explains the ten-
dency to have close values of Ion-to-Iog ratios for FB and BT tran-
sistors at 250 °C of about 362 and 888, respectively. These values
are very close to the values obtained for a 0.15 pm fully-depleted
low-Vy, devices published in [14]. These values are also very large
compared to the Ign-to-Igr: ratio of bulk transistors, which are in
the order of 40 at 250 °C [2].

2.5. ZTC point and kink effect

The so called Zero Temperature Coefficient (ZTC) point has been
identified for bulk CMOS by Shoucair [15] and Prijic et al. [16] in
both the linear and the saturation regions for temperatures be-
tween 27 and 200 °C. According to Shoucair, the ZTC drain current
is usually well defined up to approximately 200 °C, whereas at
higher temperatures, drain-to-body leakage currents typically
cause the characteristics to shift upwards on a linear scale of mic-
roamperes. Later, Groeseneken et al. [7] and Jeon and Burk [17]
demonstrated the existence of the ZTC point experimentally for
thin and thick-film SOI MOSFETSs, respectively. The analytical for-
mulation for ZTC in SOI devices has been introduced by Osman
et al. [18]. ZTC point is device-geometry-independent for a given
process [15] but it depends on the bias of the body for body-con-
tacted SOI devices [19].

Basically, there are two ZTC points for a transistor, one for the
drain current and the other for the transconductance, and in gen-
eral they have different values in linear and saturation regions.
These ZTC points are defined as the points at which the drain cur-
rent or the transconductance remains constant as temperature var-
ies, i.e., dlIps(T)/0T ~ 0 or dg,,(T)/dT = 0, respectively. This can be
explained as follows. The ZTC points, are values of Vs at which
the reduction of the threshold voltage is counter-balanced by the
reduction of the mobility, and as a result, the value of the drain
current or the value of the transconductance remains constant as

6 1
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Fig. 6. Variation of Ion-to-Iogr ratio and Ioge current with temperature.

gm - aVGS

the temperature varies. For gate voltages lower than ZTC, the de-
crease of threshold voltage is dominant and so drain current in-
creases with temperature, while for gate voltages higher than
ZTC, the mobility degradation predominates and drain current de-
creases with temperature. The ZTC is a very important bias point
for analog designers as it corresponds to a gate voltage at which
the device DC performance remains constant with temperature
[20,21].

Figs. 7 and 8 present the normalized Ips—V s characteristics of
both FB and BT transistors in addition to the normalized transcon-
ductance calculated from DC measurements by

_ OlIps

(14)

Vs

A very interesting advantage of BT transistor over FB transistor
is shown in Figs. 7 and 8 where the ZTC points are noticed at higher
Vs for BT transistor for both drain current and transconductance
measured at Vps = 1.2 V. For BT transistor, ZTCps and ZTCg,, take
place at Vgs = 0.6 and 0.4V, respectively, while for FB transistor
they take place at Vs = 0.43 and 0.25 V, respectively. This ensures,
for BT transistor rather than FB transistor, an operation in ON mode
at the ZTC point, giving higher drive current and higher overdrive
voltage which is quite important for analog circuit designers work-
ing at varying temperature environments. It can also be noticed
that, contrary to what Shoucair noticed for Bulk transistors [15],
the ZTC point for both FB and BT transistors are well defined even
up to 250 °C (and up to 300 °C for the work of Osman et al. [18])
thanks to the suppression of leakage currents by the insulating
layer between the body and substrate; i.e., the buried oxide
(BOX). For Bulk transistors, Shoucair reported a ZTCps of 2 and
1.5V in saturation and non-saturation regions, respectively.

On the other hand, Fig. 9 shows the output conductance of the
FB transistor calculated from DC measurements using

0.8 T T T T T T T 0.8
0.7 25.C 0.7
= 067} 10.6 ~
E osl
2 0.5 25°C 0.5 =2
g 047 250°C 10.4 VEJ
= ZTC o -~
8 031 gm 250°C 10.3 8
~T 02 c 102 %0
0.17¢ 7 IDS 10.1
0 . . . . . . 0
0 02 04 06 08 10 12 14 1.6
VGS (V)

Fig. 7. Ips and g, versus Vgs at various temperatures for BT transistor at
Vps =1.2V.
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Fig. 8. Ins and g, versus Vs at various temperatures for FB transistor at
Vps =1.2V.
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Fig. 9. Variation of g4 with temperature for FB transistor.

&= (15)

where a suppression of the kink effect at higher temperatures is evi-
dent. This promotes FB transistors to work at harsh environments
without problems arising from floating-body effects. Several factors
can explain this improved performance for FB transistor. First, this
can be due to the enhanced generation processes at high tempera-
tures which leads to more efficient excess carrier extraction from
the floating body. Also due to the attenuation of the impact ioniza-
tion up to total disappearance at high temperatures (due to de-
crease of carrier mean free path) which also leads to the increase
of Early voltage at elevated temperatures [22]. It can also be related
to the reduction of the excess minority carrier concentration in the
device body through increased recombination. And also, the reduc-
tion of the body potential variations owing to an increase of the sat-
uration current of the source junction [2].

3. High-temperature RF behavior

The high-temperature RF behavior of SOl MOSFETs has not re-
ceived the same attention as the high-temperature DC behavior.
In the following subsections, the high-temperature RF behavior is
investigated in details based on measured data. The Anritsu
37369A two-port vector network analyzer VNA operating up to
40 GHz and a 100 pm-pitch ground-signal-ground (GSG) high-fre-
quency high-temperature Z-probes are used for RF signal measure-
ments while DC biasing is achieved using HP 4145B device
parameter analyzer. A temperature controlled 200 mm chuck is
used to obtain measurements from room temperature up to
250 °C. An OPEN dummy structure is measured to perform a one-
step de-embedding and hence removing the effects of the pad
capacitances Cp; and Cpq. The effect of the access inductances Ly,
Lq and Ls was found to be negligible due to the short access lines
and the relatively low frequencies at which the extraction was per-

|
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Fig. 10. Small-signal equivalent circuit of MOSFET.

formed (between 1 and 4 GHz). Therefore, the reference plan could
be put at the dashed box in the small-signal equivalent circuit
shown in Fig. 10.

3.1. Cutoff frequency

The cutoff frequency of a transistor (also known as the transi-
tion frequency) which characterizes the point at which the current
gain of the transistor vanishes, and hence characterizes the high-
frequency behavior of the transistor, can be obtained from

fT Re(Y21)

~2nm(Y1) /@ (16)

where Re(Y>;) is mainly a function of the gate transconductance
and Im(Yy;)/w is directly related to the total gate capacitance.
The cutoff frequency extracted from de-embedded measured
data is shown in Fig. 11 as a function of temperature for both FB
and BT transistors, under the condition of maximum transconduc-
tance biasing, i.e., Vps = 1.2V and V¢s = Ves@g,,, . It is clear that
as the temperature increases, the cutoff frequency fr of both FB
and BT transistors decreases with slightly different slopes. From
25 to 250 °C, the cutoff frequency degrades by 26% and 27% for
FB and BT transisotrs, respectively. From Eq. (16), this degradation
of fr can be related to either a degradation with temperature in the
behavior of Re(Y>;), thus the transconductance, or Im(Y+11)/w, thus
total gate capacitance, or both. This can be further investigated
when looking at the intrinsic parameters presented in Section 3.4.

3.2. Extrinsic resistances

In Fig. 10, the dotted box differentiates between the intrinsic
(inside) and extrinsic (outside) elements of a typical equivalent cir-
cuit for a SOI MOSFET. It was found that the extraction of intrinsic
elements from measured S-parameters is very sensitive to the val-
ues of the extracted extrinsic resistances Rg, Ry and R;. The extrac-
tion of these extrinsic resistances is performed using the cold FET
method proposed by Bracale et al. in [23] and applying the
o?Re(Z;;) versus o? method proposed by Crupi et al. in [24] to min-
imize the frequency dependence of Re(Z;) associated to an incom-
plete capacitance de-embedding and/or intrinsic capacitive effects.

Fig. 12 shows the results of the extraction. Ry and R, are quite
similar for both FB and BT transistors. However, the difference in
values between Ry and R; is related to a slight dissymmetry be-
tween the two sides of the transistor. Between room temperature
and 250 °C, both Ry and Ry show an increase of nearly 100% going
from ~ 2 to ~ 4 Q for Ry and from ~ 1.5 to ~ 3 Q for R;. Resistivity
of doped silicon is calculated from [8]

1

p(T) :m (17)
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Fig. 11. Variation of cutoff frequency fr with temperatures at max g, condition.
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Fig. 12. Extrinsic resistances variation with temperature.

where p,(T) is the hole mobility as a function of temperature which
can be calculated using Arora’s mobility model [25]. For highly-
doped silicon (as in the case of source and drain regions), only a
25% increase in resistivity is obtained for the considered tempera-
ture range. In our case, the classical Bracale method, used to extract
the extrinsic resistances, does not consider the mobility degrada-
tion. This produces an over estimation of Ry and Rs [26], giving
the high percentages of increase shown in Fig. 12.

3.3. Capacitances in OFF state

The values of extrinsic resistances extracted in the previous sec-
tion are subtracted from the measured Z-parameters (Zy) to get
the intrinsic Z-parameters (Z;,.) using the following equation:

Rg+R, R

7 =1[Z —
Zint] = [Zexi] R, Ryt R,

(18)

At this point, the reference plan is moved to the dotted box in
Fig. 10. This represents the intrinsic part of the small-signal equiv-
alent circuit of the MOSFET transistor. Besides the transconduc-
tance and the output conductance (presented in next section),
the intrinsic part contains three capacitances; Cg, Cgq and Cgs. It
is of interest to extract these capacitances when the transistor is
operated in ON (inversion) and OFF (depletion) states. This will
give more insight for circuit designers, instead of the conventional
definition of intrinsic and extrinsic capacitances. To extract the
capacitances in OFF state, transistors are biased in deep depletion
mode, i.e., negative values of V¢s and zero Vps. The direct extrac-
tion method introduced by Raskin et al. in [27] is then applied.
Vs is set to —0.5V where the capacitances showed a minimum
when plotted as a function of V¢s. The results of the extraction
are shown in Figs. 13 and 14. Cg and Cgq in OFF state contain the
contribution of three capacitances, as shown in Fig. 15; the fringing
capacitances, the overlap capacitances and the body depletion
capacitances. The later has a high sensitivity to temperature varia-
tion as it depends on the intrinsic carrier density n;, which is sen-
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Fig. 13. Cg and Cy variation with temperature in OFF state.
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Fig. 15. Capacitances of MOSFETs.

sitive to temperature changes as shown earlier in Eq. (6). This
explains the variation of capacitances in deep depletion with tem-
perature as summarized in Table 1.

Theoretically, Cys in BT should be double that in FB, due to the
absence of one of the two series capacitances because of the short
connection between the body and the source, as shown in Fig. 16.
Fig. 14 shows that this is rather correct, as BT transistor shows
nearly double the value of C4s compared to FB transistor. On the
other hand, FB transistor shows double the variation of Cy4s with
temperature compared to BT transistor, as shown in Table 1, for
the same reason; in FB transistor, two capacitors in series vary with
temperature, while in BT transistor one of these series capacitances
is removed.

This connection between the body and the source also affects
the gate-source capacitance Cgs, where again it is higher in the case
of BT transistor as shown in Fig. 13, due to the metal layers connec-
tions which adds to Cg and varies according to the layout imple-
mented. Fig. 17 shows an illustration of the layout used in this
work. Therefore, a good layout optimization technique can highly
reduce this capacitance. It is worth mentioning here that the
capacitance related to the body node in BT transistors is very small
compared to capacitances related to metal layers connections. Val-
ues for extracted body node capacitances for the same technology
used in this work was published by Lederer and Raskin in [29]. The
layout variations also affect the amount of difference between Ci;
and Cgq in OFF state for the same transistor, whether FB or BT, thus
affecting the theoretical symmetry of the transistor assumed at
zero Vps. Fig. 13 shows a small difference between Cg and Cgq in

Table 1

Variation of capacitances from 25 to 250° for FB and BT transistors in deep depletion
Cgs ng Cds

FB (%) 16.1 138 114.2

BT (%) 1114 135 169
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Fig. 16. Difference in Cys between FB and BT transistors.
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Fig. 17. An illustration of the layout showing the metal layers connection between
the body and the source.

the case of FB (nearly symmetric) while large difference (nearly the
double) in the case of BT transistor.

3.4. Intrinsic elements in ON state

As in the case of the extraction of capacitances in deep deple-
tion, the extraction of intrinsic elements in ON state is performed
using the intrinsic Z-parameters (Z;,;) (obtained from Eq. (18))
and the direct extraction method [27] under saturation and strong
inversion bias conditions; i.e., Vps = 1.2 V and Vs = 1.5 V. The re-
sults of the extraction are shown in Figs. 18-20. Percentages of var-
iation of intrinsic elements with temperature are shown in Table 2.
All percentages are relative to the room temperature values.

Cg in ON state shows higher values for BT transistor compared
to FB transistor, for the same reason of metal layers connections
explained in previous section. Also a higher difference (compared
to the OFF state case) is shown in Fig. 18 between Cg and Cgq for
the same transistor due to the presence of the inversion layer in
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Fig. 18. Variation of Cg and Cgq with temperature extracted in saturation region
under strong inversion.
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Fig. 19. Variation of C4 with temperature extracted in saturation region under
strong inversion.
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Fig. 20. Intrinsic transconductance G, and intrinsic output conductance Gg
variation with temperature extracted in saturation region under strong inversion.

saturation region, i.e., the transistor is no more symmetric. Cgs
and Cgq show relatively stable behavior with temperature, as can
be seen from Table 2, while C4 shows higher degradation (in-
crease) with temperature reaching nearly 7.77% and 23.4% for
FB and BT transistors, respectively. This degradation in Cg; is re-
lated to the increase in generation and recombination rates in
the channel with temperature.

Output conductance Ggs, shows a relatively stable behavior with
temperature, where BT transistor shows an increase of 24.1% at
250 °C and FB transistor shows an increase of 15.6% which is less
than that for the BT transistor due to the supression of the kink ef-
fect as explained in Section 2.5. As a result, both transistors show
stable output performance at high temperatures, hence the match-
ing with next stages is not affected by the increase in temperature.

Transconductance Gy, on the other hand, shows some degrada-
tion with temperature. A decrease of 16.3% and 20.5% for FB and
BT transistors, respectively, can be noticed. This can be explained
by the degradation of surface mobility with temperature, an effect
that has been measured and modeled by Reichert et al. [28]. These
transconductances are extracted from intrinsic Z-parameters (Ziy;)
in saturation region, thus away from the ZTC point of G, and also
from the maximum value of G,,. Therefore, this degradation will di-
rectly affect the intrinsic gain of the transistor at elevated
temperatures.

To complete the study of the intrinsic behavior of the FB and BT
transistors, an extraction of the intrinsic cutoff frequency f is nec-

Table 2
Variation of intrinsic elements from 25 to 250° for FB and BT transistors in strong
inversion

Cgs ng Cds Gm Gds fc
FB (%) 110.9 104 17.77 1163 115.6 1216
BT (%) 143 164 1234 1205 124.1 123.9
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Fig. 22. Variation of fn.x with temperature under maximum g,, bias condition.

essary. The effect of transconductance Gy, is very important on f,
since it is defined by:

Gm
fe= 27Cys

(19)

Therefore, the extraction is performed at maximum G, bias
condition and using intrinsic measured Z- and S-parameters (Eq.
(18)). Results of extraction are shown in Fig. 21. The degradation
in max(Gp,) is nearly the same as for G, in saturation, with a de-
crease of 16.3% and 18.1% for FB and BT transistors, respectively.
On the other hand, f: degrades by 21.6% and 23.9% for FB and BT
transistors, respectively. It is clear from these results that the dif-
ference in degradation schemes for f. between FB and BT transis-
tors (about 2% of difference) comes from the G,, component in
Eq. (19). The transconductance G, is interpreted to be more dom-
inant in affecting the behavior of the intrinsic cutoff frequency
than Ci;.

It is also of interest to check the behavior of f.,,x with tempera-
ture. fmax is defined as the frequency at which unilateral gain (ULG)
is equal to 1 (i.e., 0 dB). ULG is defined by Mason [30] as the max-
imum available gain when a lossless feedback is used to cancel the
transmission of power from the output to the input of the device.
Thus, ULG is given by

a1 — Yoo

ULG = 4[Re(Y11)Re(Y22) — Re(Y12)Re(Y21)]

(20)

Fig. 22 shows fiax as it varies with temperature, extracted from
measurements made at maximum G, bias condition. A similar
degradation scheme is noticed for both transistors with 29.6% de-
crease and 28.1% decrease for FB and BT transistors, respectively.

4. Conclusions

The DC and RF high temperature behaviors have been inves-
tigated in details and presented in this paper in order to provide

insights to the RF designers for high temperature applications
with the required information needed to achieve a stable perfor-
mance, both in DC and RF. It was shown that although some of
the small-signal equivalent circuit elements do not show a high
degradation with temperature (like Cg and Cgq), some other RF
figures of merit suffer from relatively high degradation with
temperature, like the cutoff frequency and the intrinsic transcon-
ductance. However, the degradation shown in cutoff frequency
should not be very effective for the recent technologies where
fr reaches hundreds of GHz. The FB transistor outperforms the
BT transistor regarding the temperature stability especially for
intrinsic transconductance which, besides the suppression of
the kink effect in output conductance, promotes it as a good can-
didate for high-temperature RF applications. On the other hand,
FB transistor shows poorer DC performance at higher tempera-
tures, especially when leakage current and Ion-to-Iopr ratio are
concerned. It also demonstrates lower ZTC point than BT transis-
tor for both drain current and transconductance. So in conclu-
sion, a designer should optimize the different features of FB
and BT transistors in order to reach the most stable performance
for a certain application.
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