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Numerical analysis of the self-heating effect in SGOI with a double step buried oxide*
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Abstract: To reduce the self-heating effect of strained Si grown on relaxed SiGe-on-insulator (SGOI) n-type
metal-oxide—semiconductor field-effect transistors (nMOSFETs), this paper proposes a novel device called dou-
ble step buried oxide (BOX) SGOI, investigates its electrical and thermal characteristics, and analyzes the effect
of self-heating on its electrical parameters. During the simulation of the device, a low field mobility model for
strained Si MOSFETs is established and reduced thermal conductivity resulting from phonon boundary scattering
is considered. A comparative study of SGOI nMOSFETs with different BOX thicknesses under channel and differ-
ent channel strains has been performed. By reducing moderately the BOX thickness under the channel, the channel
temperature caused by the self-heating effect can be effectively reduced. Moreover, mobility degradation, off state
current and a short-channel effect such as drain induced barrier lowering can be well suppressed. Therefore, SGOI
MOSFETs with a thinner BOX under the channel can improve the overall performance and long-term reliability

efficiently.
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1. Introduction

Historically, scaling down becomes an effective solution
to improve the performance of Si-based MOSFETs. However,
in the nanoscale regime, some unexpected phenomenon can
appear, such as gate leakage current, an excessive off state
current resulting from the short-channel effect, and degrada-
tion of mobility due to the increasing channel-doping den-
sityl!>2). The SGOI MOSFET is a leading candidate that com-
bines the advantages of silicon-on-insulator (SOI) MOSFETs
and bulk strained silicon MOSFETs, exhibiting a steep sub-
threshold slope, low junction current, improved mobility and
reduced threshold-voltage variation due to impurity concentra-
tion3—¢l,

However, one of the major issues related to SGOI MOS-
FETs is prone to the self-heating effect!’”). In Refs. [8,9], ex-
perimental data show that the thermal conductivity of a silicon
film with a thickness of less than 300 nm is less than that of
bulk silicon (1.45 W/(cm-K)) due to phonon boundary scatter-
ing. The thermal conductivity of 10 nm silicon film varies from
0.14 to 0.2 W/(cm-K). And the thermal conductivities of SiGe
alloy (0.05-0.1 W/(cm-K)) and SiO, (0.014 W/(cm-K)) upon
the Si substrate are much smaller than bulk silicon thermal con-
ductivity!®], leading to a large increase in temperature in the
vicinity of the drain-body junction. This restricts the expan-
sion of the application of SGOI MOSFETs to high temperature
operation[1%- 111,

In this work, numerical analysis of a gate length of 50 nm
SGOI nMOSFETs with double step BOX under the channel is
carried out using a device simulator called ISE TCADI'?), A
low field mobility model for a strained Si device has been es-

PACC: 7340Q; 7300; 7360H

tablished to account for the enhancement of mobility caused
by channel strain. Moreover, we have taken the self-heating
effect into account and incorporated reduced thermal conduc-
tivity caused by phonon boundary scattering in thin silicon film
into TCAD for better accuracy. By reducing the BOX thickness
under the channel, we investigate the effect of self-heating on
various performance parameters of SGOI nMOSFETs.

2. Modeling

The cross-section view of SGOI nMOSFETSs with a double
step BOX under the channel is shown in Fig. 1. Tinig.gox is the
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Fig. 1. Schematic cross-sectional view of SGOI nMOSFETs with a
double step BOX.
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Table 1. Device structure parameters. 1000 = 5 - ¥=03 o Ref.[I5]
Device parameter SGOI with double — This model
step BOX . x=0.15
) . @ 800 - _
N7 source (S)/drain (D) doping 1 %1020 ¢cm™3 > =01
N~ S/D extension (SDE) doping 5x 1018 ¢m™3 E
P~ channel doping 5x 1017 cm™3 = B i
3 600
N7 poly-Si doping 1 x10%% cm™3 x=0~"
Sate le/lagﬂ? (Lgt) ion length (Lexc) fgonm =300k
ource/drain extension leng ext nm 400 L _ [ ]
Gate oxide thickness (#ox) 4 nm .Ni. IIIXIIO o . L >
Buried layer (Tiig-ox) SiO2 (10-100 nm) 0.1 1
P~ substrate doping 5x 1010 ¢m™3 E . (MV/em)
1

Ge content in Sij—, Gey 0-0.4

thickness of the BOX under the channel. Compared to conven-
tional SGOI nMOSFETs, Thig.sox ranges from 10 to 100 nm.

The detailed parameters for the simulated device are
shown in Table 1.

To describe the electron transport properties in strained Si-
base MOSFETs, a low-field carrier mobility model must be
established. The models proposed by Lombardil!3! and Dar-
wish['¥] are suitable to describe carrier transport properties of
Si-based devices. This is feasible by extending the mobility
model of Si-based devices to strained Si devices. Therefore,
the C(x), B(x), and 6(x) function of Ge content x in surface
mobility models can be used to account for the improvement
in phonon-limited mobility and surface roughness-limited mo-
bility caused by strain. Originating from the mobility model of
conventional Si MOSFETs, the surface acoustic phonon scat-
tering caused carrier mobility for strained Si MOSFETs can be
modeled as!'4]

_ Bx)  CHx»)W)*
= Ei/sT,

Hph : (1

where 7 is the fitting parameter, N; is the doping concentra-
tion in the channel region, and £ is the electric field normal
to the semiconductor-insulator interface. 7' = (555)'7> and
T is the lattice temperature. For strained Si nMOSFETS, elec-
tron mobility is enhanced dramatically as the Ge content x in-
creases from 0 to 0.2. When the Ge content x increases from 0.2
to 0.3, improvement of the electron mobility becomes weak.
The electron mobility remains unchanged as the Ge content x
ranges from 0.3 to 0.4111- 151 The reason for this behavior is
that the energy splitting of six fold degenerate valleys in the Si
conduction band minimum is so great that almost all electrons
are situated in the lowered two valleys!'>]. Hence, the acoustic
phonon scattering rate decreases no further. B(x) and C(x) are
modeled to describe the behavior of strained SinMOSFETs[!¢],

B(x) = Bo +17, 2

(5w ]

=| =

Fig. 2. Electron mobility versus vertical field for strained Si/Sij_, Gex
nMOSFETs at room temperature. This model is shown in line. Data
reported by Currier e/ al.['3] are shown in the hollow circle.

C(x) = Co F1y, 3)

1
ax \B E
1+ (G05)
|: + 0.999 j|
where By and Cj are the values with Ge content of 0, and x is
the Ge content in the relaxed Sij_,Ge, layer.

Similarly, the carrier mobility g corresponding to the sur-

face roughness scattering in strained Si nMOSFETs is modeled
[14]
as

_ )
o = 7 @

where §(x) is modeled as['6]

oax

5()6) = 8() +1;, (5)

1
ax \B E
1 )
[ + (o.999 }
where §¢ is the value with a Ge content of 0. The low field

carrier mobility is approximated by the sum of the surface mo-
bility and the bulk mobility u1, according to Mathiessen’s rule,

1 1 1 1
-+ —,
Mtotal Mb Mph Msr

(6)

where bulk mobility u, employs the Masetti G modell!7],
which includes the doping-dependence mobility in a Si-based
device. An optimized parameter value in phonon scattering-
limited mobility pp, and surface roughness-limited mobility
s can be obtained from Ref. [14]. The values of By and Cy are
3.61 x 107 ecm/s and 1.7 x 10* cm/(V-s) separately. The para-
meter t has a value of 0.0233, and y has a value of 2.78. The
value of 8y is 3.58 x 10'® cm?/(V-s). Fitting parameters o = 5
and B = 25 are extracted from the enhancement and saturation
characteristic of strained Si nMOSFETs, respectively!!>].
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Table 2. Values of coefficients for thermal conductivity in various sil-
icon films.

Silicon film 10 nm 50 nm

x (W/(cmK)) 031 1.03

Kp (W/em) 6.5 x 1074 5% 1077

ke (W/em) 275%x1073 25x%x107°

Figure 2 shows the calculated electron mobility versus
Currier’s datal'%] for various Ge content x for electrons. It
agrees with the reference.

When studying heat transport in the device, a thermody-
namic model is used to calculate the lattice temperature distri-
bution in the simulated device. The simple expression of heat

flow transport is modeled as('¢]
aT
€5 = VVT)+J - E, )

where T is the local lattice temperature, C; is the lattice heat
capacity, k, is the thermal conductivity, and J - E is the thermal
generation. The thermal conductivity can be written as!®-°]

ks = CsuA,/3, (®)

where Ag is phonon mean free path, and v is the average
phonon velocity. The mean free paths of phonon in the bulk
silicon and Sip gGeg.» at 300 K are approximately 300 nm and
11 nm, respectively!®. When studying the heat transport in ul-
tra thin body SOI, the thickness of thin silicon film is much
smaller than the phonon mean free path in bulk silicon. Because
of phonon boundary scattering, it results in nearly an order of
magnitude reduction in the thermal conductivity of thin silicon
film compared to the bulk silicon(®!.

To obtain the temperature-dependent phonon boundary
scattering, a model has been proposed by Liu et al.l'8] to ac-
count for phonon boundary scattering in thin silicon film. Ac-
cording to this model, the thermal conductivities of 10 nm,
25 nm, 50 nm and 100 nm silicon film at different tempera-
tures are obtained, which are in good agreement with the ex-
perimental data. In our simulation, the thermal conductivities
of 10 nm and 50 nm silicon film in the temperature range from
300 to 600 K are used. The temperature-dependence of ther-
mal conductivity in silicon film is approximated in the form of
a polynomial,

ks = ky + kT + k. T?, 300K < T <600K. (9)
Table 2 lists the values of coefficients for thermal conduc-
tivity in 10 nm and 50 nm silicon film used in the simulator.

3. Results

Our investigation performance of SGOI nMOSFETs with
double step BOX under the channel involves a subthreshold
swing, output characteristics, the self-heating effect, the short-
channel effect, off state current and device total capacitance.

3.1. Subthreshold swing and output characteristics

We will focus on the comparison of subthreshold swing as
a function of Tp,;4.80x and channel strain for SGOI nMOSFETs.

336
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Fig. 3. Subthreshold swing and maximum lattice temperature of SGOI
versus BOX thickness.

When Ge content x in Sij_,Ge, is equal to 0, SGOI MOS-
FETs are equivalent to fully-depleted SOI (FD-SOI) MOS-
FETs. For FD-SOI MOSFETs, when neglecting the quality of
front and back oxide interfaces, the subthreshold swing (S) is

given as(!9]
1 n 1
l — q CSi CBOX (10)
SThT L T T
Cox CSi CBOX

where kg is the Boltzmann constant, ¢ is the elementary elec-
tronic charge, Csg; is the Si film capacitance, Cgoy is the buried
oxide capacitance, and Cy is the gate oxide capacitance. Start-
ing from Eq. (10), one can obtain an equivalent expression as

kgT ;
g ks (1 . CsiCpox ) ‘
q Cox(Csi + Cpox)

In the general case, Cyy is much larger than Cgox, and Cg;
is much larger than Cgox. Hence, S is simplified as

s BT (14 o)
q Cox

One can observe that S is inversely proportional to
Tmida-Box When the ambient temperature remains constant. The
effect of Tiyiq.ox on the subthreshold swing is shown in Fig. 3.

For x = 0, the subthreshold swing increases from 90.627
10 92.165 mV/dec when Tp,i4.80x decreases from 100 to 10 nm.
The trend is in good agreement with Eq. (12). And the lattice
maximum temperature decreases from 313.6 to 304.8 K in this
range. This indicates that thinner T,ig.50x decreases the self-
heating temperature. This result can be explained by the ther-
mal resistance Ry, expression2] |

(11)

(12)

R _ mox )"’
72w \ kpoxksits: '

where W is the device width, tgox and fg; are the thickness of
the BOX and Si body, respectively, and ks; and kgox are the
thermal conductivity of the BOX and Si layer, respectively.
According to Eq. (13), Ry, is proportional to Tiq.ox. There
is a difference between SGOI (x > 0) and FD-SOI (x = 0) in

(13)
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the subthreshold swing. For Ge content being not equal to 0, as
the BOX thickness increases from 10 to 100 nm, the subthresh-
old swings decrease to a minimum, then begin to increase and
even become greater than that in FD-SOI. This phenomenon
can be explained as follows. As can be seen from Eq. (12), S in-
creases with an increasing lattice temperature T and decreases
with an increasing Tinig.ox. Thus, when T4 sox increases to
a certain critical thickness, the reduction in subthreshold swing
caused by increasing Ti,q.ox carries more weight compared
to the increase in subthreshold swing resulting from increasing
lattice temperature. As Tig-sox 1S beyond this critical thick-
ness, the latter is a more dominant factor than the former.As for
FD-SOI (x = 0), the subthreshold swing is mainly dependent
on Thig.gox because of slight variation in the lattice tempera-
ture, as can been seen in Fig. 3. Degradation of the subthresh-
old swing can be attributed to that the self-heating temperature
increases with increasing Ge content. The subthreshold swing
of SGOI nMOSFETs is within a range from 0.2 to 0.4, which
is smaller than that of FD-SOI nMOSFETs. This is because
the equivalent capacitance of strained Si/Si;_,Ge, compound
layer in SGOI nMOSFETs is less than that of Si film in FD-SOI
nMOSFETs. According to Eq. (10), this will lead to a slight
decrease in the subthreshold swing. The subthreshold swing
of the SGOI nMOSFETs increases with Ge content increases
from 0.2 to 0.4. This is because the equivalent capacitance of
the strained Si/Si;_,Ge, compound layer is enhanced with in-
creasing permittivity of Sij_,Geyoriginated from increasing
Ge content?!]. In addition, increasing Ge content can result
in a higher self-heating temperature, as shown in Fig. 3. This
is because the thermal conductivity (0.05-0.1 W/(cm-K)) of
Si;—xGeyis very poor and more heat is generated by enhanced
current density caused by greater Ge content.

In the case of different Ty,;g.0x and channel strain, the out-
put characteristics of SGOI nMOSFETs with and without the
self-heating effect are shown in Fig. 4. The gate bias is held
at 1.5 V and the drain bias is ramped up from 0 to 2 V. SGOI
with a Thig.sox of 100 nm suffers a lot from the self-heating
effect in comparison to SGOI with a Tiyig.sox of 10 nm and
50 nm. The thicker BOX, the more serious the degradation be-
comes, as shown in Figs. 4(a), 4(b) and 4(c), respectively. This
is because the thermal resistance of a thicker BOX is larger
than that of a thinner BOX. Under the condition of identical
Thid-Box, the degradation of the output characteristics of SGOI
MOSFETs becomes severe as the Ge content increases. This
is because of the poor thermal conductivity of Si;—,Gey and a
large temperature rise caused by enhanced carrier mobility.

3.2. The self-heating effect

A temperature distribution in SGOI nMOSFETs with a
Ge content of 0.4 in case of a Tpig-pox of 50 nm is shown
in Fig. 5. The gate bias is held at 1.5 V and the drain bias
is ramped up from O to 2 V. The initial temperature of the
device is assumed to be 300 K. The temperature profile is
extracted along the channel and 5 nm below the gate oxide
layer in different Ge contents and the Tpig.ox, as shown in
Fig. 5. This shows that most heat is generated near the drain-
body junction. The self-heating temperature decreases with de-
creasing Tmig-Box, as shown in Fig. 5. The heat generation in the
channel can be transferred into the substrate through a thin-
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Fig. 4. Output characteristics of the SGOL. (a) Tig-ox = 100 nm.
(b) Thig-Box = 50 nm. (¢) Tinig-Box = 10 nm.

ner BOX quickly. The self-heating temperature of the SGOI
MOSFETs with a Ge content of 0.4 is higher than that of SGOI
MOSFETs with a Ge content of 0. For example, in the case
of a Thig.sox of 50 nm, the maximum lattice temperature in
the SGOI with a Ge content of 0.4 is 377 K, and the maxi-
mum lattice temperature in the SGOI with a Ge content of 0 is
338 K. This is attributed to a lower thermal conductivity of the
Si;—xGeylayer and a higher current density, which degrades
device performance and long-term reliability.

The heat generation near the drain-body junction results in
the decline of electron velocity and degradation of mobility in
SGOI nMOSFETs, as shown in Figs. 6 and 7. Figure 6 shows
that the electron velocity increases with decreasing Tiig-sox-
This is because the electron mobility distribution in the SGOI
with a thinner BOX is higher than that in the SGOI with a
thicker BOX, as shown in Fig. 7. In addition, the electron ve-
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Fig. 5. Temperature profile of the SGOI with Tp,ijg.ox and channel
strain.
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Fig. 6. Electron velocity profile along the channel in the SGOI with
different Tinig.sox and channel strains.
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Fig. 7. Electron mobility profile along the channel in the SGOI with
different Thnig-sox and channel strains.

locity increases as the Ge content increases. The electron mo-
bility increase is due to lower intervalley scattering resulting
from a valley splitting[' 1.

3.3. The short-channel effect

The DIBL effect of SGOI nMOSFETs as a function of
Thidg-Box and channel strain is shown in Fig. 8. DIBL is defined

Li Bin et al.
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Fig. 8. DIBL of the SGOI versus BOX thickness.

as[21]

DIBL = V; (Vs = 0.05V) — Vi (Vg = 1V),  (14)

where Vr is the threshold voltage. DIBL decreases when
Tmid-Box varies from 10 to 20 nm. The electric field line coming
from the drain region extends to the body through a thin BOX,
which leads to an increase in body electrical potential, so the
threshold voltage decreases. In contrast, DIBL increases when
Tmia-Box changes from 20 to 100 nm. This can be explained
as follows. When Vs increases, the charge carriers can obtain
enough energy and be swept across the drain-body depletion,
which results in an increase in both the self-heating tempera-
ture and the impact ionization probability. Simultaneously, this
leads to the generation of electron—hole pairs in the vicinity of
the drain-body junction[?2. Holes created by impact ionization
move toward the region of the source-body interface near the
buried oxide layer. These holes will lower the potential barrier
at the source-body junction. The higher the temperature, the
greater the reduction in potential barrier. Hence, the thresh-
old voltage decreases with increasing Tpnig-ox- Compared to
the SGOI with a Ge content of 0, the DIBL effect is well sup-
pressed in the SGOI with a range from 0.2 to 0.4. Because of a
lower potential barrier for holes at the PN junction of the SiGe,
holes generated by impact ionization are prone to flow across
the source-body barrier, instead of accumulating in the float
body region!?3!. A thicker Tjyq.0x can cause a larger DIBL.
This is because the electric field from the drain regime pen-
etrates into the channel region through the BOX, which will
result in an increase in the subthreshold swing. In contrast, a
thinner Thi4.sox decreases DIBL because the field penetrates
all the way through the BOX to the substrate and does not ex-
tend to the channell?4-23],

3.4. Off state current

Off state current for SGOI nMOSFETs as a function of
Tmid-sox and channel strain is investigated in Fig. 9. The off
state current improves as Thig-pox increases. For FD-SOI, the
subthreshold drain leakage current (Vg = 0) can be modeled
asll!]

w ksT \? qVr
Iopp = —nC -l — — , (15
OFF Lﬂ G(m )( 4 ) exp( kaT) (15)
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Fig. 9. Off state current of the SGOI versus BOX thickness.

where W is the device width, L is the channel length and m is
the ideality factor which can be given as

’

m=1+y—,

Co (16)

where Cg is the gate-to-channel capacitance, C' is given as

C
P SOl ’ 17
Csor + Ceox
where C'and y account for the degradation of the subthreshold
swing due to the short-channel effects. Using Eq. (15), one can

obtain dependence of the sub-threshold current on temperature
as

8]01:1: 1 o Bu 1 2 q 8VT qVT
mkgT 0T = mkgT?’

OT Iopr  OT p T (18)

Among these terms, the first is the temperature depen-
dence of the carrier mobility. The second is the heating-induced
degradation of the subthreshold slope. The third term is the
contribution of temperature dependence of the threshold volt-
age. The last term indicates that the Iopr increases with temper-
ature due to the 72dependence of the preexponential factort!l.
The first term is inclined to slightly decrease the temperature
coefficient of Iopg. In general, the sum of these four terms is
larger than zero, and the off state current increases with increas-
ing temperature. Therefore, a thicker Trig.sox Will enhance the
off state current due to a higher self-heating temperature. In
addition, for an SGOI with an identical structure, the off state
current increases with an increasing channel strain. A higher
channel strain further enhances the carrier mobility, raises the
device temperature and reduces the threshold voltage. Accord-
ing to Eq. (15), all of these factors result in further improve-
ment of the off state current.

3.5. Total capacitance

In view of the role of intrinsic delay in digital operation,
a comparison of device structure capacitance Crq, of the de-
vice as a function of the Ge content x and T y;4.pox 1S shown in
Fig. 10. The measuring frequency is set to 1 MHz. Figure 10
indicates that the capacitance of the device increases with in-
creasing Ge content. The dielectric constant of the Si;_, Gey
increases as the Ge content x increasesm], which contributes
to the enhancement of the total capacitance. In addition, it can

Thickness (nm)

Fig. 10. Total capacitance Crot, versus BOX thickness.

be seen clearly, by and large, that Cry, decreases generally
as Tmig-sox increases. However, the dependence of Cro, on
Tmid-Box becomes weak when Tiq.50x 1 beyond 40 nm and
the fluctuation of Cryy, is only about 2% in the Tiyiq.ox range
from 50 to 100 nm. Hence, the self-heating temperature can be
reduced by eliminating moderately Tnq.80x While the device
capacitance remains almost unchanged.

4. Conclusions

An extensive thermal and electrical study of SGOI nMOS-
FETs with a double step BOX has been performed using a nu-
merical simulation. A low field mobility model is developed
and verified. Self-heating effects and reduced thermal conduc-
tivity resulting from phonon boundary scattering in thin sili-
con film are taken into consideration. When T},,;4.50x decreases
from 100 to 10 nm, the off state current, output characteris-
tics degradation, self-heating effect, mobility degradation and
DIBL effect in SGOI MOSFETs can be well suppressed. In
addition, SGOI nMOSFETs with high channel strain exhibit
an enhanced performance compared to FD-SOI nMOSFETs.
In conclusion, we propose that employing SGOI MOSFETs
with a thinner BOX under the channel can enhance the over-
all performance and device reliability in the gate length of the
nanoscale regime.
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