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Abstract

We use the MEDICI (a two-dimensional, 2D, device simulator) to examine the 2D distribution of potential and carrier concentrations as
well as current vectors in a device in order to predict its electrical characteristics for any bias condition. In this work, we investigated the
high-temperature operation of SOl MOSFETs with 88kN,4/SiO, buried insulators (we call it Multi-layered insulator structure), rather
than the conventional silicon-dioxide (SiOSince the thermal conductivity of this Multi-layered insulator is much higher than that gf SiO
this new kind of silicon-on-insulator (SOI) structure will greatly reduce the often-severe self-heating problem of conventional SOI, making
SOl potentially suitable for high-temperature applications. A detailed electrothermal transport model is used in the simulations in conjunction
with conventional drift and diffusion equations. Also, we compare the performance of Multi-layer-based SOI with that-b&$e@ SOI.

We find that Multi-layered SOI does indeed remove the self-heating penalty of SOI.
© 2004 Elsevier Ltd and Techna Group S.r.I. All rights reserved.
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1. Introduction ential resistance (or negative differential transconductance)
phenomenon has been obser{éd].

As silicon devices approach ULSI dimensions, bulk |n this work, we propose a new SOI MOSFET structure to
CMOS devices suffer from degraded switching speeds suppress the self-heating effect. We have simulated the elec-
and increased power consumption in circuit applications. trical characteristics of SO MOSFET with Si®isN4/SiO;,
Silicon-on-insulator (SOI) has emerged as a leading candi-insulators, rather than the conventional silicon-dioxide. The
date to replace bulk silicon for ULSI applicatiofty. SOI thermal conductivity of this sort of Multi-layered insula-
devices have attractive features such as radiation hardnessor is about 20 times that of SiQ(about 25 W/Km versus
reduced second order effects and elimination of latd@lip 1.4W/Km). Thus, using Multi-layered SOl MOSFET can

which originate from the buried oxide layer. However, the greatly reduce the heat generated by device operation.
presence of a buried silicon-dioxide layer causes self-heating

to occur. This due to the significantly smaller thermal con-

ductivity « of silicon-dioxide (SiQ) compared to that of 5 E|ectrothermal model

bulk silicon at room temperature, (SiOp) = 1.40 W/Km

versusk (Si) = 148 W/Km. Thus, the low thermal conduc- To investigate this Multi-layered structure for high-tempe-

tive buried oxide layer gives rise to heat-up of the device rature applications, we implemented a detailed electrother-

during its operatior{3-5]. The self-heating of SOl MOS  mal model of electronics operation. Using this model,

devices can be serious—the raised lattice temperature maywe performed extensive numerical simulations compar-

degrade the electron mobility. As a result, negative differ- ing the high-temperature operation of standard SOI $§SiO
buried insulator), and Multi-layered SOI (Si(3i3N4/SiO

* Corresponding author. Tel+86-21-6251-1070x8308; insulator). - o _
fax: 86-21-6251-3510. It is well known that, the traditional buried insulator in
E-mail address: ginglin@mail.sim.ac.cn (Q. Lin). SOl, silicon-dioxide, traps heat from the operating device in
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Fig. 1. MOSFET self-heating effect: (a) bulk MOSFET: the backside of the integrated circuit is the main sink for heat generated by device operation;
(b) standard SOl MOSFET with SiOburied insulator. Heat generated by device operation is trapped in the active region; (c) proposed SOl MOSFET
with SiO,/SizN4/SiO, buried insulator layer. The high thermal conductivity (roughly 20 times than that of silicon-dioxide) allows heat to escape to the
backside heat sink.

the operating region (self-heating), degrading operation andhole diffusivitiesDn andDp, and electron and hole mobility
reducing device lifetimeRig. 19. Thus, in spite of its many  un and up. For R, we included only Shockley—Reed—Hall
potential advantages over conventional MOSFET electronicsrecombination-generation, such that:
(Fig. 1b, in our work, we use Multi-layered insulator to np — n|2 4
replace the Si@buried insulator fig. 19. o R= Tt =10 F P — ) 4)

The basic model of electronic device operation includes
the Poisson equation and the electron and hole continuitywheren; is the intrinsic carrier concentration, amglt are
equations: electron/hole recombination lifetimes. The full electrother-
mal model adds the thermal generation and diffusion equa-

VEVY) =—qlp—n+N) (1) tion to Egs. (1)—(3)
on
— a7,
i V[DnVn—nun V] — R 2 CLB_tL = V(VT,) + JE (5)
o _ V[DpVp+ pupV ] — R (3) where the solution variable is lattice temperatiitg J is
or the total (electron and hole) current denskyis the elec-
where the respective solution variables are electrostatic po-trostatic field. Parameters are specific h@atand thermal
tential v, electron densityn, and hole density. Also, N conductivityk.
is the net fixed charge (ionized dopant) density, &b To describe the application of the electrothermal model, a

electron—hole recombination. Material and physical param- description of the simulated devices is needed. As indicated
eters include permittivity, electron charge, electron and ~ previously, every simulation was repeated for two devices:
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Fig. 2. Device structures simulated with biasing set-up (a),S$0! MOSFET,; (b) Multi-layered SOl MOSFET.



SiOp SOI MOSFET and Multi-layered SOl MOSFET. These Table 1
devices were identical except for the buried insulator. The Structure of simulated SOl MOSFET

device parameters are shownTiable 1
The source and drain had abrupt box doping profiles at

2E17/cnt n-type, extending down to the buried insulator in
the SOI devices. The substrate was doped 1E16{eigpe.

Fig. 2 shows the assumed device structures and biasing ar
rangement. It should be emphasized that no attempt wasg
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made to optimize these device structures—the focus in this poping profile of p-type

work was on high-temperature device physics, and very sim-
ple device structures were chosen to sharpen this focus.
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Fig. 3. Output characteristics of SOl MOSFET: (a) conventional SOI with, $i®ulator layer; (b) new structure of SOl MOSFET with SISi3N4/SiO,

insulator layer (Multi-layered insulator).

S0

Temperature (K}
400

300

(@)

Temperature (K}

Temperature (K}

360

(b)

Temperature (K}

Fig. 4. Device temperature (a) SOl MOSFET with silicon-dioxide insulator layéicat= 4V; (b) SOl MOSFET with SiQ/SizN4/SiO;, insulator layer

(Multi-layered insulator) atVgs = 4 V.



1292 Z.X. Zhang et al./Ceramics International 30 (2004) 1289-1293

L L L L 330 —— 7
400 b - - - V_ =3V
SOl with SiO, Insulator W, =3V - [ SOl with Multi-layerinsulator s 7
I 1 325 | -
380} . 4 I
% < 320} 7
% 360 [~ / Vs=2\ g 2V
@ B a5k 4
o} o g 315
5§ 340 / £
(0} - -
; /9 e dor i
2 o vy &t a1V 1
o 320 | o— Tlos 4 3
° e voeosd ST / V_=051V]
[ =0. L =0.51V{]
'Ze//e _/E——’——’Q ZK”M/M ng
300 [ = u v Y .=0.4) 30} 8 a g 2 g
1 . 1 N 1 N 1 N 1 N 1 . Il N 1 . 1 . 1 N 1 N 1 . 1 N VFS_O.AV
0.0 05 1.0 15 20 25 3.0 35 0.0 05 1.0 15 2.0 25 3.0 35
Drain Voltage (V) Drain Voltage (V)
(a) (b)

Fig. 5. Drain voltage dependence of device temperature: (a) SOl MOSFET with silicon-dioxide insulator layer; (b) SOl MOSFET y8h$i(3iO,
insulator layer (Multi-layered insulator).

3. Results and discussion 3.1. Output characteristics

We study the Multi-layered SOI MOSFET through a  The two kinds of SOI MOSFET (Multi-layered SOI and
direct comparison with an equivalent conventional SOI classic buried silicon-dioxide SOI) were thoroughly charac-
MOSFET. These devices are compared through dc current-{€rized using dé-V.

voltage (-V), threshold voltage and transfer characteri- _ The two kinds of dc output characteristics are shown in
stics. Fig. 3. Due to the self-heating effect, the drain current of
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Fig. 6. Transfer characteristics of every kind of MOSFET: drain current vs. gate-source voltdge -at0.1V; insert figure: Transconductance of every
kind of MOSFET.
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the conventional SOl MOSFET decreases with the reduc- dioxide layer without influencing the electrical characteris-

tion of channel mobility at high channel temperature (shown tics of devices.

as Fig. 39. So the negative differential transconductance

can be found easily during its saturation region. In the de-

vice modeling, the temperature due to self-heating can be4. Summary

raised approximated bylpVps wherey is the thermal re-

sistance. In the same time, we can find that this phenomenon For the first time, we provide a new SOI structure to re-

is not obviously in the drain curreht versus drain-source  place the conventional buried dioxide SOI, which can sup-

voltageVps characteristics for the Multi-layered SOl MOS-  press the self-heating effect effectively. Also, we have sim-

FET (shown asFig. 3b. And it is difficult to find the ulated the dc electrical characteristics and temperature dis-

negative differential transconductance during its saturation tribution of device with a two-dimensional (2D) device sim-

region. ulator. From our simulation results, we can supply a new
Fig. 4 shows the temperature distribution of the two path to reduce the heat of the device generated during its

SOI devices. Axex andy represent the horizontal and operation.

vertical dimensions of the SOI device respectively. The

temperature ranges from 300K in the substrate to 515.38 K

at the channel for the conventional SOl MOSFET (shown Acknowledgements

as Fig. 439, however, the temperature ranges from 300K

in the substrate to 370.68K for the Multi-layered SOI This work was supported by the special Funds for ma-

MOSFET (shown asFig. 4b). Fig. 5 shows the drain  jor state Basic Research project No.G20000365 and the

voltage dependence of device temperature for two kinds National Nature Science Foundation of China under grant

of SOl MOSFETSs. InFig. 53 we can find that the con- N0.90101012.

ventional SOI device temperature can be up to 476.65K

(Ve = 3V), while in Fig. 5b we can find that the

Multi-layered SOI device temperature can be up to 351.00 K References

(Ve = 3V). It is easy to see that the SOI device with the

Multi-layered insulator can suppress the self-heating effect [1] S. Matroianni, The portable products revolution: profound changes in

effectively. technology migration, IEEE BCTM Tech. Dig. (1993).

[2] M. Yoshimi, M. Takahashi, S. Kambayashi, M. Kemmochi, H.
Hazama, T. Wada, K. Kato, H. Tango, K. Natori, Electrical proper-
ties and technological perspectives of thin-film SOl MOSFETS, IEICE
Tran. 74 (2) (1991) 337-351.

The threshold voltage is simulated by ramping the gate [3] L.J. McDaid, S. Hall, P.H. Mellor, W. Eccleston, Electron. Lett. 25

voltage while holding the drain bias at a low (but positive) (1989) 827.

value. For two kinds of SOl MOSFET and bulk MOSFET, [4] M. Berger, Z. Chai, Estimation of heat transfer in SOI-MOSFET's,

. . IEEE Trans. Electron Devices 38 (1991) 871-875.

we usedVps = 0-1V- From our S'mUIat'pn’ the threSho!d [5] A. Dallmann Douglas, K. Shenai, Scaling constraints imposed by
voltage of conventional SOI MOSFET is 0.4835V, while self-heating in submicron SOI MOSFET's, IEEE Trans. Electron De-
the threshold voltage of Multi-layered SOl MOSFET is vices 42 (1995) 489.

0.5089 V. This simulation results can be shownFig. 6. [6] D.K. Sharma, J. Gautier, G. Merckel, Negative dynamic resistance
From the results, we can prove that the Multi-layered i;g(;vlos devices, IEEE J. Solid-State Circuits 13 (3) (1978) 378-
SOl MOSFET has the similar Fransfer characteristics and [7] LT. Su, J.E. Chung, D.A. Antoniadis, K.E. Goodson, M.I. Flik,
transconductance with conventional SOl MOSFET. So We  ~ measurement and modeling of self-heating in SOl NMOSFET's, IEEE

can use the Multi-layered insulator to replace the buried  Trans. Electron Devices 41 (1) (1994) 69-75.

3.2. Threshold voltage simulation



	A new structure of SOI MOSFET for reducing self-heating effect
	Introduction
	Electrothermal model
	Results and discussion
	Output characteristics
	Threshold voltage simulation

	Summary
	Acknowledgements
	References


