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istics was estimated by means of a comparison of the modified 
model with the original Pao-Sah model [ I ] .  

The relative error of "uniform" models decreases with gate 
voltage and increases with drain-to-source voltage and source-to- 
bulk voltage. 

The influence of nonuniform doping profile diminishes when the 
oxide thickness is decreased even if the reduction of gate-oxide 
thickness is accompanied by a corresponding increase of substrate 
doping concentration. 

If the box width is increased the accuracy of the uniform model 
assuming bulk doping improves, while that of the model assuming 
surface doping worsens. 

In most cases the error of approximation of the box profile as- 
suming uniform doping equal to NIurf is less than 1 %.  
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Hydrodynamic and Monte Carlo Simulation of an 
Electron Shock Wave in a 1-pm n+-n-n+ Diode 

Carl L. Gardner 

Abstract-Hydrodynamic model simulations of a steady-state elec- 
tron shock wave in a 1-pm Si semiconductor device at 77 K are com- 
pared with a Monte Carlo simulation of the Boltzmann equation using 
the DAMOCLES program. Excellent agreement between the two dif- 
ferent methods for simulating the electron shock wave can be obtained 
by adjusting the amount of heat conduction in the hydrodynamic model. 

I .  INTRODUCTION 

In [ I ] .  two parameter regimes for the n+-n-n+ diode are pre- 
sented in which a shock profile develops in the channel as the 
supersonic flow on entering the channel breaks to a subsonic flow, 
in analogy with gas dynamical Row in a Laval nozzle. The electron 
shock wave is a new nonlinear wave analogous to the gas dynam- 
ical shock wave in the Laval nozzle, but in a very different physical 
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setting. Here the n+-n-n t  doping of the diode corresponds to the 
convergingidiverging geometry of the Laval nozzle. 

The steady-state upwind shock simulations presented in [ I ]  were 
reproduced in [2] using a time-dependent "essentially nonoscilla- 
tory" (ENO) upwind scheme, a higher order Godunov method. 

The shock computations imply that the electron shock waves are 
an integral part of the hydrodynamic model. The shock waves al- 
low higher electron velocities to develop in the diode channel, and 
provide a richer space-charge structure in the diode channel. 

In [3], numerical simulations of a family of steady-state electron 
shock waves (parametrized by the amount of heat conduction) in a 
I-pm Si semiconductor device at 77 K were presented. The elec- 
tron shock wave has a finite width which scales linearly with the 
amount of heat conduction. Numerical evidence was given that the 
shock width goes to zero as the amount of heat conduction in the 
model goes to zero. 

11. COMPARISON OF HYDRODYNAMIC A N D  MONTE CARLO 
COMPUTATIONS 

In this section, I present the confirmation of the original predic- 
tion of the 77 K electron shock wave in Si by a Monte Carlo sim- 
ulation of Laux of the Boltzmann equation using the DAMOCLES 
[4] program. For the shock computations, I take an n+-n-n+ diode 
with n +  doping density N = 10" cm13 and n doping density N = 

IO"  cm-'. 
I use modified Baccarani-Wordemann models [ 5 ] ,  [3] for the 

momentum and energy relaxation times in the hydrodynamic model 

where the low-energy momentum relaxation time rpo is set equal to 
1.67 ps from the DAMOCLES data [6] for 0.00995 eV electrons' 
in homogeneous Si, N is the doping density, T i s  the electron tem- 
perature, T,, is the ambient device temperature, m is the effective 
electron mass, and 21, = zl,,(T,) is the saturation velocity. For Si at 
77 K ,  Nref = 1.44 X lois cm-3 ,  01 = 0.659, m = 0.24m,, and U ,  
= 1.2 x 1 0 7 c m / s .  

Excellent agreement between the two different methods for sim- 
ulating the electron shock wave can be obtained by adjusting the 
amount of heat conduction in the hydrodynamic model. The best 
fit for the thermal conductivity K in the law for heat conduction 

where n is the electron density, is given by K g  = 0.05. 
Figs. 1 and 2 present the hydrodynamic and DAMOCLES sim- 

ulations of the 77 K electron shock wave in Si at a bias V = 1 V .  
The diode consists of a 0.1-pm source, a 1 .O-pm channel, and a 
0. I-pm drain. DAMOCLES calculates a current of 4500 A/cm', 
in agreement with the hydrodynamic value of 4460 A,"'. The 
shock profile is most clearly visible in the velocity plot Fig. 1 (the 
electrons flow from left to right). The flow is supersonic at the 
velocity peak just inside the channel, and subsonic at the end of 
the wave where the velocity makes a "bend" to the plateau in the 
channel. 

'The equilibrium electron average energy at 77 K .  
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Fig. 1 .  Hydrodynamic and Monte Carlo electron velocity in 10’ cm/a for 
V = I V ,  I-pm channel, 77 K Si. The jagged curve is the DAMOCLES 
result. The channel is between x = 0 and x = 1 pm.  

3.12, I 

x in m i c r o r e t e r s  

Fig. 2.  Hydrodynamic and Monte Carlo electron average energy in  elec- 
tronvolts for V = 1 V, I-pm channel, 77 K Si. The jagged curve is the 
DAMOCLES result. 

The DAMOCLES velocity exhibits a Mach 2.1 shock profile 
(slightly spread out due to heat conduction) based on both internal 
evidence2 and comparison with the hydrodynamic simulations. Thus 
the hydrodynamic prediction of an electron shock wave [ I ]  in Si at 
77 K has been confirmed by Monte Carlo simulation of the Boltz- 
mann equation. 

The electron shock waves presented in [ I ]  and [3] were too strong 
(the peak electron velocities of 2.8 and 1.7 x IO’ c m / s ,  respec- 
tively, were too high) because the low-field electron mobilities 
(21 000 and 18 000 c m 2 / V  . s, respectively) set T , ’ ~  too high. The 
low-field electron mobility p n o  is related to T,,~) by T , , ~  = r n p , , { ] / e .  
Setting 7,,0 = 1.67 ps corresponds to  a low-field electron mobility 
of 12 200 c m 2 / V  . s. While this value is too low to correspond to 
the experimental values = 18 000 cm’/V . s, I believe i t  is the 
correct prescription for the hydrodynamic model since we require 
not the low-jeld momentum relaxation time, but instead the l o w  
energy value for electrons with average energy wo = 3 T , / 2 .  

Stronger shock waves develop in shorter devices. For a 0.25-pm 
channel device with a 1-V bias, my hydrodynamic code predicts 
(see Fig. 3) a Mach 4 .7  shock in Si at 77 K and a Mach 2 .7  shock 
in GaAs at 300 K.  

The type of dramatic velocity overshoot illustrated in Figs. 1 and 
3 is always associated with a shock wave (spread out due to heat 
conduction) for the nL-n-n+ diode. As the electrons enter the chan- 
nel, the electron velocity increases rapidly to a peak value greater 
than the saturation velocity Z J ~ .  At the same time, the electron tem- 
perature falls slightly as the electrons overcome the small potential 

‘The electron temperature T = 77 K at the shock wave. Using  the effec- 
tive electron mass approximation, the electron Mach number M = v /c  = v/m = 2.1. 

>: in r.cr3mefers 

Fig. 3 .  Hydrodynamic electron velocity in IO’ cm/s for V = I V ,  
0.25-pm channel, 77 K Si and 300 K GaAs (dotted curve). The channel is 
between .r = 0 and x = 0.25 pm. 

barrier at the sourceichanncl junction. Thus the electron Mach 
number M near the velocity peak is greater than Z J , / C  > zi,/c0, 
where c = is the sound speed at temperature T and co is the 
sound speed at the ambient temperature To. For Si at 77 K ,  L J ,  = 
1.2 x 10’ c m / s ,  cg = 7 . 0  x lo6 c m / s ,  and M > 1.7.  On the 
other hand, the electron flow near the channel/drain is subsonic 
since LJ = ~ 1 ~ .  while T >> To, making c >> U , .  

For the 0.25-pm GaAs device at 300 K ,  the peak electron veloc- 
ity is much greater than Z J ,  = 2-4 x IO’ c m / s ,  co = 2.7  X 10’ 
c m / s ,  and the electron flow on entering the channel is again super- 
sonic. 

The transition from supersonic flow to subsonic flow in general 
necessitates a shock wave in gas dynamics3-that is, a wave over 
which density, velocity, and (if heat conduction equals zero) tem- 
perature change very rapidly. The n’ drain in the source-channel- 
drain structure of the diode provides the mechanism that forces a 
supersonic flow in the channel back down to subsonic flow. 

Shock waves are contained as solutions in the Boltzmann trans- 
port equation.‘ The relationship between Boltzmann and compress- 
ible fluid flow shocks then leads to the interpretation of the dra- 
matic velocity overshoot in the DAMOCLES data as a shock wave. 
It is remarkable that the hydrodynamic model (which is orders of 
magnitude faster than Monte Carlo simulation of the Boltzmann 
equation) can give such excellent agreement with the DAMOCLES 
simulation. In addition, the hydrodynamic model provides a math- 
ematical framework in which to understand the velocity overshoot 
wave. 
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as the channel length is scaled toward 0 . 1  pm.  The underlying 
analysis a physical model for the so1 MOSFET [51 imple. 

sight, and simulations yield a performance benchmark of the fully 
depleted device relative to the bulk MOSFET for channel lengths 
ranging from 1 ,o down to 0.1 pm, Measurements of fully depleted 
and non-fully depleted SO1 MOSFET’s, the latter of which emu- 
lates the bulk device, support the conclusion that the current-drive 
enhancement is limited severely by the velocity saturation, al- 
though drain-induced effects, which also depend on the body charge 
condition, tend to obscure the limitation, 

[SI G ,  Baccarani and M ,  R ,  Wordeman, “An investigation of steady.state merited in SolSPICE-l t6l’ The model gives good analytical in- 

11. ANALYSIS 

To put the analysis in proper perspective, we show in Fig.  1 
~~ ~. 

results-of dc SOISPICE- 1 simulations that reflect the enhanced cur- 
rent drive capability of the fully depleted (TFD) n-channel SO1 
MOSFET with relatively long channel length ( L  = 1 pm). The 
basis for SOISPICE- 1 is our previously developed physical model 

Current-Drive Enhancement Limited by Carrier 
Velocity Saturation in Deep-Submicrometer 

Fully Depleted SO1 MOSFET’s 

J .  G. Fossum and S .  Krishnan 

Abstract-Simulations and measurements of SO1 MOSFET’s are pre- 
sented with analytical insight to reveal the severe limitation of current- 
drive enhancement caused by carrier velocity saturation in the deep- 
suhmicrometer fully depleted device. For L = 0.1 pm, the enhance- 
ment, which tends to result from the suppressed body charge and elec- 
tric field in the thin-film device, is virtually negated by the velocity 
saturation driven by the high longitudinal electric field. 

I. INTRODUCTION 

Thin fully depleted SO1 (Si-on-Si02) MOSFET’s offer several 
potential advantages over their bulk-silicon counterparts for ULSI 
CMOS applications [ I ] .  One of the advantages that has been widely 
noted is the enhanced current drive capability of the fully depleted 
device [I]-[3], which is due mainly to the suppression of the body 
charge and transverse electric field that must be supported by the 
gate bias at the expense of inversion charge. This suppression tends 
to increase the drain saturation voltage and hence the saturation 
current, as well as the transconductance of the device. The same 
mechanism is responsible for the near-ideal subthreshold gate-volt- 
age swing that is characteristic of the fully depleted SO1 MOSFET 

Most of the previous analyses of the current enhancement have 
focused on devices with relatively long channel lengths, and have 
ignored the effects of carrier drift velocity saturation on channel 
current. Yamaguchi et al .  [4] did present experimental data reflect- 
ing how electron velocity saturation tends to reduce the relative 
current enhancement as the channel length is scaled to 0 .7  pm,  but 
they provided little insight conceming shorter devices. In this brief, 
we emphasize deep-submicrometer devices, and show that the ve- 
locity saturation driven by the high longitudinal electric field is 
effective in negating the currentitransconductance enhancement in 
the fully depleted SO1 MOSFET relative to the bulk-silicon device 
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[SI for the SO1 MOSFET, which allows for two modes of opera- 
tion: fully depleted body with the back surface depleted (TFD), 
which is the mode of interest for ULSI CMOS, and fully depleted 
body with the back surface accumulated (TFA), which we use to 
model the bulk MOSFET. Indeed, when the film thickness t b  is set 
to the characteristic maximum depletion region width x ~ ( , , , ~ ~ , ,  the 
TFA model approximates the bulk device well [7] by matching the 
respective body capacitances (assumed to be constant along the 
channel). For the TFA (bulk MOSFET) simulation of Fig. 1,  the 
body doping was 10” c r f 3 ,  which defines x ~ ( ~ ~ ~ )  = t b  = 100 nm. 
For the TFD simulation, the doping was 2 x 10l6 cm-3  and f h  = 
100 nm. For both devices, the front- and back-gate oxide thick- 
nesses were 15 and 400 nm, respectively. To  emphasize the effect 
of the body charge limitation on current, the (low-field) electron 
mobility was assigned the same value (700 c m 2 / V  . s) for both 
devices, and the same effective gate bias (VGfs - V.,) = 1.7 V was 
used; the threshold voltage Vrf  of each device was extracted from 
the simulated linear-region characteristics. 

The predicted saturation current of the TFD (fully depleted) de- 
vice in Fig.  l is about 50% higher than that of the TFA (bulk) 
device. Whereas this difference is due predominantly to the more 
efficient Vcfs control of channel charge in the T F D  device because 
of the suppressed charge and transverse field in the body, it is in- 
fluenced by drain-induced effects such as DICE (drain-induced 
conductivity enhancement) and channel-length modulation [ 5 ] ,  both 
of which yield increasing current with increasing VDs. To gain in- 
sight concerning the current enhancement, we extract from the 
model formalism 151 the following expression for drain current at 
the onset of saturation, ignoring DICE: 

where m = p,n-/2Lz~,,1 with pef being the effective electron mobil- 
ity in the saturation region and U,,, the saturated drift velocity; and 
cy = C,/C,, or C),C,],,/C(,f(C, + CO,,) for TFA (bulk) or TFD,  
respectively, with C,,and c,>, being the front- and back-gate oxide 
capacitances and c b  = E , / t h  being the body (depletion) capaci- 
tance. The focus of previous commentary on the drive current en- 
hancement [1]-[3] is on the 1 / (1  + a )  proportionality of IDS,sal) in 
( I ) .  Obviously cy for the TFD device is smaller than that for the 
bulk device, which underlies the current enhancement. Physically, 
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