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g 1. Introduction
VLSI technology has made a remarkable progress

in recent years and MOSFETs processed in the re-
gion of submicron rule are available. When the
size of semiconductor devices is reduced in the
region of submj-crons and the mean free path of the
carriers becomes comparable with the device size,
new effects are expected, such as drift velocity
overshoot, ballistic transport and quantum size

1effect. - In view of device technology, these

effects are very attractive because of improvement

of the high speed operation and of possibility to
fabricate new devices based on mechanisrns differ-
ent from existing devices. In this paper we deal
with hot electron effects in very small devj.ces

placing mai-n emphasis on drift velocity overshoot,

92. Drift velocity overshoot in GaAs

Drift velocity overshoot has been investigated
by the following methods.

(a) Monte Carlo simulation2
(b) quantum transport equation3
(c) kinetic equation with a temperature mode14-6

(d) Boltzmann equationT

A11 the results indicate drift velocity overshoot
at high electric fields. Among the methods Monte

Carlo simulation is.'the most conventional and

gives a detailed picture of the electron transi-
ent. In this paper r,re report some important
results of the drift vel-ocity overshoot effect

B-2-1

obtained by Monte Carlo simulation, where we deal
with the screening of the polar phonon fiel_d by

electrons and electron-electron scattering.
In the present analysj-s we are interested in

GaAs and thus we used the parameters of Littlejohn
Ret a1.r- but we took into account anisotropy of

the upper valleys, four L-valleys with ura=O.082m

and t1=1.58m and six X-valleys with ma=O.19m and

mr=O. 98m.

It is well known that the field induced by

long wavelength polar optical'phonons is screened

by free electrons. I The screening reduces the
polar optical phonon scattering and increases the

intervalley transfer of hot electrons from the
valley to the higher valleys. Figure I shows time

evolution of the drift velocities in l, L and X

valleys and average drift veloci.ty with (solid
curve) and without screeni.ng (dashed curve) for

't1 -?n = 1X10" cm -, T = 300K and E = lOkV/cm. Note

that overshoot velocity is about 5X107crn/s at
t = 0.5ps.

From Monte Carlo simulation we found a quite
anisotropic distribution of electrons in the

region where the el-ectron drift velocity exhibits
overshoot. l In Fig. 2 the time evolution of the

electron drift veloci-ty is plotted for the case

with (so1id curve) and without electron-el_ectron
scattering (dashed curve) at E = l0kV/cm for n=

17 -?1X10-'cm '. It is found in Fig. 2 that e-e

scattering affects the drift velocity in the over-
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shoot region, but the effect is quite weak for the
steady state value because of the increase in the
electron temperature.

93. Experiments on Drift Velocity Overshoot

It is very difficult to observe drift velocity
overshoot because of the fact that it occurs only
for a very short time interval and in a very
narrow region near the cathode or in a very short
sample. This is the reason why a quanti_tative
result has not yet been reported on the effect.
Here we will surnmatLze the experimental methods

and the results on the overshoot effect;
(a) electro-absorption9
(b) laser i.mpulse response of high speed GaAs

photodete"ro. l0

(c) infrared absorption measurement and Fourier
transform roaly"i"ll

(d) rneasurements and analysis of current-voltage
characteri"ti"u 1' 12

(e) measurements of FET characteristics and thej_r
13anarys]-s.

The methods (a) and (b) are tttime resolvedtt and

reveal an existence of overshoot. The method (c)
is to obtain time dependence of the conductivity
by Fourier transform of. frequency dependent
conductivity and shows overshoo.t of conducti_vity
in Si. The methods (d) and (e) are based on rhe
analysis of the steady state current-voltage
characteristics assuming a drift velocity field
curve which gives the maximum drift velocity in
the specimens. The methods (a) to (c) do not
taken into account the field distribution but time
evolution is obtained. The methods (d) and (e),
on the other hand, takes into account the non-
uniform field distribution j_n a very short devi.ces

but time evoluti-on is not resolved. Our results
on n-GaAs are shown in Fig. 3, where the
normalized donors oo, electron density n,
potential u, and drift velocity vO for ev/ft1=75
are plotted as a function of normalized distance
for n\ n* structure, where we find maximum drift

I
velocity 3X10'cm/s.

94. Device Simulation
Modeling of semiconductor devi-ces is made by

the following approaches;

(A) Two-dj.mensional device simulation

(B) Solve kinetic equations using a temperature
model

(C) Many particle Monte Carlo simulation.
Two-dimensional device simulator is shovrn to

work in MOSFET with submicron channel length. The

method is bgsed on numerical analysis of poisson

and current continuity equations with a proper
assumption for the drift velocity-field relation.
The fol-lowing formulae are usually adopted.

(a) Scharfetter-Gummel t s formulal4

v .=u n/ t t+ N *(4/ t)2.( -E\2]/2' d -o-' . --N@TE7F!-?\ - / r

(b) Modification of Scharfet,ter-Gummelts form,rhl5

vo=u( N, Ec)ED t r*t 
u(Nic )Eo) 

2 ( 
u(N:Ec )%+c) - I

u(N,E^)n*^ -,: 
c

-,-=)zt-L/2

(c) Thornberts fomrrlal6

vo=u(n.)\/ t r+{u(e.)no/v"(n.) } F 
I 

1 / 0

(d) Schwarz-Russekr 
" for*rr1"17

u a=#- r+t r+t5t r+"*p1-=Iel) t l2 t 
L / 2 f | 2

(e) cooper-Nelsonf s formul"18 

ttuoE

vd=uEr/ [ l+(pE./v")o] 1/o, 
u=uo/ f r+t]l.t

c

The sirnplest one is Thornberts formula and usually
B=2 is used. Cooper-Nelsonrs formula is the same

as the Thornberrs and the validity of the formula
was proved by the time of flight measurement of
electrons and holes in MOS inversion layers.
Scharfetter-Guumelfs formula takes into account
the effect of impurity scattering (N), and

Yamaguchirs formula takes into account the gate
field dependence of the mobility. These formulae
are valid for carriers in Si MOSFET|s, whereas in
GaAs rire havg to take into account negative
differential rnobility due to the intervalley
transf er of electrons to upper .r"U"y". 12 It
should be nored that fitting of the IO vs. VO

curves using these formulae gives the saturation
velocity or the maximum drift velocity and thus we
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nay obLain the overshoot effect as shown in the
case of one-dimensional analysis shown in the case

a IIEMT has been reported .28 '29 Here we

present our results in HEMT with electron sheet
densi-ty of 5xl01l 

"r-2 was carried out and the
results are shown in Fig. 7 for transient response

of the drift velocity. I,Je found from the present
simulations that negative differential mobil_ity
appears and the maximum drift veloci_ty is higher
than that in a bulk GaAs and overshoot of the
drift velocity reaches 8X10' cm/s at 77K. tr{e

found that the drift velocity in the I -valley
subbands j-s about 108 cm/s. In the calculations
we assumed 2D subbnands are formed in the L-valley
of GaAs-we11.30

5 6. Technological Progress

MOSFETs with channel width of 100nrn were

fabricated by Skocpo.l et al." O, electron beam

lithography and lD conduction was observed. Chou
l1et al.-' fabricated n-channel MOSFETs with channel

length of 75nm in Si using combined x-ray and

optical lithographies and observed overshoot
effect at 4.2K. Katayama et 

^L.32 observed
gigantic oscillations in rnobility in n-channel
MOSFETs with channel width 150nm and length around
1.51"tm using L0C0S structure. Very recently quasi-
lD conduction is observed in periodic paraIlel
inversion lines in Si by Warren 

"t "1.33 These

i-nvestigations will give a. breakthrough to a ne\ir

field of very small semiconductor device physics.
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An example of the device simulation is
shown in Fig. 4, where IO-VO curves measured in a

short I"10SFET with 0.38fun channel length are
compared with the curves simulated using Cooper-
Nelsonts formrrla.19 The gate $ie1d dependence

of the carrier mobility in MOS inversion layers is
explaj.ned i-n terms of surface quantization by
Schwarz and Rrr"".kr 20 Linr2L and Hamaguchir l

independently, where the electron mobility is
shovrn to depend on the size of spread 1n the
di.rection normal to the surface. Shirahata and

lq
Hamaguchi'- has shown that Cooper-Nelsonrs formula
is well explained by taking electrons in the
lowest two subbands into account as shorrm in
Fig. 5.

The method shown above assumes a uniform
temperature distribution. To improve this
assumption a temperature model is proposed to
solve kinetic equation s.6'22 This model takes
into account the overshoot effecL and seems to be

more accurate. However, we have to note that such

a temperature model assumes Maxwell-Boltzmann

distribution function and that the assumption

fails in hot electron problem. The most reliable
results, therefore, will be obtained by using many

particle Monte Carlo simulation as done by Hockney
2? 2lL 2\et aLr-- !{arrinerr-- Pone et a1 .'- arrd yoshii et

-26aI .

95. ttot Electron Transport in MOS Inversion Layers

and in Heterojunction Devices

We reported Monte Carlo simulation of 2D

electrons in Si inversion layers, where the
subband structure is assumed to be unchanged by

the electron repopulat ion.27 In this paper we

present drift velocity vs. electric field curves
obtained by Monte Carlo simulaLion in Si inversion
layer, where self-consistent calculation, calcula-
tion of scattering probabilities and Monte Carlo
simulation are iteratively performed. The results
are shown in Fig. 6, where drift velocity is
plotted as a function of electric field for normal

{L\qfield 5X10-, lxl0- and 5X10' V/cm. These fearures
are very similar to the experimental results of
Cooper and Nelson.18

Monte Carlo simulation of 2D hot electrons in
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Fig. 4 I6-V6 characteristi-cs of very short channel
(0.38Un) MOSFET at 300K. Dashed curves represenr
experimental data and solid curves are calculated
by 2D device simulation.
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Fig. 5 Electron nobility as a function of
(effective) nornal field in Si MOS j-nversion
layer. The dashed curve is the experimenLal data
of Cooper and Nelson, and solid curve is
calculated by assuming that nobility is linited by
2D electrons in Eo and Eor subbands.

,o'l

o6

lo
n

au
5

E
I
(D
o:

Fig. I Tine evolution of the drift velocities with
(solid curyg) and without screening (dashed curve)
for n=lX1g17 "*-3, T=300K and E=lOfV/crn.
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Fig. 2 Tirne evolution of the drift velocities with
(so1id curve) and without e-e scattering (dashed
curve) for n=IX19l7 

"r-3, 
T=300K and u=l0kV/cn.
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Fig. 3 Normalized donor density oo, normalized
potential ur normalized electron density n and
drift velocity v6 for eV/kgT=75 in n*n n+ G"A".
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Fig. 5 Drift velociry vs. ,elecrric field for 2D
electrons obtained by Monte Carlo simulation in Si
MOS inversion layer for norndl field 5X104, 1X105
and 5X105 V/cur.
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Fig. 7 Transient response
IIEMT with electron sheet

5 6 7 8 91.0
FIELD tkVlcml

of the drift velocitv
density of 2X1011 

"t-2

|a

E
19
(J

;
boo
J
LrJ

ll-
(ro

1n


