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NON STEADY STATE CARRIER TRANSPORT IN SEMICONDUCTOR, APPLICATION TO THE
MODELLING OF SUBMICRON DEVICES

E. Constant and B. Boittiaux

Centre Hyperfréquences et semiconducteurs, LA CNRS N° 287, Bat. P3, Greco micro-
onde CNRS N°11, 59655 Villeneuve d'Ascq Cedex, France

Résuma. - On se nronose ici, d'une part d'étudier quelles sont Tes nouvelles
caractéristiaques de la dynamique &lectronicue dans un cormposant submicroni-
que et d'autre part de décrire de nouvelles méthodes de modétisation qui per-
rettent de les prendre en cormpte.

Abstract. - It is the purpose of this paper to study on the one hand, what
new features characterise non steady state carrier transport in sub-micron
sermiconductor devices, and on the other to sugcest and describe new methods
of modelline which take these new features into account.

I.Introduction. -The main coal of the microelectronics industry is to make ever-
increasing numbers of smaller devices on a single chip, The advent of high-resolution
electron and X-ray lithogranhic techniques is leading toward an era in which indivi-
dual features sizes might well be fabricated on the scale of 100-200 nr. It will then
become feasible to develop very small device structures vhere size and related effects
may be as important as the bulk properties of the host semiconductor material. In
this type of devices, carriers are often in non stationnary conditions characterized
by strong spatial non uniformity and it becomes obvious that we must now ask whether
classical device modelling ray be extrapolated down to the very small space and time
scales usually encountered in sub-micron devices. It is the purpose of this paner to
study what kind of new phenomena may occur in non steady conditions in a semiconduc-
tor and to sugcest and to describe new methods which take them into account.

In the first part of this paper, the main features of carriers transport in
conditions which are either non stationnary or characterized by strong spatial non
uniformity, will be discussed. It will be assumed that transport physics may still be
based on the Boltzmann ecuation but it will be shovn that, even for this case, the
features characterizing carrier transnort can be very different from those related
to steady state and bulk transport. These include the well known balistic motion and
overshoot velocity nhenomenon but also other ones which have not yet been studied in
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detail such as non stationnary state diffusion, and special effects due to transverse
electric field in a depletion or inversion layer.

In the second part of this pnaper, we discuss new methods of modelTing which
could take all the previously described features into account, Suitable improverments
can be made to the classical modelling of larce devices by using the relaxation time
approximations and the principle of such a method is presented. Particle riodels can
also be used in the modelling of submicronic devices. In Monte farlo methods, motions
of the particles representative of the carriers in the device are studied simultamous-
1y in k and 7 space. A few examples will be given concerning this powerfull method
which unfortunately involves very lonc computation time. As a consequence, simplified
procedure will aslo be shd%]y discussed.

which may occur in sub-micron devices, it is necessary to recall briefly the basic
physics of carrier transport in a semiconductor.
Transport properties are usually described by the Boltzmann transport equation
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which allows us to obtain the carrier distribution ﬁ(?,f,t) in k-space and geometri-
cal r-space. In this relation, the drift velocity 3, can be obtained from the band
structure (k) characterising the semiconductor material throuch the classical equa-
tion
(2)
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Consequently the main parameters which occur in the BTE are the band structures,
scattering mechanisms (represented by the functions H(E,Eﬂ, and the electric field
E(r,t). If all these quantities are known, the BTE can be solved to obtain the dis-
tribution function from which all average quantities such as<e>, < ¥> can be deduced.
This is achieved practically usinec either iterative methods [1] [2] to obtain f di-
rectly, or more indirect methods such as the Monte Carlo (MC) procedure [3] [41. The
interest in this last method is not only because it is a powerful tool in the study
of nonlinear transport in semiconductors, but also because it provides a clear expla-
nation of electron dynamics in a semiconductor. In this method, the stochastic motion
of the representative points of the carrier in k-space is studied nurericaly 1in or-
der to obtain at each time step full information on the state of the carrier (i.e.its
energy and jts drift velocity). Motions are calculated taking into account every time
step At, i.e. the effect of the electric field which will modify [

> >
Ak = (GE/h)At;
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and the effect of the scattering mechanisms which may randomly change the position of
the representative points with a probality

A(K)AL = at [ (ke dk'

( = l-(-)l

(pratically suitable random trials can be achieved to find out whether an interaction
has occured during At, and,if so, to determine which specific scattering has occured).

Since, for each At, the energy and velocity are known, the average cuantities
<e> and <v> can be obtained : (i) by an ensemble average, studying the rotion of a
areat number of representative noints ; or (ii) by a time averace, studying the mo-
tion of a single representative point over a very long neriod of time. In addition
since V can be determined the location of the carrier in the ceormetrical space can
also be known for each step.

Consequently, the MC method makes it possible to solve the BTE whatever the scat
tering mechanisms and band structure may be, and to obtain in almost all cases useful
results on carrier transport in semiconductors. However, sienficant results will be
obtained only in cases where the BTE can be applied, and so it is necessary to point
out the three main assumptions which are needed for the BTE to be valid :

(i) effective wass and band approximations hold ;

(#1) collisions are instantaneous in both space and time

(i1} scatterings are independent of the electric field.
The validity of such assumptions has been discussed by Ferry and Barker [51 [61
(71

Based on this theoretical background, the influence of the size of the device
and of the operating conditions on the characteristics of carrier transport will now
be studied. From equation (1), it can be moted that the space and time variation of
the electric field will determine values of-%% and %; In classical devices opera-
ting in usual conditions, one cenerally assunes tha% these space and time variations
are so weak that in each point of the S.C. a steady state is obtained. This results
from an "eouilibrium" between perturbations due to the electric field and scattering
mechanisms (practically this assumption reans that the BTE can be used neglecting the
term of /3t). Then the main characteristics of carrier transport in a large device
(average drift velocity <§>, average energy <e> and diffusivityjwill denend only on
the instantaneous local electric field, recardless of the values of the electric
field in the past, all around the noint beinc studied in the semiconductor material.
Such assumption will generally be valid if the variation of the electric field along
a mean free path or during a mean free time between two collisions can be ne-
c¢lected. This is not always the case for hich frequency operation (even for bulk se-
miconductor) and for submicronic devices (even in D.C. operations). New features then
appear and in order to obtain a rood understandinc of this phenomena, we intend to
successively study the case of a bulk semi-conductor submitted to fast temporal va-
riations of the applied electric field, and the case of submicronic devices where
the electric field anplied is characterised by short spatial scales.
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II.2. Phenomena due_to_fast_temporal variations_of the electric field .
11.2.1.5%udy of the average arift veldciiy. - 8-TI0"TOTTOWTAN~Casas can be inves-
ticated (note that in both cases snatial unifornity of the electric field E is assu-

med) :

(1) a high-frecuency sinuscidal electric field superposed upon a steady state
field is applied to the whole semiconductor material :

E(t) = E0 + E1 sin wt 3

(i) a time pulse or a time sten configuration of the electric field is anrplied

to the whole semiconductor material.

In both cases, we have to deternine the average transient crift velocity which
could result from the applied electric field. In the first case, results cbtained
concerning the time variation drift velocity <Av(t)>, caused by the sinuscidal elec-
tric field, can be characterised by intrecucing a corplex differential mobility using
the relation :

A\)m = p* El’
where Av. s the Fourier transforn of (Av(t)).

The Tow frequency differential mobility can easily be obtained as the derivative
(g%)Eo of the velocity field characteristics because it can be assumed that a steady
state exists, resulting from a balance between the effect of the electric field and
the scattering mechanisms.3y contrast,that is no Tonger the case when V.H.F, electric
field is applied to the semi-conducteur materials because the carriers can be stron-
gly accelerated or decelerated between two successive collisions. As a result, robi-
1ity values very different from low frequency values can be achieved. This is the
case even in the saturated velocity range where an extra mobility can occur [81.
Such an effect also determinebthe frequency limit of the negative differential mobi-
Tity of most of the multivalley semi-conductors, which result from the non instanta-
neousness of the transferred electron effects [911[ 10 ].

The above phenomens will occur only in microvave devices. The case where a time
pulse or a time step configuration of the electric field is applied to the semicon-
ductor material appears to be more inferesting since it is the simplest way to sti-
mulate roughly the electric field apnlied to a carrier when it travels throuch the
active layer of a small device. A first exarnle of results obtained when a tire step
configuration of E is aoplied to Si is aiven in ficure 1 [11], where the average
transient drift velocity and enerny are plotted against time. It can be noted that
just after the application of the sten, the drift velocity increases proportionnally
with time ; the motion of the carrier is uniformly accelerated - this is the classi-
cal concept of ballistic transport [12]. The drift velocity then has a maxinum value
which is much higher than the steady state value ; this is the well known overshoot
phenomenon [13]. As time increases, the average eneray of the carrier also increases
progressively until a steady state value is obtained, while the drift velocity de-
creases and also reaches a stationary value.
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In order to understand these phenomena better it is interesting to study them

in k-space. In figure 2 the corresponding distribution functions obtained by MC me-
thods are piotted
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Figure 2. Evolutjon of the distribution function when a time step of the electric

field (0-50kVer®y is applied to Si (E| <111>, T = 300K).
for various times after the application of the pulse [11]. At time O the symmetrical
distribution function of the equilibrium condition is observed (figure 2a). Drift ve-
locities of the simulated carriers are proportional to the slope de/9k, corresponding
to the location of representative points in the band structure (also represented in
figure 2a). Obviously, in this symmetrical case, the averade value of the drift velo-
city vanishes, while the value of the average energy corresponds to the temperature
of the semiconductor material. In ffgure 2b is plotted the distribution function ob-
tained when the electric field has just been applied ; scattering mechanisms have not
yvet occured, and consequently only the perturbation due to the electric field is
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observed. Every carrier, or, rore exactly, every representative point, coes in the
same direction and only a shift in the distribution function (proportional to the ob-
servation time) is observed, The drift velocity of all carriers increases propor-
tionally with time and a hich value of the average drift velocity can therefore be
achieved. Tais ballistic transport is obtained in Si at room temperature during the
first tenth of a picosecond. As time increases, however, the scattering mechanisms
progressively occur, the distribution function widens (figure 2¢ and d), and the ave-
rage drift velocity decreases because, when a carrier is submitted to an interaction,
the drift velocity resultina from the action of the electric field is cenerally redu-
ced. Values higher than the steady state value remain (the overshoot phenomenon) un-
til the steady state is reached (ficure 2e) when there is a balance between the ener-
gy cained from the electric field and energy lost throuch scattering mechanisms.

Keeping these various phenomena in mind a first description of the most suita-
ble semi-conductor, which could allow to achieve the highest value of the overshort
and balistic velocity, can be given.

Firstly, for a given variation of k imposed by the electric field, the varia-
tion of the velocity of the carriers must be as larce as possible. Conseauently, the
band structure should be ¢haracterized by the lowest value of the effective mass. In
addition, this effective mass must not increase too much when the carrier energy ¢
increases (paralolic band is the optimum case).

Secondly, the scattering rate must remain as weak as possible regardless of the
value of e, because due to scatterina mechanisms the distribution function widens and
the averace velocity decreases.

Taking into account these recuested pronerties,III V sémi-conductor compounds
present particular interest because, in most cases, effective mass and scattering ra-
tes are very weak. However, they are multualley semi-conductors and for an energy
close to the intervalley cap, scattering rates strongly increase and carriers trans-
fer in the 'valley in which only very low values of the drift velocity can be achie-
ved.  Consequently semi-conductors such as eal_x InXAs or In AsP which have a large
intervalley gap, a low effective mass appear to be the most suitable materials [14]
[153.

Nevertheless, so far Ga As appears to be the most used semi-conductor material.
Consecuently, it seems of interest to determine the value of the maximum average tran-
sient velocity which could be realized by a carrier travelling over a distance d in
this semi-conductor. First of all, let us consider the case of a time step configu-
ration of the electric field : for every distance d, an optimum value of the electric
field E;can be choosen in order to obtain the maximum value of the average velocity
over a distance d. The obtained results appear in ficure 3.
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It can be noted that the average drift velocity can be increased by using very small
submicronic distance d, low impurety concentrations and low temperature operations.
However, for very small values of d, balistic and overshoot motions progressively oc-
cur regardless of the impurety concentration values and of the temperature. In addi-
tion, it should be pointed out that the opntimum value of the electric field step EO
requested in order to achieve a maximum average velocity is roughly inversely propor-
tional to the distance d, the product Eod beinc very close to the intervalley gap as
it could be expected by usina simple arquments [14].

One can now wonder if hicher values of average velocity could be achieved by
using a time configuration of the electric field different from the simple time step.
The answer to this question is in figure 4. The maximum value of the velocity which
can be achieved along one direction of the space (velocity distribution and veloci-
ties along the two other directions are assumed to be close to zero) has been repor-
ted versus the eneray of the carriers. In the same ficure, the dependence of the to-
tal scattering rate on the energy is also studied. From these results, it can be no-
ted that it is possible to realize, for energy values slighly smaller than the inter-
valley gap, very high values of the instantanous drift velocity (#10 cm/s) with rea-
sonnable values of the scattering rates and consequently during a relatively long
time. However, this can only be achieved if the energy of the carrier (close terTL)
is kept to a constant value during a very long time. Pratically this can be realized
by using very short time pulse configuration of the electric field E characterized by
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very high value of E. The pulse duration has to be choosen in order to obtain a final
energy slighly smaller than the intervalley gap. For very short pulse durations (very
high values of E are then requested), scattering events have no time to occur, and
consequently very hich drift velocity can be achieved without an important velocity
distribution. However when this state is realized, the electric field has to be can-
celled since ¢ must be kept to a value smaller than Aeg . The electric field vanishing
to zero, a really balistic motion of all the carriers is then archieved ; consequen-
tly the initial very high velocities decrease very siowly.As a result, rather long
distances can be archieved during very short times. An example of results obtained by
using such a balistic motion is given in figure 5.
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THE _ELECTRIC _FIELD
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The pulse time duration has been choosen in order to obtain a maximum value of the
distance achieved by the carrier after the application of the electric field. The
corresponding maximum average velocity achieved with this type of time conficuration
of the electric field are civen in ficure 6. It can be noted that for distance smal-
Ter than 0.5y, the average velocities are significantly greater than those obtained
by using the classical time step. For comparaison, are also plotted the averace velo-
cities obtained by using a field configuration where E increases proportionnaly to
the time. It must be pointed out that in this case which roughly simulates the elec-
tric field applied to the carriers when it travels through the active region of
usual submicronic devices (TEC, nt nn+ structures), the averace drift velocities are
smaller than those obtained by using a simple time step. Consequently, other devices
configurations, such as balistic transistors studied by Cornell University have to be
found in order to we all the possibilities of velocity of the carriers in a semi-
conductor,

miconductor, electronic concéntration nrefile, or thermal noise, there are two main
ways of defining the diffusion coefficients, In the first definition,assuming an uni-
form electric field in a bulk semiconductor D is given by the followino relation :

_ 2
PET =L S MET) (3)

whereéﬂ?) is the variance of the random distances parallel to the field direction
travelled by the carriers during the observation time. Direct experimental determi-
nation of such D(E) can be achieved using the time-of-flight technique in which the
spreading of a narrow pulse of carriers drifting in the semieonductor parallel to an
applied electric field is measured by the waveform of the induced current.

In the second definition, D depends on the velocity fluctuations suffered by the
cariers in the semiconductor and is proportional to the power spectral density S(w)
associated with these velocity f]uctuations.ISUsing the Wiener-Kintchine theorem we
have

Dy (w,E) = %zv(w)

= <Auz(o) v (7)> coswt drt ( 4)
0
L0 2

=“/~ <AUZ >@(t) coswt dr
o

where ¢ (v) is theeorrelation function of the velocity fluctuation

Experimental determination of D, defined using Eq.ycan be achieved measuring the
noise delivered by an unidimensional semiconductor submitted to a uniform electric
field (this condition is not so easily achieved).

In the case of low freauency or infinite observation time T 1limits, the two
first definition are easily shown to be identical 0% the contrary, if the observation
time t is much smaller than the mean free time between two collisions, the carriers
have no time to change during the time t and equation (i) can then be written :
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GaAs Np=0 T=293°K. E(x)=ct

Fig. 7 : Speading diffusion coef-
ficient versus the observation
time ; Noise diffusion coefficient
versus the frecuency. Correlation
functions of the longitudinal ve-
locity fluctuations. The study is
carried out for two values of the
electric field (E = 0, E=10kV/cm)
assured to be uniform in GaAs

(T = 293°K, N = 0).

ESTOkVem 15 tps

In the high frequency limit, from relation [4] it can be noted that D=0 as w~+e.
However, no simple relations hold in this case for D obtained using both definitions.

Typical variations of the speading diffusion with the observation time and of
the noise diffusion with the frequency are civen in figure 7 in the case of GaAs[33]
Two main cases occur, The first one is obtained when scattering between non eaquiva~
lent valley is necligible, i.e. when the electric field is much smaller than the
critical field. In this case, the noise diffusion coefficient is a monotonous decrea-
sing function as w increases andthespreading diffusion coefficient increases wonoto-
nously as t increases. This corresponds (fiaqure 7) to velocity correlation functions
close to an exponential form. The second case is observed at high electric fields
when intervalley scatterings increase to a great extent. The frequency or time evolu-
tion of the diffusion coefficient presents a maximum and this behavour corresponds to
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Variance of the random distances travelled by the carrier and transient diffusion-
coefficient versus time.

Fig. 8a. : The electric field step is applied just at the beginning of the observa-
tion time (full lines); a static electric field is applied to the semi-conductor in
order to realize a steady state (dashed Tines).

Fig. 8b. : The electric field step is applied a long time after the beginning of the
observation time.

correlation functions of velocity fluctuations which reach necative values and then
vanish. These phenomena can be exnlainéd in the following way. In the hicher velocity
valley (i.e. the central valley for n-GaAs), the lifetime of electrons with positive
velocity fluctuations is very short since they are hichly likely to transfer to other
vd]]eys. Consecquently, we should mainly observe the long flight in k-space accross
the central valley of electrons characterized by initial necative velocity fluctua-
tions, For such an electron, the z comnonent of velocity should vary rouchly Tinearly

with time.
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As a result, the freguency or the time which correspond to the diffusion coefficient
peak or to the minimum ﬁegative value of the correlation function should be related
to time period of this phenomena[33] [34].

A11 the above results have been obtained in steady state when a constant electric
field is applied to the whole semi-conductor. Nevertheless, it seems interesting to
study the behavior of the S.C. materials submitted to a time step conficuration 6f
the electric field because such a situation roughly occurs in submicronic devices.

In figure 8 are reported the variations of the mean square displacement of the
carriers versus time when a time step of electric field is applied. Two cases are in-
vesticated. In the first case (ficure 8a) the time step is applied at the becinning
of the observation time. In the second case (ficure 8b) the time step is applied a
lone time after the beginning of the sampling time.

In both cases, one can note that, a small time after the apnlication of the
electric field, the mean square displacement saturates, and then, slichtly decreases.
The spreading diffusion coefficient which can still be defined by using equation (3)
are ploted versus time in fiqure 8.

The following remarks can be pointed out :

. the transient diffusion coefficient nresents negative values during a small
time

. a very long time (more than 1pS) is needed for the steady value of the diffu-
sion coefficient to be obtained.

Consequently, it seems to be necessary to take account of such transient pheno-
mena in most of the submicronic devices.
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11.3. Phenomena observed when the electric field applied to the semiconductor is
characterised by short spatial scales.- Because sub-micron devices are always cha-
racterised by short spatial scales of the electric field, this case is particularly
interesting. Some of the characteristics of carrier transport in this case can be
deduced from the results obtained when a time pulse configuration of s applied to
a uniform semiconductor by using the following relation :

dr = <v> dr (5)
However, it is very important to note that additional phenomena caused by the spatial
non-uniformity of the free-carrier concentration, of the energy and of the distribu-
tion function occur simultaneously. The most imnortant are (16) :

(i) a diffusion current due to the non-uniformity of n

(i1) heat conduction due to the non-uniformity of ¢

(iii) a thermoelectronic current due to the non-uniformity of vZ.
Note that these additional effects

§ @ fsa _ are not taken into account in the
g Qat___zkvcnﬂ_.‘m-SOFchJ*v—Zkvcﬁ”c E modelling of a device if equation (5)
> Het carriers 3 is used to obtain the spatial charac-
g 02 ;' //3 2 teristics of carrier transoort.
% o Warm i\_Hec./ - ¢ Figure 9 shows an example of results
i;» carrl_e:s ’4 conduttion \\c\cmers L; obtained by MC methods when a space
F:;:LT~::L— X = pulse configuration of the electric
0 Gémkw(o (ﬂn1?8 ) field is anpplied to the semiconductor
% a0} (o) i (11} Compared with the phenomena which
R occur when a time nulse of the elec-
z tric field is apnlied, two additional
§ i features are also observed. Due to
& o5t - Drfusion - the spatial non-uniformity of the
3 carrier concentration (in figure 9c¢),
= o a & N ) R diffusion currents cannot be neglected
Distunce (pm) and are "automatically" taken into
% ‘ le) account in the calculation (using MC
; h\\\\\ procedures) of the average carrier
< velocity (figure 9b). In addition,
'% the spatial non-uniformity of the
% average energy (represented in fiqure
S . 9a) qgives rise to heat conduction
H - phenomena since the increase in the
& R X o average energy of the carrier is

0 QL 038

Distance {um)}
Fig. 9 : Variations of the average energy, drift velocity and free-carrier concentra-
tion with distance when a strong spatial variation of the electric field dis assumed
in a semiconductor. (n-Si, T = 293 K, E (111})). Calculations were carried out using
MC methods.
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observed in front of the space step of the electric field. It can also be noted that
overshoot velocity phenomena are still observed because the maximum value of the
drift velocity given in figure (b) is much higher than the steady state saturated
value,

Let us now study other unusual features of carrier transport in sub-micron FET
devices. The active region thickness is often comparable to a few Debye lengths, and
the transition region between the fully depleted layer and the quasi-neutral region
cannot be neglected. Consequently we have to determine the characteristics of elec-
tron dynamics in this transition region where carriers are not only submitted to a
driving field Ex along the axis of the conducting channel, but also to a transverse
one {(a value often comparable to Ex). This is particularly the case in nearly pinched
off fRaAs FET operations and, as an example, the characteristics of the carrier dyna-
mic in an incremental section of a symmetrical FET will be shown for gate voltages
close to the pinch-off value. Such a study can be easily achieved using "C procedures
(17) 5 typical results obtained by this method are given in figure 11, in which are
plotted along the Oy axis (perpendicular to the gate), variations in the transverse
electric field Ey, the free-carrier concentration, the average energy and the
average longitudinal drift velocity (vyx). It can be noted from figure(l0b) that
most of the carriers are submitted not only to a longitudinal electric field (in
this case Ey = 30kVcm!), but also to a non-neqligible transverse electric field.

It 1s therefore necessary to take into account as exactly as possible the influence
of this transverse electric field on the carrier dynamics in the active regions of
the FET. In classical models, it is assumed that both the drift velocity and the
average energy depend on the magnitude of the local electric field ET acting on the -
carrier, in addition the drift velocity is assumed to be isotronic (i.e. always to
have the same direction as the local electric field). ¥ith these assumptions the
Tongitudinal drift velocity along the channel is then given by

vx = VBulk{ET} Ex/ET (6)

It is interesting to compnare the values obtained using this classical equation with
those obtained more exactly by MC nrocedures. This is achieved in figure(l0b and c)
for the drift velocity, and also for the average energy of the carriers. It can be
seen that in both cases classical methods using relation (6) give results which are
quite different from those obtained by ™C procedures, and consequently their appli-
cation to the theoretical treatment of FET is inadequate and gives unreliable
results.

IIT, Méthods of modelling sub-micron devices.~ III.1. Imnrovement of classical

R A Y AT ety

" methods : the relaxation_time_approximation : basic_features.- Let us first consider

whether suitable improvements can be made to the classical methods of modelling

large devices in order for them to become useable for sub-micron devices. The basic
equations usually employed to calculate the properties of large uninotar devices
are as follows : N

continuity equation : 5, + Uy + 9n/3t = div J
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Fig. 10: (a) Representation of a section of a symmetrical FET, (b) Variation of the
transverse electric field E, and the free-carrier concentratlon along the Jy axis.
(c) variation of the average energy along 0y ; full curve, calculated us1ng MC nro-
cedures ; broken curve, using classical bu Tk data. (d) Variation of the 1ong1tud1—
nal average drift ve1oc1ty < vy > along 0, full curve, calculated using MC
procedures ; broken curve, using relation {3) MC simulation is achieved assuming

a uniform driving field EX, while Ey is obtained by integration Poisson's equation
along Oy&ﬁx —330 kvem-!, a = 0.13 um impurity concentration of the active layer

Np = 107 , and |Vn+vB|/400=093)
current equation : J = qnv,(E) + qD,(E) grad n
Poisson's equation : div E = g/e (n - Np)

thermal noise equation : < Ai®> = 4 gn D,(E) dx

It can be noted that the least accurate, and also the main assumptions employed in
these equations are that the average drift velocity v and the diffusion coefficient
D are instantaneous functions of the local electric field. However, a considerable
improvement could be achieved by using the relaxation time annroximation in order to
obtain the average energy € of the carrier from which the drift velocity vy and the
diffusion coefficient Dy can be deduced. These anproximations are based in the
simplest case of a time dependent uniform field on the following equations:
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* = ¥
d(m (e)vn) - m (e)vn
dt Ty(€)
- - (6)
de € - gy
— = qkv - —
dt T.(€)

These relations can be roughly justified taking into account the conservation
of momentum and energy, but can also be deduced more rigorously from the BTE under
certain conditions, as discussed by Nougier et al (18). In these two relations,
scattering mechanisms are taken into account by introducing momentum and energy
relaxation times which depend on the energy of the carrier. Consequently, in rela-
tions (6) the three quantities 1y, Tc and m* will depend on the average eneray of
the carrier, and the main problem to be solved when we want to use them is to obtain
the corresponding denendence against<€» This can be achieved practically by using
the static characteristics vg{E;), eg(Eg) and m*(Es) (obtained for example by MC
methods in steady state conditions), since in this case very simile relations bet-
ween drift vefocity, average enerqy, momentum and enerqy relaxation times are
obtained. Such methods have already been emploved successfully by Shur (12),

Carnez et al (13) and Capny et al (14), and it can be noted that good aqreement
with a more exact calculation is generally observed.

This is clearly shown in figure 11, where a comparison between the relaxation
time descrintion and the transient response obtained by 'IC or by iterative methods
has been carried out. It can be seen that for the five semiconductor materials
studied, results obtained on the drift velocity by the relaxation time method agree
very well with the more exact calculation. Consequently, the relaxation time
approximation appears to be very useful for the modelling of sub-micron devices,
and this method is now often employed (13) (20) (21) (32).

Compared with classical modelling, the basic feature of a model using the
relaxation time avproximation is the use of additional equations to obtain the
average energy of the carriers in each part of the semiconductor material, from
which the drift velocity and a few other quantities (for example diffusivity (22)
or ionization rate (23) can be deduced. '

An example of results obtained with a FET model based on the relaxation time
approximation is given in figqure 12.

[I1.2. New methods of modelling sub-micron devices : the particle model.- “onte
Carlo particle models appear to be the most promising methods for modelling, and
will therefore be described. In such a modei, the motion of narticles renre-
sentative of the carriers in the device is studied simultaneously in k- and r-space
using (1) an MC simulation of the scattering nrocess in three-dimensional
k-snace, (i1) a space (one-, two-, or three dimensional descrintion of the
electric field of the device (obtained from Poisson's eguation).
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An MC simulation is first used to cbtain the drift velocity of all the simu-
lated carriers from which the instantaneous nositions of carriers in the device are
deduced. The carrier density can then be obtained and used to solve Poisson's equa-
tion and to determine the electric field required at each noint of the device to
carry out further MC simulations. Two main methods can be emploved to determine the
carrier density when the positions of the particles have been obtained. In the
single-carrier method, the motion of only one particle is studied and the carrier
density is determined progressively from the time At spent by the narticle in an
elementary volume Ar of the device

Kat (7)

n(r) =
TASr

where T is the observation time during which the motion has been studied, and K is

a normalisation constant determined from the total number of carriers in the device.
Such a method does not allow one to obtain the time dependence of n because, by
using relation (7), the integration of n over time is carried out automatically.
This method can therefore only be used to obtain stationary values of the various
parameters of the device. In the multi-carrier method, the carrier density is
determined from the number of simulated carriers observed at an instant t in an
elementary volume A°r. The time dependence of the carrier density can be obtained,
and the high-frequency behaviour of the device can then be studied.

The first apnlication of MC methods was to FETS (26), and further work has
been done at Reading University on the modelling of FETS (27) (28) as well as 5unn
devices (28) by the multi-carrier method. An examnle of results recently obtained
(28) is given in figure 13. The device studied is a new type of transistor (snace
charge injection transistor) where no impurety concentration :is used in the active
part of the device .

In view of the importance of this new method of modelling, it is interesting
to highlight the main features of ¥C methods in relation to other more classical
methods. Its main advantages apnpear to be :

(1) The continuity and current equations (including the diffusivity effect)
are automatically taken into account when carrying out the simulation process.
Consequently the computer has to solve only one differential equation (Poisson's)
and this remains true even if comnlex devices (such as bipolars) are studied.

(2) A11 the characteristics of carrier transport (for example, non-stationary
features) which occur in sub-micron .devices are taken into account exactly. The only
condition is that the BTE and the band structure approximation must be valid.

(3) Surface and interface scattering can be taken into account without major
complications (29)

(4) Additional phenomena (such as IMPATT ionisation, electron-electron
interactions) can be described, and preliminary results have already been obtained
(11) (30).



SPACE CHARGE

1M

JECTICN FET

VSe .0V 4 VOw 2.0V ¢ VGe -u2V 5 WTe JTSNICRON / WZa .TSTIICRON

GATE

0. 1!;4

moxCcow

intrinsic

Ga As

¥
I
nt region.

I_W_E._l

n?] rlsi on.

for W=z3copm qm350mS and Cq # 01pF (2aues)
Fo 4 80 Gi

Without laser
excitation

Location

Location of electron

of electrons

Location of

holes

C7-91

Fig. 13 : Modeling by MC methods
Location of the electrons in a space
charge injection FET

Drain voltage = 1 V, gate source
voltage = + 0,2 volt.

5ain bandwith close to 80 3Hz can be
achieved.

Fig. 14 : Example of results obtained
with a 2D. bipolar *fonte Carlo simu-
Tation concerning ontical detection

in submicronic ntint device

(surface states are taken into account
Vg = 0.5 volt).

1

T T T T C T LI T r T TT LYY

dith laser

excitation

R RE LN EELECE NG ELERE




C7-92 JOURNAL DE PHYSIQUE

(5) The MC method can be used 6 determine all the device properties, inclu-
ding noise (31).

(6) Bipolar devices can be studied without greatly increasing the computation
time. The motion of a Targe number of particle is then studied simultaneously in k
space of both the -valence band (hole) and the conduction band (electron) taking into
account the specific scattering mechanisms in each band. The Tocation of all the
particles can be deduced and Poisson's equation may then be solved taking into
account the density of both types of particles. An example of the results obtained
is given figure 14 (28).

On the other hand, a few serious problems are generally encountered using MC
narticle methods ; the main ones are as follows.

(1) The method requires very long computation times and consequently needs
a very powerful computer. '

(2) The numerical results obtained by this method cannot be very accurate due
to the stochastic motion of the simulated carriers and to the resulting random
fluctuation of the calculated parameters (the physical meaning of these fluctuations
resulting from thermal noise can be pointed out). Concerning this point, it should
be noted that the accuracy achieved is inversely nronortional to the square root of
the number of simulated carriers and/or the observation time ; very expensive calcu-
lations are therefore needed if highly accurate results are to be obtained.

(3) Taking into account that the computation time is roughly proportional to
the observation time, the study of phenomena over a very Tong period will be parti-
cularly expensive and so some physical phenomena such as trapping or generation and
recombination effects are very difficult to investigate.

The first two problems appear to be the most difficult features of MC particle
methods, but it should be noted that by using single-carrier methods some improvement
can be achieved. Since only one carrier has to be studied, computer time and memory
~occupation can be reduced. In addition, due to the time-integration of all quantities,
thermal noise and random fluctuations of the calculated parameters are greatly redu-
ced. Unfortunately only the stationary state can then be studied, and effects such
as those due to microwave or optical fields cannot be investigated.

IV. Conclusion.- This paper has been devoted mainly to the study of non steady state
carrier transport which occur in sub-micron devices. In this tyne of device, carrier
transport can in most cases be studied using the Boltzmann transport equation.
However, new features, such as overshoot and undershoot phenomena, ballistic trans-
vort, transient diffusivity and wider distribution of the carrier enerqyv in a deple-
tion layer then characterise the carrier dynamics.

The relaxation time anproximation appears to be a successful method for taking
into account (at least nartly) these new features and for setting up simole models
which could be used in industrial laboratories. So far, however, only “onte Carlo
particle models make it possible to obtain "exact" results taking into account all
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the features of carrier dynamics in medium-small devices. This nrocedure is there-
fore the most promising for modelling sub-micron devices, and could be used in the
future to study all the properties of practically all types of device. Obviously at
present such a method needs very long computation times, although it should be noted
(i) that this disadvantage will qradually be diminished as faster computers are
realised ; and (ii) that at the present time, simplified particle models such as
single carrier method or diffusive model (32) are useful in solving many problems.
Finally, it should be pointed out that the characteristics of the carrier
dynamic which occurs in very small devices (active region smaller than 0.1 u) has not
been studied in this paper because suitable theoretical work on carrier transport
in this type of device is only just beginning. “Many interesting new features (such
as synergetic effects and quantum transpdrt) will occur in very small devices, and
their study will require a great deal of interdiscinlinary work. This appears .to be
an interesting goal for the future.
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