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MOS Device Modeling at 77 K

SIEGFRIED SELBERHERR, SENIOR MEMBER, IEEE

Abstract—The state of the art in self-consistent numerical low-tem-
perature MOS modeling is reviewed. The physical assumptions that
are required to describe carrier transport at low ambient temperatures
are discussed. Particular emphasis is put on the models for space charge
(impurity freeze-out), carrier mobility (temperature dependence of
scattering mechanisms at a semiconductor-insulator interface), and
carrier generation-recombination (impact ionization). The differences
with regard to the numerical methods required for the solution of low-
temperature models compared to room-temperature models are ex-
plained. Typical results obtained with the simulator MINIMOS 4 are
presented. These include comparisons of short-channel effects and hot-
electron phenomena such as energy relaxation and avalanche break-
down at 77 and 300 K ambient temperature.

I. INTRODUCTION

EVICE modeling based on the self-consistent solu-

tion of fundamental semiconductor equations dates
back to the famous work of Gummel in 1964 [33]. How-
ever, the first application of this rigorous style of model-
ing for problems at low ambient temperature (usually lig-
uid-nitrogen temperature) was carried out first by
Gaensslen er al. about 12 years later in 1976 [29]. The
main reason for this delay cannot only be seen in the lesser
demands for low-temperature simulation. Today not only
supercomputers are made for operation at liquid-nitrogen
temperature, such as the ETA-10 [25], but also micropro-
cessors, cf. [19]. The primary reason for the fairly poor
status in full numerical low-temperature device modeling
stems from considerably increased difficulties regarding
physical assumptions and implementation of the numeri-
cal solution.

II. PHYSICAL ASPECTS
A. Basic Equations

The model for hot-carrier transport used in any numer-
ical device simulation is based on the well known funda-
mental semiconductor equations (1)-(5). There are on-
going arguments in the scientific community whether these
equations are adequate to describe transport in submicro-
meter devices. Particularly the current relations (4) and
(5), which are the most complex equations out of the set
of the basic semiconductor device equations, undergo
strong criticism in view of, for instance, ballistic trans-
port [37], [51]. Their derivation from more fundamental
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physical principles is indeed not at all straightforward.
They appear therefore with all sorts of slight variations in
the specialized literature, and a vast number of papers has
been published where some of their subtleties are dealt
with. The interested reader is referred to, e.g., [9], [13],
[28], [58]. Anyway, recent investigation on ultrashort
MOSFET’s [52] do not give evidence that it is necessary
to waive these well established basic equations for silicon
devices down to feature sizes in the order of 0.1 um [60].
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These equations include a set of parameters that have
to be appropriately modeled in order to correctly describe
the various transport phenomena qualitatively and quan-
titatively.
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B. Modeling Space Charge

Poisson’s equation (see (1)) requires a model for the
space charge p that makes use of only the dependent var-
iables ¥, n, p and material properties. The well estab-
lished approach for this model is to sum up the concen-
trations with the adequate charge sign multiplied with the
elementary charge as:

p=q - (p—n+Np—-Ny). (6)

Here the first difference between room-temperature and
low-temperature simulation becomes apparent. The dop-
ing concentration N5 — N is usually assumed to be fully
ionized at room temperature, which intuitively does not
hold for low-temperature analysis. The classical way to
describe partial ionization is based on the formulas

No = NDE E
P42 <u>
exp k- T
N
Ny = . (7)
EA - Eﬁl
1 +4 - exp T
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where Ep and E, are the ionization energies of the re-
spective donor and acceptor dopant. Typical values for E,
— Ep and E, — E, for the most common dopants in sili-
con are: 0.054 eV for arsenic, 0.045 eV for phosphorus,
0.039 eV for antimony, and 0.045 eV for boron. A quite
complete list can be found in [65]. These ionization ener-
gies are recommended to be modeled as doping dependent
in [17]; however, it seems not to be important for MOS-
FET’s regarding my experience. Note that only energy
differences can be given (E. and E, are the conduction
band and the valence band energy, respectively). Next
the Fermi levels Ej, and E;, have to be appropriately re-
lated to the dependent variables by making use of Fermi

statistics.
2 E; — E.
n =N, N F1/2< T
=N, -—="'F —— 8
p ! \/;r‘ 1/2< k- T ( )

where N, and N, are the density of states in the conduction
band and the valence band, respectively. The classical
formulas for the density of states are given by

27k T mF\"?
NC:2' hZ
2 7k T -mf 3/2
N, =2- e . (9)

F/2(x) is the Fermi function of order 1/2, which is de-
fined by

-
Fa = | e (10)
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The parameters m,; and m, which are the effective masses
for electrons and holes, respectively, now have to be
modeled to be able to evaluate the formulas for the density
of states (see (9)). Probably the most elaborate models
that are fits to experimental values date back to Gaensslen
et al. [29], [31}].

T
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2
T
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K

These fitting expressions are claimed to be valid over the
range from 50 to 350 K. A graphical representation is
given in Fig. 1.
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Fig. 1. Relative effective masses versus temperature in silicon.

It is worthwhile to note that the ratio of the density of
states depends only on the ratio of the effective masses.

2
NC <m:z|<>3/._
<= (= i
N, m,

By means of some simple algebraic manipulation with the
expressions for the carrier concentrations (see (8)), we

(13)

obtain:
Efn _ED n E—ED
- = — )+ — 14
k- T G1/2<Np> k- T (14)
E, - Ej p E, — E,
— =G — ) + =—=. 15
k- T 1/2<va> k- T (15)

G, /»(x) is the inverse Fermi function of order 1/2 de-
fined with

G,/2<% : Fl/z(x)> - x. (16)

It is now possible by evaluating the expressions for the
density of states (given in (9)) with fits to the effective
masses (given in (11) and (12)) to compute numerical val-
ues for the ionized impurity concentrations (see (7)) using
only the carrier concentrations, which are the dependent
variables in the basic equations. However, comparisons
to experiment indicate that it is better to compute the den-
sity of states from (13) and a fit to the intrinsic carrier
concentration of (17).

W e ()
n=+~N.-N,-exp| ——— . (17)

2 k-T
E, is the bandgap E. — E,, which can be modeled tem-
perature dependent with the fit provided by Gaensslen er
al. [29], [31]. Note that most publications that present

(18) contain a typographical error. The linear temperature
coefficient for E, below 170 K is 1.059 - 10~° eV and not
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Fig. 2. Energy bandgap versus temperature in silicon.

as usually found, 1.059 - 107° eV [40]. A graphical rep-
resentation of (18) is given in Fig. 2.

.

T
1.17 eV + 1.059 - 107 % eV - (E)
T 2
- 6.05-1077eV - <E> T < 170K
E, = .
1.1785 eV — 9.025 - 107 eV - (E)
T 2
—3.05-10"eV - <> , T >170K.
L K

(18)

The prefactor in (17) can be fitted to experiments by
(19). With these data one obtains an intrinsic carrier con-
centration as given with Fig. 3. Note the well known ex-
treme dynamic range of 30 orders of magnitude that causes
severe numerical implementation problems for device
simulation programs.

*

JIN, - N, = exp <45.13 +0.75 - In <T— -

()=

With (13) and (19) it is now straightforward to compute
the numerical values for the density of states. At room

*
il
m

0 a

(19)

temperature, we have N, = 5.1 - 10 cm * and N, =
2.9 - 10" em™?; at liquid-nitrogen temperature, we ob-
tain N, = 5.8 - 10"® cm Y and N, = 2.5 - 10" cm

It should be noted that (7) is only valid for moderate
impurity concentrations. For heavy doping the assump-
tion of a localized ionization energy definitely does not
hold. Instead an impurity band is formed that may merge
with the respective band edge, e.g., [38}, [55]. Just mod-
eling a temperature dependence of the ionization energies
will not account adequately for the underlying physics in
this case. It appears to be appropriate to assume total ion-

IEEE TRANSACTIONS ON ELECTRON DEVICES. VOL. 36, NO. 8 AUGUST 1989

Log Intrinsic Number (1/cmxx3)

R0, Y L T W S O B

100 150 200 250 300
Temperature (K)

Fig. 3. Intrinsic carrier concentration versus temperature in silicon.

ization for concentrations above some threshold value and
to account for a suitable functional transition between the
classical formulas of (7) and total ionization. All concepts
to tackle this problem that have come to my attention so
far, however, make use of a very simplistic, not to say
alchemical, approach. In MINIMOS 4 these threshold
concentrations are 10'® cm ™ and 10'” cm ™7, respectively.
For a dopant concentration below the lower threshold
concentration, the respective of (7) is used to compute the
ionized dopant concentration; for a dopant concentration
above the higher threshold concentration, complete ion-
ization is assumed. In the interval between the two thresh-
old concentrations, linear interpolation is performed on
the fraction of ionization to obtain a smooth transition be-
tween partial and complete ionization. Anyway, it should
be noted that freeze-out is of major importance only for
depletion-mode devices and devices with a partially com-
pensated channel doping [32]. In view of this dilemma
with heavy doping one may for many applications well
use asymptotic approximations for the Fermi function
given by (10) and its inverse given by (16) (see [57]).
This is not in contradiction to the partial ionization model
given with (6)-(19).

C. Modeling Carrier Mobilities

The next set of physical parameters to be considered
carefully for low-temperature simulation consists of the
carrier mobilities u, and p, in (4) and (5). The models for
the carrier mobilities have to take into account a great
variety of scattering mechanisms the most basic one of
which is lattice scattering. The lattice mobility in pure
silicon can be fitted with simple power laws.

cm’ T \
VL YL R
Vs 300 K

2 -2.18
L = 460 cm L
Ko vs \300K/
The expressions of (20) fit well the experimental data of
[2], [15], and [47].

=
x
I

(20)
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The next effect to be considered is ionized impurity
scattering. The best established procedure for this task is
to take the functional form of (21) of the fit provided by
Caughey and Thomas [16] and use temperature-depen-
dent coefficients.

I"L _ umin

LI min np mp

Bnp = Bnp T+ e (21)
R A T (O /2o

. c_m_2 . T\ 04
Vs 300 K ’

i T = 200K
Kn = 80C_mz<M>vo.45 . <_T—>—o.15
Vs \300 K 200 K ’
T < 200K (22)

om? T \"0%
Vs (300 K> :

T = 200K

Sc_mg 200 K —0.45. T\
Vs \300 K 200 K ’

min

T < 200 K (23)
T 32
ref 17 -3
=1.12 - 10 N
C, cm <300 K>
3.2
Cc*=223-10"cm™? - _r 24
o o=2. cm 300 K (24)
T 0.065
Qpp = 0.72 - <m> . (25)

The fits for (22)-(25) are from [36]. Similar data have
been provided in [6] and [24].

In view of partial ionization one should consider neutral
impurity scattering [57}. However, in view of the uncer-
tainty of the quantitative values for ionized impurity scat-
tering, it seems not to be worthwhile to introduce another
scattering mechanism with additional fitting parameters.
Furthermore, partial ionization appears to be a second-
order effect even at liquid-nitrogen temperature. It seems
therefore justified to include partial ionization only in the
space-charge model and not in the carrier mobilities.

Surface scattering is modeled with an expression sug-
gested by Seavey [54].

s _ uny + (unly = unp) - (1 = F(y)) (26)
nr L+ F(y) -« (S.,/88)"
ref __ 638 C_Inz . _T_ P
L Vs \300K
5 -1.09
ref cm T
- an oL 27
g = 160 S <3 K) (27)
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with

F(y) 2 exp (= (y/y*))

I+ exp(=2- (y/y™))

ad 0
max <0, £>’ S, = max (0, —a—f>

(29)
Si! is assumed to be 7 - 10° V/cm, Sytis 2.7 - 10°

V /cm, and y™ is 10 nm.

The formulas for surface scattering are definitely not
the ultimate expressions. They just fit quite reasonably
with experimental observations. Other approaches with
the same claim can be found in, e.g., [7], [39], [49]. A
U-shaped mobility behavior as found in [8], [10] has not
been synthesized because I believe in a different origin
than surface scattering for this experimental observation.
It should, however, be noted that soft turn-on at liquid-
nitrogen temperature has been successfully simulated with
a U-shaped mobility expression [27].

Velocity saturation is modeled with (30). These are
again fits to experimental data with, however, a theoreti-
cal background considering their functional form [2], [42],
[43].

(28)

S

2. LS
LISE __ n
o 2 b g2
L+ 1+ <——"Sm ")
v'l
Lis
3
LISE _ p
Hp = IS g (30)
1+ B
sat
Up

E, and E, are the effective driving forces given by (31).
Their derivation can be found in [34].

E, =

1
grad y — Pl grad (Ut, + n)

E, = (31)

1
grad ¢ +; - grad (Ut, 'p)‘.

The saturation velocities are given in the following:

v =145 - 100 . lianh <ﬂ>
S T
. 312 K
v =9.05 - 10°°2 . ftanh <T> (32)
S

The functional form of these fits is after [2]; the experi-
mental data matched are from {2], [14], [15], [22]. An
eventual dependence on the crystallographic orientation
that one would deduce from [3], [5], [45] is presently not
taken into account.

D. Modeling Carrier Temperatures

To describe carrier heating properly, one has to account
for local carrier temperatures T, , in the current relations



1468

(4) and (5). This can be achieved by either solving energy
conservation equations self-consistently with the basic
transport equations or by using a model obtained by series
expansions of the solution to the energy conservation
equations [34]. 1 believe that the latter is sufficient for
silicon devices. For the electronic voltages, we have (33)
as an approximation. Confirming theoretical investiga-
tions can be found in [1].

k- T,

np

U’n.p = q

2 € S 2 1 ]
= U, + 3 *Thp ' (l’}ftp) : < LISE — "ﬁ)

Knp Kn,p
(33)

The energy relaxation times 7, , are in the order of 0.5 ps
and just weakly temperature dependent [11]. They should,
however, be modeled as functions of the local doping
concentration as motivated by the following reasoning.
The product of carrier mobility times electronic voltage
that symbolizes a diffusion coefficient must be a decreas-
ing function with increasing carrier voltage (see also [11]).
Its maximum is attained at thermal equilibrium. Relation
(34) must therefore hold.

LISE LIS
Honp Ut”_l, = Hn.p Utu-

(34)

Note that models for carrier diffusion coefficients are not
required in the basic current relations of (4) and (5).

Substituting (33) into (34) and rearranging terms, one
obtains (35) for the energy relaxation times.

LIS
3 Hon,p

Tf,(,, = E - Ut, - g (35)
(vap

In MINIMOS 4 the energy relaxation times are modeled
on the basis of (35) with a fudge factor v in the range
[0, 1] and a default value of 0.8.

3 [I.LIS
¢ _ L2, . np
Tﬂ./; =Y 2 U[o (lysm 2

np

(36)

For vanishing doping, one obtains the maximum energy
relaxation times, which at 300 K are 7, = 4.44 - 10713
s, 7, =2.24" 10~ " s and at liquid-nitrogen temperature
are 7, = 8.82 - 107" s, 75 = 8.68 - 107" s.

E. Modeling Carrier Generation/Recombination

Thermal generation/recombination at 77 K can be mod-
eled the same way as at 300 K [57]. A comment should
be made on the model for the impact ionization rate which
has to be supplied for the continuity equations (2) and (3).
It still seems, though under heavy dispute in the scientific
community, that the old Chynoweth formulation (37) of
impact ionization can be used quite satisfactorily for de-
vice simulation.

1
R" = o,

(37)
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with

. By
Qyp = Qpp " EXp | — E /|

The coeflicients of (38) can be modeled as temperature
dependent by (39) and (40) to fit experimental data [20],
[231, [50]. It should be noted that there is some lack of
data for liquid-nitrogen temperature, cf. [64]. However,
it seems that this impact ionization model is probably
somewhat too pessimistic for a proper quantitative pre-
diction of substrate currents as already stated in [46], [59].

2
a®=7-10cm™" - [ 0.57 + 0.43 - _I
" 300 K

2
o - T

(39)

(38)

\% T
=123 -10°— - [0.625 + 0. | —
B, 3 cm < 6 375 <300 K>>

\Y% T
=204 -10°— - (067 +033-(——]).
B 10 cm < 67+ 0.3 (300 K>>

(40)

The Auger coefficients for the model of Auger recombi-
nation given in (41) can also be made weakly temperature
dependent with (42). The fit has been made to the data of
[26].

RV =(Cp-n+C,-p) (n-p=ni) (41)
6 T 0.14
Co =28 10" [
s 300 K
cm® T 02
C,=99 -1072"— - |(——] . 4
P $ <300 K> (42)

III. NUMERICAL ASPECTS

Almost none of the many device simulation programs
that have proven their usefulness for room-temperature
simulations can be directly applied to low-temperature ap-
plications. The primary reason for this is the scaling of
carrier concentrations with all thereby-induced conse-
quences. Briefly sketched: De Mari recommended in an
early paper [21] to scale the intrinsic carrier concentration
to unity, which contributes to change the basic semicon-
ductor equations into a dimensionless form very conve-
nient for computer implementation. Due to the fact that
the intrinsic carrier concentration at liquid-nitrogen tem-
perature is in the order of 107%° cm™* (cf. Fig. 3), it is
obviously not applicable for scaling in this case, since,
for instance, an impurity concentration of 10 cm™
would then be scaled to 10*°. To scale the maximum im-
purity concentration to unity as recommended in the elab-
orate mathematical book of Markowich [48] is also not
feasible, since the scaled intrinsic concentration would be
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in the order of 107*". A way out of this dilemma is to use
the concentration C, defined by (43) for scaling.

C, =48 - 10" cm* - n,.

(43)

The magic concentration in (43) is the number of silicon
atoms per cubic centimeter. It serves as an absolute upper
limit for the maximum possible concentration of any type.
At 300 K temperature, C, = 2.58 - 10'® cm % at 77 K
temperature, C, = 3.51 - 10' cm™*. This scaling equili-
brates the relevant concentrations and thus is optimal for
avoiding fatal floating point underflow or overflow excep-
tions.

A further detail to be considered for numerical imple-
mentation is the appropriate approximation of the inverse
Fermi function G, /;(x). A convenient fit is given by (44).

In (x
Gin(x) = ) _()27
31\
4
* 1
1 +

5

(0.24 + 1.08 - (3 - 7 - x/4)")
(44)
The first term in (44) has to be replaced by a truncated

series expansion if the argument x is in the vicinity of 1.

In (x)
1 —x

x — 2 2
= +O((x = 1)).

(45)

S}

A review about approximations to Fermi functions and
their inverse functions can be found in [12], [18], {57].

IV. A GLIMPSE OF RESULTS

Results of investigations about submicrometer
n-channel enhancement-mode MOSFET’s at room and
liquid-nitrogen ambient temperatures are presented. A
single drain technology designed for well functioning de-
vices at room-temperature operation with 3 /4-um gate
length (0.39-um metallurgical channel length) has been
analyzed where the gate length has been reduced for lig-
uid-nitrogen temperature operation to 0.51 um (0.15-um
metallurgical channel length). The gate oxide thickness
is 9 nm, and the work function of the donor doped gate
polysilicon is —570 mV. A window of the critical drain
profile corner is depicted in Fig. 4.

The actual analysis has been carried out with MINI-
MOS 4, which is a further development of the MINIMOS
program [34], [53], [56] to include quantitative capabili-
ties for low-temperature simulation.

The threshold voltage versus gate length L is shown in
Fig. 5 for this particular technology. The long-channel
threshold voltage is about 580 mV at 77 K and about 340
mV at room temperature. Threshold voltage is here de-
fined as the gate voltage required to achieve a drain cur-
rent of 0.1 uA - W/L at a given drain bias. No substrate
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Fig. 4. Detail of net impurity profile.
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Fig. 5. Threshold voltage versus gate length.

bias has been applied for these investigations. It appears
to be a matter of taste whether to use the gate length L or
the metallurgical channel length for this kind of investi-
gation. However, device designers usually prefer the gate
length.

Fig. 6 shows the simulated subthreshold characteristics
for two different drain biases (UD = 0.1 V, UD = 2 V,
UB = 0 V) at room and liquid-nitrogen temperatures. The
subthreshold slope is obviously much steeper at liquid-
nitrogen temperature with about 25 mV /decade com-
pared to 95 mV /decade at room temperature. It is inter-
esting that the improvement of the slope is almost as good
as 3.9 the ratio of 300 K/77 K [41]. Furthermore, the
shift of the subthreshold characteristics between low and
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high drain bias, which should be primarily due to drain-
induced surface barrier lowering, is about 50 mV larger
at 77 K compared to the room-temperature shift. To have
a larger influence of drain-induced barrier lowering at
lower temperature is in contradiction with the sound re-
sults of [67]. The observed phenomenon therefore must
be of different origin. In order to get insight into this ef-
fect, the drain-bias-induced threshold voltage shift has
been computed as a function of gate length. Fig. 7 shows
this shift of the threshold voltage between UD = 0.1 V
and UD = 2 V for this technology. One can nicely see
that the functional behavior is caused by two overlapping
phenomena with a knee at a gate length of 0.43 um at 77
K and 0.46 pm at 300 K. Detailed investigations have
brought up several interacting causes. One is partial
freeze-out of acceptors in the bulk below the channel,
which leads to an increase of built-in potential and thus
to increasing depletion widths with decreasing tempera-
ture [44], [66]. This reasoning is partially confirmed in
[30]. The second cause is the formation of a sort of par-
asitic channel by impact ionization, which has also been
reported in [53].

Figs. 8 and 9 show the simulated output characteristics
for four different gate biases. If we take current output for
the same gate drive as a measure of device quality, the
low-temperature operation resulted in approximately a 50
percent improvement compared to room-temperature op-
eration. Similar results have been experimentally ob-
tained (cf. [62]). This improvement decreases with
shrinking channel length as observed in [52].

In the following a few results about the distribution of
the various physical quantities in the interior of the device
will be presented. The off-state at UG =0V, UD =2V
is depicted with the electron concentration given by Figs.
10 and 11 at liquid-nitrogen temperature and room tem-
perature, respectively. It is easily visible that the device
is not satisfactorily off at room temperature. The channel
is perfectly depleted at 77 K.

Fig. 7.

Drain-bias-induced threshold voltage shift versus gate length.
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The one-state is documented with a bias of UG = 2 V,
UD = 2 V. Figs. 12 and 13 show again the electron con-
centration at liquid-nitrogen temperature and room tem-
perature, respectively. One can nicely observe the inverse
layer that is much steeper for the low-temperature simu-
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lation. Furthermore, one can see that there are consider-
ably more electrons generated by impact ionization close
to the drain.

The impact ionization rates are shown in Figs. 14 and
15. The peak concentration that occurs in both cases at
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Fig.

the surface is almost two orders of magnitude higher for

low-temperature operation. The substrate current to drain
current ratio is increased by a factor of 5.2, which is fairly

high for n-channel devices [4].

o

T
b

Figs. 16 and 17 show the distribution of electron tem-
perature at 77 and 300 K ambient temperature, respec-
tively. The maximum temperature is 213 K at 77 K and
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LENGTH

Fig. 17. Electron temperature at 300 K (UG

2V, UD =2V).

2220 K at room temperature. This maximum is in both
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Fig. 18. Simulated output characteristics at 300 K for up-scaled device.

cases located in the reverse-biased drain substrate diode
with a smooth transition into the channel. The position of
the maximum is deeper in the substrate and closer to the
drain area at 77 K compared to the room-temperature re-
sult. It is worthwhile to note that the channel charge stays
nearly thermal close to the interface. The phenomenon of
smaller carrier heating at liquid-nitrogen temperature is a
result of a smoother distribution and a smaller maximum
of the driving force. Smaller carrier heating at 77 K has
been confirmed by many simulations. However, remem-
bering various private communications, it is not really ex-
pected, particularly in view of larger energy relaxation
times at liquid-nitrogen temperature.

One numerical experiment carried out concerns scaling.
The device under investigation has been scaled up by a
factor of 3.9 = 300 K /77 K using the classical MOS de-
vice scaling rules. Fig. 18 shows the simulated output
characteristics for the up-scaled device. We can see that
such temperature scaling is relatively crude. The current
drive capability is not achieved, since the threshold volt-
age does not scale [61]. Furthermore, avalanche break-
down is more dominant as indicated by the bending of the
characteristics. The output conductance in the saturation
region, however, scales very well.

Similar investigations for a lightly doped drain tech-
nology can be found in [59].

The question remains of how good these simulation re-
sults agree with measurements. The device presented has
not been fabricated with 0.51-um gate length. Satisfac-
tory agreement has been achieved for devices down to
3/4-um gate length. To be able to judge rigorously the
agreement between measurement and simulation at low
temperatures, one should also look at results obtained with
different programs. These can be found, e.g., in [35] for
a modified version of CADDET, in [52], [63] for a mod-
ified version of FIELDAY, and in {67] for a modified ver-
sion of GEMINI.
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