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LOW-TEMPERATURE MOBILITY BEHAVIOUR IN
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OF CHANNEL LENGTH AND SERIES RESISTANCE
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Abstract—The electron mobility behaviour in submicron MOSFETs is studied in the temperature range
of 77-300 K. As the effective channel length is reduced, the effective mobility as well as the field-effect
mobility are found to decrease and to become less temperature dependent. These experimental results are
explained by the influence of series resistance and effective channel length, which are both temperature
dependent. The possibility of accurate determination of series resistance and “pure” mobility is
demonstrated. A new method is proposed to determine submicron MOSFET channel length at low
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temperatures.
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NOTATION

maximum transconductance
gate width

gate length

effective channel length
drain current

drain voltage

gate voltage

substrate voltage

inversion charge density
inversion charge

electron charge

effective mobility

effective channel conductance
intrinsic channel conductance
source—drain series resistance
intrinsic effective mobility
device transconductance
intrinsic transconductance
field-effect mobility

intrinsic field-effect mobility
“pure” mobility

critical charge density

gate oxide capacitance

inversion charge threshold voltage
intrinsic mobility reduction factor

mobility reduction factor
contact resistance
diffusion sheet resistance
spreading resistance

source and drain junction depth

channel thickness
Boltzmann’s constant
temperature in degrees Kelvin
surface electric field

surface depletion charge density

permittivity of the silicon
channel length reduction

gate-source and gate—drain overlap

source depletion width

drain depletion width

channel doping

ionized acceptor concentration
junction built-in voltage

source and drain ionized donor concentration

n; intrinsic electron density
D, electron Fermi potential referred to mid-gap
b, hole Fermi potential referred to mid-gap
E, acceptor energy
Eg, substrate Fermi energy
Ec, drain Fermi energy
A source lateral depletion width
Y, drain lateral depletion width
L surface potential
Hinax maximum field-effect mobility

1. INTRODUCTION

Up to now all the methods used to determine the
MOSFET parameters (effective channel length, series
resistances, etc . . . ) were based on the hypothesis of
a carrier mobility which is independent of the transis-
tor channel length[1-5]. This hypothesis is valid only
for long transistors and temperatures around 300 K.
It has been shown that with reduction of the dimen-
sions of MOSFETs, the mobility becomes dependent
on the channel length[6-8]. In addition, the low-
temperature dependence of the transconductance[9]
or mobility[6] is different in long and short devices.
For example, at 77 K the transconductance “gain”
G,. (77K)/G,,, (294K) was found to be 1.47 for
L,=08um and 7.46 for L, =50 um device[9]. In
other words, the assumptions used in traditional
methods are no longer exact and must be recon-
sidered for very-short-channel MOSFETs and at low
temperatures, accurate channel-length determination
being essential for device analysis and process control
in MOS-VLSI technology.

In this paper, we first report the experimental
variations of the MOSFET mobility as a function of
channel length and temperature; distinction will be
made between the intrinsic effective and field-effect
mobilities. The results will be explained by the
influence of series resistance and effective channel
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length, both of which are temperature dependent.
Different components of the series resistance will be
studied and a method will be proposed to deduce, for
each temperature and transistor, the total resistance
value as well as the intrinsic mobility. Another
method will be also proposed for the determination
of the effective channel length in the temperature
range of 77-300 K. Finally, the rough experimental
mobility data will be analysed by a more realistic
model taking into account the channel-length
correction.

2. EXPERIMENTAL CONDITIONS

The experiments were carried out on the
MOSFETs with poly-Si gate width W = 8.8 um and
length from L, =0.5um to L, =5 um fabricated at
the LETI Laboratories in Grenoble. The gate oxide
was 125 A thick, the depth of source and drain
junctions was 0.17 um, and channel boron double
implantation was realized in the p-type substrate
(2 x 10 cm™?) to give surface doping of approxi-
mately 1 x 107 cm~>,

The linear region of the family of I, vs ¥, curves
with V, as a parameter was used to extract the
effective electron mobility as a function of the gate
voltage (or inversion channel charge). From I, vs V,
curves the threshold voltage, transconductance and
field-effect mobility were determined. The mobility
data reported in this paper correspond to the ohmic
range of ¥, of 0-50 mV. The measurements were
performed with the help of HP4140B computer
driven system, in a cryostat controlled by OXFORD-
3120 Temperature Controller.

3. RESULTS

The characteristics G,,(T)/G,,, (300K) vs tem-
perature of our samples (Fig. 1) show that when the
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Fig. 1. Experimental variation of the normalized maximum
transconductance with temperature for several channel
lengths (N, = 10" cm~%).
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channel length is reduced, the electron mobility de-
creases and its temperature dependence is modified.
Similar features have been previously observed on
lower doped MOSFETs[6]. Various models have
been proposed to explain the channel length and tem-

* perature dependence of the mobility of MOSFETs.

As devices are scaled down, second-order effects,
such as velocity saturation][10], increased source
and drain resistance[l11], quasi-ballistic transport{6],
threshold voltage variation[l12] and hot electron
effects[13], can cause the transconductance, or mobil-
ity, to deviate from theoretical expectations. In-
creased series resistance{9] and “effective” oxide
charge density (“‘edge effect”)[6] have been also in-
voked to explain the mobility reduction in small-size
MOSFETs at low temperature.

Because of the important role of series resistance in
the electron mobility evolution of micron and sub-
micron MOSFETSs[7,11,14] we shall mainly consider
this effect.

3.1 Transconductance and mobility

MOSFET drain current in the ohmic region is
given by

Id=L1qunv1ueﬂ‘Vd’ (1)
efl

where I,, V, are drain current and voltage, W is
channel width, L. its effective length, N, is the
channel electron density, g electron charge and .
effective electron mobility. The effective channel con-
ductance is thus expressed by

w
Gd = L_ qjvinv Hegr- (2)

eff
On the other hand, the total effective conductance
G, due to the intrinsic channel conductance G and
the total source-drain series resistance R, is given

by[7]

Gy(Vy)
V)y=—% 8
Gd( g) (1+de62)’ (3)
where
w
G?1=Z—qunvﬂgﬁ 4

eff
and p%% is the intrinsic effective mobility.
The device transconductance G(V,)=0G,/0V,
becomes[7]

GYV,)
(1 + R G
where GY(V,)=48G}/8V, is the intrinsic trans-
conductance associated with the channel conductance
Gi(V).

Equations (2)(4) give

G(V,) = 5)

Mo Hox
Her = = . (6)
1+ R,GS w
( «Ga) (1 + de_L qunv#(e)ﬂ)
eff
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We obtain from (4) and (5) the field-effect mobility

fep = “(1)-'1:' =
T (1+ R,GY (

e
w
1+ de— qunv.“Sﬂ')
Leﬂ'

where p%; is the intrinsic field-effect mobility.
Equations (6) and (7) clearly show that the effective
mobility and field-effect mobility are differently
affected by the presence of series resistance. They also
show that the shorter the channel length, the more
important becomes the role of series resistance.
Moreover, for the same MOSFET and at the same
conditions, the field-effect mobility is always smaller
than the effective mobility, as was experimentally
found by Sun and Plummer{15].

Now, if we take into account the mobility reduc-
tion with the increasing inversion charge, we have[16)

5 ()

I . B
14+ Ny, /N’

where p, is the “pure” mobility, function of
the scattering processes, and N, is the critical
charge involving the mobility  decrease
(N, ~1-2 x 10¥cm~2%). In strong inversion, when
Qv =Cux(Vy,—V,), eqn (8) reduces to the con-
ventional relation

Mo ®

. B
1+0(V,— V)

where C,, is the gate oxide capacitance, V, the
temperature-dependent inversion charge threshold
voltage, and 6 is the mobility reduction factor
8 = Cou/gN..

Incorporation of (8) into (6) yields

Ho

Her = W
(l + A’inv/Nc + R:d—qunvuO)
L

Equation (10) will be used later in analysing experi-
mental mobility data.

In summary, there are several definitions of the
mobility concept in MOSFETs. The field-effect mo-
bility (u%¢) and the effective mobility (u%) are well
defined for “long” MOSFETSs where R,,G%« 1. In the
“short” devices, series resistances alter the real mobil-
ity values so that u.; and u.4 have to be calculated
using eqns (7) and (10), respectively. The ‘“‘pure”
mobility 4, is really independent of series resistance
and is directly dependent on the genuine scattering
process in the channel. Moreover, the mobility reduc-
tion factor 6* of pu.q is simply related to the intrinsic
mobility reduction factor 8 by the linear relationship
0*=0+ CostdW#O/Leﬂ‘

e ®

10$)

3.2 Series resistances

The major components of the series resistance R,
are: (1) the contact resistance R_, resulting from both
the aluminium line resistance and the finite contact
resistivity between the metal and the doped semicon-
ductor; (2) the diffusion sheet resistance of source and
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drain regions R;; and (3) the spreading (or injection)
resistance R,,, due to the crowding of the current-
flow lines in the vicinity of the channel[17]. Therefore

Ry;=R.+R+R,. (11

Both the contact and diffusion resistances were
found to decrease with decreasing temperature{18).
With regard to the spreading resistance, Baccarani

and Sal-Halasz have derived an analytical
expression[17]
2 R x; X;
R ==} 754
=T n<075xc), 12)

where x; is the source and drain junction depth, x, the
channel thickness. We use the process parameters
x=017pm, W=88um, R,;=60Q at 300K and
the classical approximation for x,[19]
kT

X, = oF (13)
where F,= q(Ngp + Npp, )/es; is the surface electric
field. The calculated spreading resistance of our
devices is shown in Fig. 2, as a function of gate
voltage, V,. The influence of the temperature and
substrate voltage, V,, is emphasized for the first time.
The decrease in R,, with decreasing temperature
results from the fact that the sheet resistance of the
source R, is reduced when the temperature is
lowered[18]. Furthermore, the dependence of spread-
ing resistance on gate voltage and substrate voltage
is relatively weak. Its value is between 3 and 4.5Q
(normalized values being 26 and 39Qum, re-
spectively), in the voltage range of practical interest,
and is much smaller than other components of R,,.
In conclusion, the total series resistance R,, will
decrease when the temperature is lowered.

3.3 Experimental data

In Fig. 3 we plot the effective mobility versus
inversion channel charge for a 3-um-long MOSFET
at different temperatures. The discrete points repre-
sent the effective mobility obtained by measuring the
conductance and using eqn (2), where the inversion
charge is determined as Q,,, = C,(V, — V,) and L is
obtained as in Section 4. A good fitting (solid lines)
is obtained by exploiting eqn (10) and only two
adjustable parameters (R, and u,) for each curve.
These parameters listed in Table 1 are determined
with an accuracy of 5%. Table 1 clearly demonstrates
that series resistance monotonically decreases, while
the pure mobility p, increases with decreasing tem-
perature. The difference between the experimental
points and the calculated curves at relatively low
inversion charge density is attributed to the proximity
of weak inversion regime, where the previous calcu-
lations are less accurate and where potential
fluctuations (caused by randomly distributed charges
at Si-SiO, interface) may also occur, essentially at
low temperature[20-22]. As we are in strong and
intermediate inversion the value of u%; is approxi-
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Fig. 2. Spreading resistance vs gate voltage for different temperatures at ¥, = 0. Dotted line shows R,
for V,=—3V at 300K.

mately equal to u{16]. So, using the values of R,
and g, we can calculate u. and pg for any channel
length and temperature. Room temperature mobility
variations vs inverstion charge are plotted in Fig. 4,
with the effective channel length as a further par-
ameter. The mobility decrease is seen to be more
accentuated in short devices, as the mobility reduc-
tion factor 0* is higher than 6.

The normalized effective mobility vs temperature
is presented in Fig. 5(a) for the range 77-300 K with
the length as a parameter. The inversion channel
charge Q,, used for the calculations was taken to be
of 1.6 x 1077 C-cm ™2 (N,,, = 10'2cm~2), which corre-
sponds to the value where the electron mobility
experimentally reaches its maximum. This figure
clearly shows that the mobility variation with tem-
perature is strongly correlated with the channel
length: for a MOSFET of 2.85 um long, u.; increases
with decrease of temperature by a factor of 5.3, while
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Fig. 3. Effective mobility vs inversion channel charge
for 3-um MOSFET with temperature as parameter: @,
experiments; —— theoretical fitting using (10).

for a 0.35-um MOSFET this factor is only 3.4. It is
clear that similar curves plotted for a higher gate
voltage (inversion charge) show an attenuated tem-
perature variation, since the denominator of eqn (10)
increases.

In Fig. 5(b) are given the corresponding variations
of the field-effect mobility which also include the
effect of series resistance and exhibit a very good
agreement with the experimental results of Fig. 1: the
field-effect mobility increases more slowly than the
effective mobility at low temperature and tends to
become temperature invariant for very short devices.
Note that the pure mobility shows a temperature
variation in good agreement with experimental data
obtained for long MOSFETs. Furthermore, Fig. 6
gives the normalized electron mobility vs the effective
channel length for T =300 K and 77 K it illustrates
that the mobility variation with length is more
significant at low temperature and, therefore, allows
explaining the experimental results previously
reported[6,8]. Thus, the conclusion is that, the de-
crease in R, with decreasing temperature is offset by
the more important increase in g, [eqn (10) and Table
1], which causes the global influence of series re-
sistances to be more pronounced at low temperatures.
This influence is enhanced in short-channel
MOSFETs and results in a much smaller mobility
gain.

Table 1. Fitting parameters for effective mobility
calculations of 3-um-long MOSFET

T (K) R, (@) Ho (em?/V sec)
300 135 51s
250 130 700
200 125 1050
150 120 1700
100 115 2600
77 - 110 3000
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Fig. 5. Theoretical variation of the normalized effective
mobility (a) and field-effect mobility (b) against temperature
for several channel lengths (N, =1x 102cm~2). The
dotted line in (a) shows the pure mobility variation.
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4. DETERMINATION OF THE EFFECTIVE
CHANNEL LENGTH

Once it is established that the mobility depends
on the channel length even for relatively “long”
MOSFETs, the methods of determination of L,
usually based on the hypothesis of constant mobility,
must be corrected. For example, the use of such
methods[4,5] sometimes gives even negative values
of AL (channel length reduction) below 150 K. Here,
we propose a method which allows a more realistic
and precise determination of submicron MOSFET
channel length at low temperatures.

Let us consider the cross-section of a MOSFET
shown in Fig. 7[23], where L, is the gate length, Y,,
the gate—source and gate—drain overlap (tech-
nological factor), W, and W, are the depletion widths
of the source and drain. For a one-dimensional
abrupt junction, W, and W, are defined as[10]

2¢g 2kT\ 12
Wy=|—|Vu+V,——
qN, q

and W, = W, (V,=0).
V,; is the built-in voltage of the junction

(14)

2
i

- N+

Vbi=|¢Fn|+¢Fp=k7T1n<NA ND>’ (15)
where @, and &, are Fermi potentials of n- and
p-side (referred to the mid-gap), respectively, N, the
channel doping, N} the source and drain ionized
impurity concentration, and », is the intrinsic carrier
concentration. As the temperature is lowered, the
number of ionized acceptors N7 is obtained by[18]

Ne . (16)
Ea—EFp
1+ 4exp ——IT

where E, (~0.045¢V) is the acceptor energy. The
substrate Fermi energy Ep moves at low tem-
peratures closer to the valence band, while the source

N:(T)=

10 |- 300K
%
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N
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Fig. 6. Theoretical variation of the normalized effective
mobility with effective channel length at 300K and 77K
(Nyw =1 x 10" cm™2),
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Fig. 7. Schematic representation of the MOSFET channel at
(a) 300K and (b) 77 K[23].

and drain Fermi energy Ej, remains fairly constant,
due to the high impurity concentration in these
regions. There is, therefore, an increase in the built-in
potential which makes W, and W, values larger at low
temperatures than at 300 K. This is not the case of the
lateral depletion width (Y, or Y;) at the inverted
surface[24]

2¢g 12
Y,= |:——S‘(Vbi+ Vd" q’x)]
qnN,

Y, =Y, (V;=0), a7

which is smaller than the p—n depletion width due to
the surface potential ¥, (roughly equal to 2 @;,). We
see, therefore, that even though W, increases from
300 to 77K, corresponding Y, decreases. Since
Lg=L,—2Y,—Y,—Y,and Y, does not change
with temperature, the channel length assumes a larger
value at low temperature (Fig. 7). Moreover, the
carrier “freeze-out™ situation, at the semiconductor
surface under the gate, is different from that in the
bulk. The acceptors in the surface depletion region
are all ionized due to the band bending[18]; the
surface value of N; at 77K is, therefore, roughly
equal to that at 300 K. Finally, for the transistors
with lightly doped substrates, the effective length
increase is accentuated because of the stronger vari-
ation of Fermi level with the temperature. This is

CH. NGuYen-Duc et al.
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Fig. 8. Surface depletion width (2 Y,) vs temperature for
several values of N,,.

illustrated in Fig. 8 which shows the values of 2Y,
(QY,=Y,+ Y, in equilibrium) calculated for several
values of N,, as a function of the temperature.

The procedure to determine L.4(T) consists, there-
fore, of:

(1) determining AL, then L at 300 K using one of
the reported methods[1-5],

(2) finding the gate overlap 2Y,=AL —2Y,
(300 K) using Fig. 8.

(3) obtaining corrected value
2Y,,—2Y,(T).

La(T)=L,,—

It is clear that this increase in channel length at
77K will cause a higher mobility to be deduced
from the same conductance (or transconductance)
experimental values. Thus, we can now compare

Linge{ T/ fmax( 300K)

| | l

50 100 200 300

T (K}

Fig. 9. Experimental variation of the normalized mobility in

lower doped MOSFETs (N, =2 x 10" cm~?). Full lines are

obtained from transconductance results (similar to those of

Fig. 1) by considering constant effective length[6] and dotted

lines are corrected curves calculated using the channel length
increase at low temperature.
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the mobility obtained at 77 K by supposing constant
AL with that found when the temperature depen-
dence of AL is taken into account using Fig. 8.
For the MOSFETs used in our experiments
(N,=1x107cm™%), the difference in the effective
length, and therefore in the electron mobility, be-
tween the two ways of determining Ly is 1.9% for
L,=3um and 8.6% for L,=0.5um, involving
small corrections in Fig. 1. In contrast, for
the MOSFETs whose channel doping
N,=2x 10"¥cm™2, this difference is important and
reaches 4 and 42.3% for L,=3 and 0.5 um, re-
spectively. For this reason, previous experimental
results[6] obtained in a similar way to those of
Fig. 1 have to be reconsidered. The correction is
shown in Fig. 9 and allows us to see that the precision
of L4 may play an important role in determining
the mobility from the conductance or transductance
measurements, particularly for the very-short-
channel MOSFETs.

5. CONCLUSION

Experimental curves of temperature dependence of
the mobility in short-channel devices have been re-
ported. Distinction was made between the field-effect
and effective mobility, which present different vari-
ations. The series resistance and the temperature
dependence of the channel length were used to ex-
plain the electron mobility behaviour of micron and
submicron MOSFETs: as a function of channel length
and temperature. As the channel length is reduced,
the mobility seems to decrease and to become less
influenced by the temperature. We have shown that
even for relatively “long” transistors, both effective
and field-effective mobilities depend on the channel
length. This dependence is found to be accentuated at
low temperature due to the increase in the “pure”
mobility.

The possibility to accurately determine the series
resistance and the pure mobility by fitting effective
mobility vs inversion charge curves was demon-
strated. A new method has been proposed to deter-
mine MOSFET channel length at low temperatures.
The method was proven to be useful and should be
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systematically used for accurate studies of very-short-
channel MOSFETs at low temperatures.
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