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Electrical conduction in inversion layers modulated by a long-range potential

J. Sicart, A. Almaggoussi, and J. L. Robert

G. Vincent*
UniUersite J. Fourier, BoAe Postale 53X, 38041 Grenoble CEDEX, France
(Received 26 December 1990; revised manuscript received 13 July 1992)

Electrical properties of silicon inversion layers modulated by long-range potential are investigated ex-
perimentally and theoretically. The potential modulation has been induced by an electron beam scan-

ning lines parallel and/or perpendicular to the current in a metal-oxide-semiconductor field-effect
transistor (MOSFET) structure. We introduce threshold energies that result from the influence of the
potential modulation on the conduction processes. Depending on the conduction regime, these thresh-
olds account for carrier localization near the threshold or a mobility drop at higher energy. Using the
field-effect technique, we are able to induce transition from a density-controlled conduction to a two-

mobility-controlled conduction. A quantitative approach to previous mobility-edge and potential fluc-

tuation models is proposed using MOSFET structures with controllable disorder as a physical tool.

I. INTRODUCTION

Electrical conduction in inversion layers has been for
many years the subject of numerous experimental and
theoretical investigations. The inversion layers provide a
two-dimensional system in which the electron density
may be directly varied over several orders of magnitude.
Metal-oxide-semiconductor field-effect transistor (MOS-
FET) structures have provided an excellent system for in-

vestigating the Anderson transition, ' the Mott minimum
metallic conductivity, and variable-range hopping. Po-
tential inhomogeneities have been considered in percola-
tion theories and models of short-range and long-range
disorders as applied to inversion layers. Other au-
thors ' have proposed a model of electrical conduction in
long-range disordered three-dimensional (3D) semicon-
ductors, using the so-called potential fiuctuation (PF) pic-
ture.

In this paper, we propose a new experimental approach
to the long-range potential modulation in 2D semicon-
ductors. A controllable potential modulation (PM) has
been created in the channel using an e-beam irradiation
along lines parallel or/and perpendicular to the drain-
source current. The period of irradiation has been large
enough to avoid any resonant tunneling through the po-
tential barriers. As a result, the electrical properties of
the inversion have been strongly modified and allowed us
to test the validity of some concepts introduced in the PF
model. The main advantages of our method are the fol-
lowing:

(i) The shape of the electrostatic potential is easy to
control both in its magnitude and range.

(ii) Percolative conduction is not involved.
(iii) Potential barriers are introduced, making our sys-

tem similar to polycrystalline semiconductors.
(iv) Theoretical description of the PF model' is

simplified, since in a 2D system the density of states is in-

dependent of energy.
(v) Scattering and screening mechanisms can be studied

on the same sample by varying the gate voltage (i.e., the
total carrier density).

The MOSFET silicon structures were irradiated
through the gate oxide by a 20-keV electron beam with
the dose 200 pCcm . The technological details have
been described in Ref. 11. The e beam was scanned along
lines parallel or perpendicular to the drain-source direc-
tion in L and T structures and a crossing e-beam irradia-
tion was performed on LT structures. The periods of the
scanning lines were P =0.5, 1, 5, and 10 pm, respectively.
Consequently, a high density of interface states N;, was

generated by the e-beam irradiation. ' Assuming that all
the states are charged, the gratinglike distributed defects
induce a periodic modulation of the in-plane surface po-
tential. The irradiation treatment results in a band bend-

ing at the Si/SiOz interface, leading to a shift of the
transistor threshold voltage AVz- and a degradation of
both effective and field-effect mobilities. "

It should be noted that the L and T structures were ir-
radiated with the same dose, whereas the dose was twice
for LT structures. The threshold voltages obey the in-

equality: Vr(LT)) Vr(T)) Vr(L). The bandbendingat
the Si/Si02 interface was the same in structures L and T.
Thus the threshold voltage shift must be due to the longi-
tudinal or transverse conductivity. "' ' The Hall mo-

bility in the LT structures was close to that in the T
structures, indicating that the transverse barriers dom-
inated the main scattering process. '

Figures 1 and 2 show the Hall carrier concentration
and Hall mobility versus 1000/T. The Arrhenius plots
indicate the thermally activated behavior at low tempera-
tures and low gate voltages. The minimum of nH, &&

in the
Arrhenius plot was more pronounced in the T and LT
structures than in L structures, while the Hall mobility
exhibited a strong thermally activated behavior in the T
and LT structures.
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FIG. 1. Hall measurements in samples LT10, LT5, LT1 at

Vg =6 V. (a) Carrier concentration, (b) Hall mobility. The dots

correspond to experimental data. The solid lines correspond to
theory (the fitting parameters are collected in Table I).

FIG. 2. Hall measurements in samples LT10, LT5, LT1 at

V~ =3 V. (a) Carrier concentration, (b) Hall mobility. The dots
correspond to experimental data. The solid lines correspond to
theory (the fitting parameters are collected in Table I).

II. THEORETICAL APPROACH

We investigate two conduction regimes: the strong-
inversion regime in which the barriers are low and/or
narrow (i.e., not reflective), and the weak-inversion re-
gime in which the barriers are high and wide such that
localization due to nonpenetrable barriers occurs as in
the PF model. In the following we will distinguish the
two cases, focusing on both free-carrier density and
scattering mechanisms (Hall mobility).

After the irradiation some carriers are trapped on the
trapping centers N;, induced at the interface. We assume
that this leads to a trapped carrier density calculated over
an energy interval 8' above the subband edge Ep in the
unirradiated MOSFET. The remaining mobile carriers
are separated into two categories: carriers n2 with ener-

gy E (E,h having a low mobility p2 (since they are weak-

ly localized} and carriers n, with energy E)E,h having a
high mobility p, (since they are free conducing). More-
over, the gratinglike irradiation leads ta an additional po-
tential modulation (barrier E~).

Both the effective conductivity and the Hall effect de-
pend an the PM profile and they are governed by two
conduction mechanisms (mixed conduction). '

( n 1P1+n 2P'2)
Hall 2

,p, +,p,

n Ip]+ n2pp
2 2

PHa11

C i(»=2uo
Tp

where pp is the maximum of the mobility measured a

The carrier densities n, and n2 are calculated using the
unperturbed density of states D(E}=DO. [Do
=1.6X10" cm /meV in electron inversion layers with
m '=0. 19mo for a (100) silicon surface. ]

According to our definition, 8' is the conduction
threshold energy, whereas E,h is a two-mobility threshold
energy. A part of the n2 carriers can be localized in T
and LT structures in the weak-inversion regime, in the
same manner as in the PF model. This localization be-
comes larger when the gate voltage is lowered since both
the barrier height Ez and the barrier thickness increase.
A similar theoretical description has been previously ap-
plied to polycrystalline semiconductors in the frame of
the PF model. '

The phonon- and impurity-scattering mechanisms and
their temperature dependence have been studied in inver-
sion layers as a function af the carrier density n;„„.' To
describe this temperature variation, we use the following
expression' ' for carriers in density n, :

—1
P

+
T

(3)
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T=TO. The values of po and To depend on V . The ex-
ponents a and p are related to the scattering mechanisms.
The value of a is usually taken to be equal to 1.5 (phonon
scattering in the high-temperature range), whereas p ac-
counts for impurity, interface, and disorder scattering at
low temperatures. In our samples it also accounts for the
potential modulation which introduces additional scatter-
ing processes. In the weak-inversion regime, potential
barriers are unscreened and the mobility p2 in L struc-
tures is lowered. The carriers n2 conduct along the val-

leys and they are influenced by the lateral scattering,
which leads to a decrease of their mobility. The actual
temperature dependence of this scattering process is un-
known, but it should be similar to the scattering by fixed
charges Q;„' i.e., it should show a weak dependence on
temperature. In contrast, in T structures the barrier
scattering processes are similar to those present in barrier
tunneling or thermoemission conduction. Thus,
their mobility is deduced from the conductivity of all the
carriers n2 averaged in the conduction band over the
whole energy interval E (E,h and it can be expressed as

p,,=)up2 exp( Es Ik T—),
where Ez denotes the mean barrier height.

(4)

III. DISCUSSION AND CONCLUSION

Figures 1 and 2 show the comparison of the theory
with experiment in the strong-inversion regime for sam-
ples LT10, LT5, and LT1, respectively. The value of W
is deduced for each irradiated sample at low temperature
from the ratio of its carrier concentration to that of the
unirradiated MOSFET (sample U). Then, the threshold
energy E,& which separates the two carrier populations is
computed to account for the minimum observed in the
Hall carrier concentration in the intermediate tempera-
ture range. The parameters pp Tp p (related to the mo-
bility )M, ) and pp2 Es (related to the mobility pz) are
determined to account for both the temperature depen-
dence of the mobility and the value of the minimum of
the carrier concentration. As a matter of example, pa-
rameters accounting for the behavior of the samples at
gate voltages V =6 V and V =3 V are collected in Table

I. The values of W and E,h are kept constant in the cal-
culation for each structure, since it is assumed that a11 the
interface trapping centers are charged and that the bar-
rier height E~ is the same for all samples. The reason is
that the structures differ only by the irradiation period P.
In the weak-inversion regime, the Fermi energy EF
moves down crossing the band edge Eo. Consequently,
the carrier concentration decreases by decreasing the
temperature and in this conduction regime, conditions
X;„„=const and V =const are not equivalent. Values of
the parameters have not been calculated near the thresh-
old voltage because of lack of the Hall data, but it is clear
that the model predicts vanishing of both the minimum
of nH, ~&

and the maximum of p»~& in the Arrhenius plots.
Indeed, Table I shows that the values of the prefactor poz
should decrease whereas the values of P and Es should
increase. In contrast, when Ez —-0 (total screening of the
barriers at high carrier concentration), the PM scattering
is not predominant. The mobility p2 reduces to the
preexponential term p02, which is always lower than po, .
As mentioned above, Ez varies with Vg but E,h stays
constant. At high Vg, the potential profile is nearly flat
and the electrical behavior is similar to that of an uni-
formly irradiated structure. In that case, the anomalous
minimum in the Hall carrier concentration needs to be
interpreted again in the frame of the two-mobility model,
the threshold E,h being the consequence of the irradia-
tion. In contrast, the barrier potential Ez is the result of
the gratinglike geometry only and it vanishes at high gate
voltage due to the screening effect. Values of p deviate
from the standard ones (unirradiated structure) when the
gate voltage decreases. This fact indicates clearly that
the influence of the PM scattering becomes predominant
and Eq. (3) is not valid anymore. Thus, it can be conclud-
ed that transverse barriers lead to strong scattering,
which perturbs both high- and low-energy carrier con-
duction in T and LT structures near threshold. The
effective Hall mobility becomes thermally activated.
This behavior is analogous to that of polycrystalline semi-
conductors in which all the carriers in the band have
their mobility controlled by the potential barriers at grain
boundaries.

To qualify some assumptions introduced in the PF

TABLE I. The Hall carrier concentrations taken as reference in sample U were 1 E12 cm at
Vg=6 V and 8 E11 cm at Vg=3 V, respectively. The conduction energy E,& is taken to be 28 meV
for all the samples.

Sample V (V) W (meV) po, (cm /Vs) To (K) P p02 (cm /V s) Eb (meV)

U
U

LT10
LT10

LT5
LT5

LT1
LTl

1000
1300

1400
1500

1300
1250

1100
1000

150
120

160
110

160
120

200
150

0
0.8

0
0.5

0
2.5

840
200

650
150

240
5

0
10
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model, we have proposed a quantitative approach to this
description, applying it to the silicon inversion layer with
a controlled electrostatic disorder. To induce large-scale
potential modulation, a new gratinglike e-beam irradia-
tion technique is used. The carrier concentration can be
continuously increased so that the transition from a two-
density conduction to a two-mobility conduction is in-
duced in the same sample. The proposed model takes
into account barrier effects which introduce additional

scattering mechanisms similar to those present in poly-
crystalline semiconductors.

ACKNOWLEDGMENTS

We are grateful to the Pilot Line (CNET-CNS Meylan)
for supplying the irradiated MOSFET's. I. Salesse
(GES—Montpellier) and A. Vareille (CNET —CNS) are
acknowledged for their signi6cant contribution to pro-
cessing the samples.

'Permanent address: Centre Norbert Segard, C.N.E.T., 38243
Meylan, France.

N. F. Mott, M. Pepper, S. Pollitt, R. H. Wallis, and C. J. Ad-
kins, Proc. R. Soc. London, Ser. A 345, 169 (1975).

D. C. Tsui and S.J. Allen, Phys. Rev. Lett. 32 1200 (1974).
3C. J. Adkins, J. Phys. C 12, 3389 (1979).
4N. F. Mott and E. A. Davies, Electronic Processes in Noncrys-

talline Materials (Clarendon, Oxford, 1979).
5M. Pepper, Proc. R. Soc. London, Ser. A 353, 225 (1977).
A. Gold and W. Gotze, J. Phys. C 14, 4049 (1981).

7C. J.Adkins, S. Pollitt, and M. Pepper, J. Phys. C 4, 343 (1976).
J. M. Dusseau and J. L. Robert, in Recent Developments in

Condensed Matter Physics, edited by J. Devreese (Plenum,
New York, 1981),pp. 295 and 305.

B. Pistoulet, P. Girard, and F. M. Roche, in Physics of Disor
dered Materials, edited by D. Adler, H. Fritzsche, and S. R.
Ovshinski (Plenum, New York, 1985), p. 425.
E. Arnold, Appl. Phys. Lett. 25, 705 (1974).
F. Vettese, J. Sicart, J. L. Robert, G. Vincent, and A. Varielle,
J. Appl. Phys. 66, 5465 (1989).

2E. H. Nicollian and J. R. Brews, MOS Physics and Technology

(Wiley, New York, 1982).
A. Almaggoussi, J. Sicart, J. L. Robert, and G. Vincent, J.
Appl. Phys. 69, 1463 (1991).
J.R. Brews, J. Appl. Phys. 46, 2181 (1975).
R. A. Smith, Semiconductors, 2nd ed. (Cambridge University,
Cambridge, England, 1979).
M. Ada-Hanifi, J. Sicart, J. M. Dusseau, and J. L. Robert, J.
Appl. Phys. 62, 1869 (1987) J. M. Dusseau, J. L. Robert, and
S. Abdalla, Phys. Status Solidi A 120, 151 (1990).
T. Ando, A. B. Fowler, and F. Stern, Rev. Mod. Phys. 54, 437
(1982).
G. Ghibaudo, Phys. Status Solidi A 95, 323 (1986).
D. S. Jean and D. E. Burk, IEEE Trans. Electron. Devices 36,
1456 (1989).

H. Berger, G. Janiche, and N. Grachovskaya, Phys. Status
Solidi 33, 417 (1969).
J. R. Brews, J. Appl. Phys. 46, 2193 (1975).
J.T. C. Chen and R. S. Muller, J. Appl. Phys. 45, 828 (1974).
A. Almaggoussi, Ph.D. thesis, Montpellier University, 1991
(unpublished).


