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We present studies on accumulated electron layers realized on the silicon/acetonitrile interface at
room temperature. This interface has a behavior qualitatively similar to that of the Si/Si02 inter-
face, but has allowed us to observe electron densities as high as 8& 10' cm . The interface is real-
ized in an electrochemical cell, and electric measurements are performed with a three-electrode ar-
rangement. The electron density is determined by capacitance-voltage measurements. Conductivity
measurements allow determination of the mean scattering time of the two-dimensional electron gas,
which can be as short as 10 ' s. The special sample design also allows one to perform infrared-
absorption measurements of the interface, in the (1.1—10)-pm region, using the attenuated-total-
reflection-spectroscopy technique. This absorption is about 4% per reflection at 10 pm and varies
as m . We have extended the existing theory to the case of highly concentrated accumulation
layers and we find a satisfactory agreement with our experimental results. The comparison between
theory and experiment allows one to deduce a value of 0.22 Fm for the capacitance of the
Helmholtz layer and a flat-band potential, in good agreement with that determined from a
Schottky-Mott plot. The mobility of electrons in the accumulation layer is determined as a function
of electron density. It varies as -n, ' at very high concentrations. From comparison with earlier
works, it can be inferred that phonon scattering is the limiting mechanism for the mobility at high
accumulations, and can account for the magnitude and the co dependence of the optical absorp-
tion.

I. INTRODUCTION

Many theoretical and experimental studies have been
realized on metal-oxide-semiconductor (MOS) structures,
starting in the 1950s, because of their technological and
fundamental interest. The MOS structure allows two-
dimensional carrier systems to be realized, with voltage-
controlled densities. Ando, Fowler, and Stern have pub-
lished an important synthesis on these two-dimensional
systems. ' However, because of dielectric breakdown, the
carrier density is limited to 2)&10' cm . We present ex-
periments on a two-dimensional electron gas with
voltage-controlled densities approaching 10' cm, at
room temperature, using a semiconductor/electrolyte in-.

terface. With this interface, carrier density is only limited
by the voltage of electrolyte decomposition. Using a no-
naqueous solvent (such as acetonitrile), this voltage may
reach 3 V. Then the electric field at the semiconductor
surface can be higher than in MOS structures. These in-
vestigations were performed using (i) capacitance mea-
surements, (ii) conductivity measurements, and (iii)
infrared-absorption measurements. In Sec. II we recall
some generalities on the semiconductor/electrolyte inter-
face. In Sec. III we describe the experimental arrange-
ment. The experimental results are presented in Sec. IV.
In Sec. V we present the theory of very high accumulation
layers. The theoretical and experimental results are com-
pared and discussed in Sec. VI.

II. SEMICONDUCTOR/ELECTROLYTE
INTERFACE

The electronic properties of semiconductors can be
described by band theory. For the case of electrolytes,

band theory does not apply; however, a few similarities
can be found.

We consider an acetonitrile (ACN)+0. 1M tetrabu-
tylammonium perchlorate (TBAP) solution. Occupied
electronic levels are present in this solution corresponding
to various chemical bonds. Under certain potential condi-
tions, some of these levels can be emptied by breaking of
the associated chemical bonds: This corresponds to the
ariod&'c decomposition of the electrolyte. These levels are
similar to the valence band of a semiconductor. Empty
levels are also present in the solution, that can be filled
under certain potential conditions, by breaking of other
chemical bonds. This corresponds to the cathodic decom-
position of the electrolyte. These latter levels are similar
to the conduction band of a semiconductor. Between
these two series of levels, separated by about S eV, and in
the absence of redox species in the solution, there are no
allowed electronic levels: this is similar to the forbidden

gap of a semiconductor. If redox (oxidizable or reducible)
species are present in the solution, they create levels that
can be regarded as donors in the reduced form and accep-
tors in the oxidized form. For the reaction

A(ox)+ne ~D(red),
and if both forms coexist in the solution, the chemical po-
tential for the electrons is given by the Nernst formula:

p =go+(kT/ne)lnI [D(red)]/[2 (ox)j ) .

Practically, there are always impurities in the solution
such as water in acetonitrile that create a few levels in the
"forbidden gap" of the electrolyte.

When the interface is realized, the chemical potentials
for the electrons in the semiconductor and in the electro-
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lyte must equalize at equilibrium. The bands of the semi-
conductor bend and a layer of ionic charge arises in the
electrolyte. In the absence of surface states, this charge
density is opposed to the space-charge density in the semi-
conductor (the equilibrium conditions are modified by the
presence of surface states). The region between the elec-
trode surface and the ionic layer is called the Helmholtz
layer. A voltage generally exists between the semicon-
ductor and the electrolyte, at equilibrium.

An extra voltage can be applied to the interface by us-
ing a reference electrode whose potential relative to the
solution is fixed. We used an Ag/Ag+ reference electrode
whose redox potential lies in the forbidden gap of silicon
[Fig. 1(a)].

In the following we will use the standard electrochemi-
cal convention, i.e., the "electrode potential" V is the po-
tential of the silicon sample relative to the reference elec-
trode, whereas the "gate voltage" used for MOS structures
corresponds to the opposite convention. For V=O the
Fermi level in the silicon and the redox level of the
Ag/Ag+ couple are equal [Fig. 1(b)]. A depletion layer
exists in the silicon. For an applied electrode potential V,
two qualitatively different situations can occur depending
upon whether or not redox species exist in the solution in
a concentration sufficient to accommodate all the elec-
trons that may cross the interface. If the above condition
is fulfilled, the junction behaves just as a
metal/semiconductor interface.

We are interested in the opposite case, where the only
redox species in the solution are low concentrated impuri-
ties. For V&0 the depletion layer is thicker than that
shown in Fig. 1(b). A very weak current flows through
the interface, due to the impurities in the solution, but is
limited by electron transfer over the Schottky barrier. On
the other hand, for 0 & V & —3 V, only a weak current
can flow through the interface due to the impurities, but
it is limited by the impurity diffusion in the solution. The
electrolyte and the silicon, being conductors, have equipo-

tential volumes. Hence the potential drop occurs at the
interface, divided between the space-charge region in the
semiconductor and the Helmholtz layer in the electrolyte,
according to their capacitances. For 0& V& VFs (flat-
band potential), almost the whole potential drop is in the
silicon, and the bands become increasingly flat. For
V ~ VF~, the bands bend downward and an accumulation
layer appears. Figure 1(c) shows the band bending for
V= Vc (conduction-band potential). Beyond this latter
situation, the accumulation layer is degenerate [Fig. 1(d)]
and its charge density becomes very high with thickness
comparable to the thickness of the Helmholtz layer. The
accumulation layer capacitance in this case becomes com-
parable to the Helmholtz-layer capacitance; hence the po-
tential drop across the Helmholtz layer is no longer negli-
gible.

A very strongly accumulated layer creates a very high
electric field at the interface. A potential difference of 3
V can be applied to the interface within about 30 A
without electrolyzing the solution, so that an electric field
of —10 V/cm can be created at the interface, inside sil-
icon. This corresponds to an electronic density of about
10'4 cm-'

III. EXPERIMENT

The silicon sample was cut from an n-type (111)-
oriented silicon monocrystalline ingot of -3 Q cm resis-
tivity. Figure 2 shows the silicon sample and its holder.
This special design allows (i) optical measurements by us-
ing attenuated total-reflection spectroscopy, " and (ii) pro-
tection of the face with the prisms and the Ohmic con-
tacts (backface) from the corrosive solution used for pol-
ishing the face to be exposed to the electrolyte (front face).
The sample was roughed out with a diamond saw. The
back face was machined with a diamond miH. The faces
of the prisms and the bottom of the back face were opti-
cally polished by hand. The front face was first mechani-
cally polished after sawing and then mechanochemically
polished using a solution of Cu(N03)2 and NH4F. The
final thickness of the sample is 1.35 mm and the separa-
tion between the prisms is 8 mm. The angle between the
polished faces of the prisms and the plane of the interface
is 45.

The junction was realized in the electrochemical cell,
whose schematic is presented as Fig. 3. The electrochemi-
cal measurements were performed with a three-electrode
arrangement and a potentiostat. The working electrode
8'is the silicon sample. The area exposed to the electro-
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FIG. 1. Band schematic in various situations. (a) Relative
positions, in the absence of charges, of the forbidden gap of sil-
icon, of the Fermi level corresponding to 2.5&&10" donors per
cm at room temperature, and of the potential of the redox cou-
ple Ag/10 M Ag+. Also shown are band bendings corre-
sponding to (b) zero electrode potential, (c) the conduction-band
potential, and (d) degenerated accumulation layer.
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FIG. 2. Sample mounting: This allows electrochemical mea-
surements, conductivity measurements, and optical measure-
ments using attenuated-total-reflection spectroscopy.
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FIG. 3. Schematic of the electrochemical cell. 3, working
electrode compartment; 8, counter e1ectrode compartment; D,
storage compartment; E, tapered pipe; W, working electrode;
W~, R'2, Ohmic contacts; 8", second working electrode; R,R',
two possibilities of reference electrodes; C, counter electrode.
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FIG. 4. General experimental arrangement. S, light source
(Nernst glower); CW, chopper wheel; 6, gratings; PM, parabolic
mirror; M~, M2, Mq, spherical mirrors; M3, plane mirror; I'~, I'2,
movable filters; S, sample location (cell not represented); D,
detector.

lyte is 2.4 cm . The reference electrode R is a Ag wire
immersed in a Ag+ solution. The counter electrode C is a
platinum wire. This arrangement allows current-voltage
and impedance-voltage measurements. However, an ex-
perimental difficulty arose at the larger frequencies from
the high values of the silicon/acetonitrile interface capaci-
tance (up to 15 pF) and the series resistance of the refer-
ence electrode ( —10 0). This problem has been solved
by introducing a platinum wire R ' close to the silicon sur-
face, connected to R through a 200 pF capacitance. The
electrolyte was acetonitrile (ACN) + 0.1M TBAP.
Acetonitrile, a Merck Uvasol-grade product, was left
standing for 1 d on molecular sieves, then out-gassed
through freeze-pump-thaw cycles, and finally vacuum-
distilled and stored under vacuum on activated molecular
sieves. TBAP was dried under vacuum by heating at -50
'C for several hours. The solution was prepared by vacu-
um distillation of -30 cm ACN on TBAP in the storage
compartment. Before each experiment, the front face of
the silicon sample was rinsed with 40%%uo hydrofluoric acid
solution. The experimental arrangement used for the op-
tical measurements is shown in Fig. 4. We used a
Perkin-Elmer monochromator with two blazed gratings.
The infrared source was a Nernst glower. Two detectors

have been used: a pyroelectric detector from Eltec, used
at a modulation frequency of 20 Hz and an InSb photo-
voltaic detector from Infrared Associates, used at a modu-
lation frequency of 70 Hz. The electric signal from the
potentiostat or the detectors was fed to a Thomson
THN600 lock-in amplifier. The spectral region is limited
at short wavelength to 1.1 pm by the band-gap absorption
and at long wavelength to 10 pm by the lattice absorption
of silicon. Nonpolarized and polarized light were used
(linear polarization either parallel to the interface, s polar-
ization; or perpendicular to the precedent one, p polariza-
tion). The geometry of the sample allows four useful re-
flections on the silicon/acetonitrile interface. Classical
transmission measurements have been performed by
mechanically chopping the light beam. Electrode poten-
tial modulation with the help of the potentiostat allows
measurement of electromodulated spectra. The relative
absorption of the interface is given by the ratio of an elec-
tromodulated spectrum to a classical transmission spec-
trum. This computation together with data acquisition
and control of the switching between the various measure-
ments was performed by a Commodore CBM3016 micro-
computer via an IEEE-488 bus.

IV. RESULTS

The admittance-frequency curves have been investigat-
ed between 7 and 2000 Hz. For typical accumulations
and up to 200 Hz, the interface is equivalent to a capaci-
tance C-10 pF. At higher frequencies the series resis-
tance R —20 Q appears. Routine admittance-voltage
measurements were therefore performed at a modulation
frequency of 20 Hz so that the imaginary part of the ad-
mittance is directly proportional to the capacitance of the
interface. Figure 5 shows (a) the imaginary part (capaci-
tance) of the admittance, (b) the real part of the admit-
tance, and (c) the I- V curve (voltammogram) measured on
a freshly prepared junction. These three curves were real-
ized within 3 min. We can see that the leaking currents
due to water in the solution are very weak for V & —2.5
V and that the small associated peaks near V= —2.5 V
do not hinder the capacitance-voltage measurements (C-
V). The peak near V= —0.5 V on the C-V curve is

known to be characteristic of surface states. Electron
densities n, in the accumulation layer as high as 8&(10'
cm were deduced by integrating the C- V curves. We
observed an evolution of this number. Typically, an ini-
tial electron density of -7X10' cm falls to -5X10'
cm 3 h later and becomes 4&10' cm after 1 d. In
the same time the estimation of the surface-state density
by integrating the peak at V- —0.5 V evolves from
2)& 10' to 5)& 10' cm . This density always stays much
smaller than n, .

Figure 5(d) shows the conductivity o„,of the accumu-
lation layer versus electrode potential. o„, was deduced
by measuring the variation of resistance R of the sample
between the two contacts W'~ and Wz (see Fig. 3). We
have

o.„,=g[1/R ( V) —1/R (0)],
with R(0)=13.5 Q. The geometrical factor g was mea-
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sured by analog simulation. The silicon sample and the
accumulation layer were simulated with a negative mold,
machined to scale 5, filled with salt water, in which the
liquid level could be changed. We found g=1.4. The
measurement of R(V) was performed at 20 Hz. Special
attention was paid to the unwanted effects that might
arise from the conduction through the interface and the
electrolyte. For the curve shown in Fig. 5(d), the contri-
bution of these effects amounts to at most the noise level.

Figure 5(e) shows the transmission of the sample versus

FIG. 5. Experimental results on the (111) n-

silicon/acetonitrile interface as a function of electrode potential.
(a) Imaginary and (b) real parts of the admittance measured at
20 Hz frequency, (c) electrochemical current density (voltammo-
gram); (d) relative change of resistance of the sample between
the two Ohmic contacts 8'~ and 8'q (see Fig. 2) measured at 20
Hz frequency; (e) optical transmission for four reflections at the
wavelength of 8.13 pm (1230 cm ') measured with the light
beam mechanically chopped at 20 Hz frequency.
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FIG. 6. Relative absorption per reflection of s-polarized light
at the (111) n-silicon/acetonitrile interface vs wave number
1/A, =co/2~c. The straight line represents a co

' dependence.

V. THEORY OF THE ACCUMULATION LAYER

Theoretical studies on accumulation and inversion
layers have been made for a long time. However, no
theoretical results are available on accumulation layers for
electron densities above 1.5 & 10' cm . Thus we extend
the method exposed in Ando to higher densities. We
consider an n-type (111)-oriented silicon crystal lying in
the half-space z&0. All the relevant physical quantities
depend on z only. We have performed the calculation
corresponding to our experimental conditions (tempera-
ture T=300 K, donor density KD=2X10' cm ), but
the results in the degenerate accumulation regime are
thought to be rather insensitive to these parameters. In
our case the Fermi level EF lies 250 meV below the bot-
tom of the bulk conduction band. In the space-charge re-
gion, near the interface, the band bending is described by

electrode potential for a freshly prepared interface, at a
wavelength of 8.13 pm (1/A, =1230 cm '). For V= —2.5
V, 15% of the incident light beam is absorbed in the accu-
mulation layer, i.e., 3.75% per reflection. Figure 6 shows
the relative absorption A, per reflection of the interface
versus wave number I/A, . This curve is featureless and 3,
varies as —A, . Absolute calibration of the relative
absorption —wave-number curves has been made with a
transmission-voltage measurement. As recording one
spectrum takes about 20 min, we have verified that the
surface does not evolve during the data acquisition, by do-
ing a C- V measurement before and after each spectrum.
Figure 6 corresponds to n, =5.4X 10' cm . Curves of
relative absorption Az per reflection with p-polarized
light have also been determined. A, (1/A, ) and A~(1/A, )

are found to be proportional to each other with
A, /A& —1.1. The relevance of the A, /3& ratio will be
discussed in Sec. VI C.



32 HIGHLY ACCUMULATED ELECTRON LAYER AT A. . . 2443

the Hartree potential V~(z). At the interface, the Hartree
potential takes the value V, = VJr(0). We want to calcu-
late the electron density n, and VH(z) as a function of V, .
The motion of the electrons in the accumulation layer is
quantized and the envelope function g;(z) in the
effective-mass approximation satisfies

+ [E;—V(z) ]g;(z)=0,
2mz dz2

with V(z) = VH(z)+ VI(z), E; is the energy of the ith sub-
band, Vq(z) is image potential, m, =3m, III(m, +2mI),
and' m~ =0 19me~~l =O.97~e-

g (z) must be normalized to l and go to 0 for z —+ oo

and z=O. This latter condition corresponds to the non-
penetration of the wave function into the electrolyte. In

.25

addition, VIr(z) is linked to the functions g;(z) through
the electrostatic potential P(z) = VH(z)/( —e) and
Poisson's equation:

8 P(z) p(z)
2 +

Bz &o&r

where p(z) is the total charge density, p(z)
= g,.p;(z)+pd(z), with p;(z) the contribution of the ith
subband and pd(z) the contribution of the ionized donors.

We have

p;(z) =
J
g;(z)

J

' J D;(E)f(E)dE,

where D; (E) is the two-dimensional density of states:"

D;!E)=g,md/M for E &E;,
D;(E)=0 for E &E;,

~
2—

O

CL 0
UJ

N=4 and g„ is the valley degeneracy (6 in our case ) and md is
the density-of-states effective mass (md = [m, (m, +
2II)/3]'~ in our case).

The energies E;, the wave functions g;(z), and the Har-
tree potentials VH(z) were calculated by a self-consistent
method for each value of V, . Several kinds of results can
be presented.

Figure 7 shows the first five energy levels, the electron
density n„and the capacitance C~ ——e dn, Id V, of the ac-
cumulation layer versus V, . In these calculations V, is
referenced to EF. Figure 8(a) shows the self-consistent
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FIG. 7. Calculated results for a highly accumulated layer on

(111) n-silicon. vs surface Hartree potential. Energies are refer-
enced to the bulk Fermi level. (a) Energies of the five lowest
subband minima; CB, bulk conduction-band minimum; EF, Fer-
mi level. (b) Electron density. (c) Capacitance.
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FIG. 8. Calculated results vs distance from the surface for an
accumulation layer on (111) n-silicon and a surface Hartree po-
tential of —1 eV. Energies are referenced to the bu1k Ferini lev-
el. (a) Self-consistent potential. The dashes on the energy axis
represent the seven lowest subband minima. VB, valence band;
CB, conduction band; CBoo, bulk conduction-band minimum;
Ep, Fermi level. (b) Envelope function of the wave function for
the three lowest subbands.
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potential V(z) and energy levels for V, E—F ———1 eV.
The associated first three wave functions are shown in
Fig. 8(b). We have n, =5.27X10' cm . V(z) crosses
the Fermi level at -20 A from the surface, falls down to
a minimum at 6 A and rises near the surface because of
the image potential, The first energy level lies 52.8 meV
below the Fermi level, the difference between the first two
levels is 152 meV, and 98% of the electrons are confined
in the first subband. The average distance of the electrons
from the surface in this subband is 12.85 A.
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VI. DISCUSSION 0
-2.5 -1.5

0
-0.5

A. Electron density in the accumulation layer

The results given in the preceding section apply to the
silicon side of the interface. In order to calculate the
capacitance of the interface versus electrode potential and
compare it with the experimental results, we must make
allowance for the electrolyte side of the interface. A cal-
culation similar to the preceding one should be done, but
this is a very difficult theoretical problem. Therefore we
used simplifying hypotheses. They consist of (i) neglect-
ing the effects of surface states, and (ii) treating the elec-
trolyte side of the interface as an unknown series capaci-
tance, independent of electrode potential. Under these
conditions, the capacitance Cq of the interface is merely

1 1 1

Cs(Vs) Cw(Va) CH(VH)

where Vz is the potential drop in the accumulation layer,
V~ is the potential drop in the Helmholtz layer, and
Vq ——Vz + VH is the total potential drop through the inter-
face. Cz is the capacitance of the accumulation layer,
and C~ is the capacitance of the Helmholtz layer.

According to the second hypothesis, we have
VH ——Qq ( VH ) /C~, where Q~ is the accumulated charge
in silicon. The calculations presented in Sec. V give
Qz(V&) and Cz(Vz), so that the relation Cz(Vq) is
parametrized by Vz ..

CaC~(V~) Q~(V~)
Cr= Vr = V~+

CH+C~(V~)
'

CH

We see that Vz is 0 when Vz is 0, i.e., for the flat-band
potential VFB. Hence, the potential scale for the calculat-
ed Cz(Vq) curve is relative to VFB. On the other hand,
the potential scale for the experimental C( V) curves is rel-
ative to the reference potential. Then in order to compare
experimental and calculated results we have to calculate
the Cz( Vz) curves for various values of CH and let the po-
tential scales slide on each other until a satisfactory fit is
obtained. The value deduced for VFB can then be com-
pared with that obtained from a Schottky-Mott plot.

This comparison has been done for several experimental
curves. Figure 9 results from a new interface with
CH ——0.22 Fm . The curves fit well in the —0.5 to
—1.5 V region. Beyond —1.5 V the curves diverge and
the discrepancy is about 20% at -2.5 V. The flat-band po-
tential deduced from this fit always agrees with that de-
duced from the Schottky-Mott plot with a maximum

ELECTRODE POTENTIAL (V j

FIG. 9. Theoretical and experimental capacitance per unit
surface of the (111) n-silicon/acetonitrile interface vs electrode
potential. The fitting has been realized with a Helmholtz-layer
capacitance of 0.22 F m . VF~, flat-band potential. The exper-
imental curve has been obtained on a new interface.

discrepancy of 50 mV. The flat-band potential deduced
from these experiments is —480 mV relative to the
Ag/Ag+ (10 M) reference. Then the conduction-band
potential is —730 mV relative to the same reference,
which is compatible with the value published by Chazal-
viel and Truong. In order to test the significance of the
fit we tried to fit a curve. obtained by dividing by 2 the ex-
perimental values of the capacitance. This is equivalent
to assuming a factor of surface roughness of 2. In these
conditions, no satisfactory fit could be realized for any
value of C~ and VFB. We regard this fact as support for
the significance of the fit and the hypothesis of negligible
surface roughness. In the 0 to —0.5 V and —1.5 to —2.5
V potential regions, no satisfactory fit could be realized
for any curves; therefore, some hypotheses must be reex-
amined.

The existence of surface states in the gap of silicon is
probably sufficient to explain the discrepancy in the 0 to
—0.5 V region. On the other hand, in the —1.5 to —2.5
V region, several hypotheses can be suggested:

(i) For electronic densities as high as 5&& 10' cm, the
effective-mass approximation begins to be improper be-
cause the parallel and perpendicular electronic wave vec-
tors k~~ and kz reach about 10% of the dimension of the
Brillouin zone.

(ii) In the same way„ the validity of the relative permit-
tivity e„=11.7 at 10 A from the surface is doubtful. Ac-
cording to our estimate based on the published expression
of a nonlocal permittivity, ' the breaking of translational
invariance due to the presence of the surface does not in-
troduce major corrections. On the other hand, we have
estimated the electrostatic energy of accumulated elec-
trons, with a wave-vector-dependent permittivity. ' We
note that for n, =5 X 10' cm the result differs by 10%
from that obtained with the value e(q =0).

(iii) The capacitance CH of the Helmholtz layer de-
pends on the accumulated charge. In the case of Fig. 9, a
variation of 30% of CH is sufficient to explain the
discrepancy between theory and experiment at —2.5 V.
Although we cannot assert that this variation actually ex-
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The above discussion shows that C- V measurements are
a reliable technique for the determination of the electron
density versus electrode potential. Hence, having per-
forrned on an interface a C- V measurement and a conduc-
tivity (cr„,) voltage measurement, we can derive a mobili-
ty (p) versus electronic density curve, according to the re-
lation o„,=n, ep. Figure 10 shows the mobility versus
electron density for four different experiments, together
with the experimental results obtained by Sato for an in-
version layer on a (111) face of monocrystalline silicon at
room temperature. ' We see, as expected, that the mobili-
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FIG. 10. Calculated and experimental curves of electron mo-
bility on a (111) n-silicon/acetonitrile interface vs electron densi-
ty. Our measurements correspond to an accumulation layer and
Sato's measurements to an inversion layer. The calculated
curves are for Coulomb scattering. Z, distance of charged
centers from the surface; e, permittivity of the Helmholtz layer.

ists in the case of the silicon/acetonitrile interface, it is
quite likely, because such variations occur in similar sys-
tems for comparable surface charge densities. '

We think that the latter point is largely responsible for
the discrepancy between theory and experiment, and be-
cause of two reasons: The capacitance of the interface
may be rather insensitive to the variations of effective
mass and permittivity, whereas it is directly affected by a
variation of CH. On the other hand, the discrepancy be-
tween the two curves appears rather abruptly, whereas we
expect the correction due to the variation of effective
mass and permittivity to depend more smoothly upon n, .

The capacitance of the Helmholtz layer seems to be also
affected by the evolution of the silicon surface. We have
fitted an experimental curve obtained with an interface
more than 1 d old. The agreement and the discrepancy
between experimental and theoretical curves occur in the
same regions as above, but the Helmholtz capacitance is
found to be CH ——12 IMF/cm instead of 22 IMF/cm previ-
ously. The surface-state density has increased to
5.2X10' cm, but is still 1 order of magnitude smaller
than the total electron density.

B. Electron mobility in the accumulation layer

ty decreases with increasing electron density. For
n, —5X10' cm we find IM-60 cm /Vs, i.e., r-10
s. Two regions can be distinguished among our experi-
mental points: above 2.5& 10' cm all the points tend
to line up together on a straight line with slope
Below 2.5)&10' cm the points are more scattered and
the curves bend but stay below the above line. A mobility
of 60 cm /Vs for an electron density of 5X10' cm is
25 times lower than the bulk mobility in silicon. ' The
mechanism responsible for this mobility drop must be
very efficient. In MGS structures, phonon scattering is
known to be an efficient scattering mechanism at room
temperature and high electronic densities. The mobility
limited by ghonon scattering is also known to vary be-
tween n, and n, according to crystal orientation

—1 —1/6

and for 5X10"&n, &5X10' cm . ' However, the
theory of phonon scattering is not yet satisfactory, as the
models generally predict mobilities too high by almost 1

order of magnitude. For n, & 10' cm there is no major
difference between electron accumulation and inversion
layers. Then we have compared our results with those of
Sato on inversion layers. %'e see on Fig. 10 that the
above-mentioned line with a slope of ——, also goes
through the experimental points corresponding to the
highest densities obtained by Sato. In the experiment of
Sato the mobility is limited by phonon scattering, and we
then think that, in our case, and for electronic densities
higher than 2.5&(10' cm, the mobility is limited by
phonon scattering, although the slope of ——,

' is steeper
than expected.

In the region n, ~2.5)&10' cm our experimental
point always stay below Sato's experimental points. This
suggests that another scattering mechanism becomes dom-
inant. According to Fig. 10 we estimate that the mobility
limited by this other mechanism is in the (250—600)-
cm /Vs range. The spreading of the experimental points
may have two causes. The first one is the loss in accuracy
since each point is the ratio of two small quantities: con-
ductivity and electron density. Another cause is that in
this region the mobility is more sensitive to the state of
the surface that may differ from one experiment to anoth-
er.

Three mechanisms may contribute to limiting the mo-
bility in this region of accumulation: surface roughness,
trapping of electrons in surface states, and Coulomb
scattering.

(i) Surface-roughness scattering is known to be an effi-
cient mechanism at high electronic densities. A mobility
limited by surface roughness varies as n, ,

' which corre-
sponds to a straight line with a slope of —2 in Fig. 10.
The experimental curves do not show such a variation.
We take this as ari indication of a weak surface roughness,
which is in agreement with our conclusion of Sec. VI A.

(ii) The effect of electron trapping in surface states is
difficult to estimate. In a first approximation this mecha-
nism may induce an overvaluation of the mobile electron
density, which may be important for densities of about0"cm-'.

(iii) Coulomb scattering might be especially important
at the semiconductor/electrolyte interface. The presence,
at a few angstroms from the surface, of a very high densi-
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ty of positive ions (equal to the electronic density) induces
Coulomb potentials that scatter the electrons of the accu-
mulation layer. It is possible to calculate the mobility
limited by Coulomb scattering with the theory due to
Stern and Howard. ' For this calculation we consider
ions lying at a distance Z from the interface, in a medium
of permittivity e corresponding to the Helmholtz layer.
This permittivity cannot be taken as the static permittivi-
ty of acetonitrile. In addition, the distance Z is not
known. For example, in the case of water the permittivity
is 80 and the permittivity of the Helmholtz layer is about
6.' %e think this is also a correct order of magnitude in
our case. The average distance Z is of a few interatomic
distances, because the Debye length for an ionic con-
centration of 0.1M is 1.le'~ A. Moreover, the capaci-
tance CH of the Helmholtz layer deduced from our mea-
surements is about 20 pF/cm . We must have roughly
CIr ——@pe/Z=20 pF/cm . The values a=6 and Z =3 A
are then plausible. Nevertheless, we made the calculations
for several values of n„e, and Z. The hypotheses that we
used are the following. (i) Neglect of the anisotropy of
the effective-mass tensor. The isotropic effective mass is
taken as the density-of-states effective mass. (ii) Calcula-
tion using the first Born approximation, and, in particu-
lar, neglect of multiple scattering. (iii) Screening effect
taken into account within the linear approximation. (iv)
Only the lowest subband is taken into account. (v) All the
scattering centers lie at a distance Z from the interface.
(vi) Neglect of intervalley scattering.

We see in Fig. 10 that, even for small (hence unlikely)
values of Z and e, experimental and calculated curves still
differ by almost an order of magnitude. A variant of this
calculation allows an estimate of the mobility limited by
the scattering by dipoles, corresponding to the molecules
of acetonitrile in contact with the surface. This calcula-
tion seems to show that this latter mechanism is still less
efficient than the scattering by ions. A more elaborate
model would probably give weaker mobilities, because the
hypotheses that we used here are near the limit of validity.
We still consider it unlikely that Coulomb scattering ac-
counts for the mobility at very high accumulations (more
than 2.5X 10 cm ) where phonon scattering is the best
candidate. Nevertheless, Coulomb scattering may account
for a mobility of 250—600 cm /Vs, and may dominate
for accumulations below 2.5 && 10' cm

A final remark can be made on the smallness of the
scattering time. Because of the existence of a finite
scattering time ~, the electronic levels are broadened, with
bE-fi/r. For r=10 ' s, we have bE-65 meV. The
broadening of the electronic levels being larger than the
value of the Fermi energy, the properties of the electron
gas are modified, and, especially, the density of states in
the accumulation layer is no longer independent of elec-
tron energy. However, in view of the satisfactory agree-
ment between theory and experiment, we did not estimate
the effects of these facts on the calculation presented in
Sec. V.

C. Optical absorption by the accumulation layer

The optical absorption of free electrons in accumulation
layers has been studied by several authors, and a A, depen-

dence of the absorption, where A, is the wavelength, has
sometimes been reported. ' ' We, however, observed in-
stead a A, variation between 1.1 and 10 pm. The rela-
tive absorption that we observe is much larger than those
published for similar experiments, ' ' but always stays
much smaller than 1. Therefore we can find an expres-
sion for it using a perturbation method, i.e., we calculate
the electric field E of the light beam in the absence of ac-
cumulation layer, and then calculate the relative absorbed
power A, and 2& for the two polarizations s and p,
respectively (using crE /2), assuming that the accumula-
tion layer has complex parallel and perpendicular conduc-
tivities o~~(co) and oz(cp), respectively. The free motion of
electrons in the plane of the layer is described by o.~~(cp),
whereas oz(cp) is related to the polarizability and intersub-
band transitions. We find

4n ycosl
2 2 cc(cp)

(n )
—n 2 )epc

(nf —n,') Icosi, I'
«3 I

cosE2 I'+~~
I
cosi,

tl2sln l ~

X 1+, , g(cp)
fl ) COSl2

with n& the optical index of' silicon, n2, the optical index
of acetonitrile, i&, the angle of incidence, and i2 the re-
fracted angle (complex for attenuated reflection spectros-
copy). We also have

cc(cp) = j Re(o ~~)dz and J Re(o j )dz =g(cp)a(co) .

In our case, i& ——45, nI ——3.4, and n2 ——1.34, and then
we have

Ap/A, =0.82[1+0.034$(co)] .

This expression is in good agreement with our measure-
ment, provided g(co) is at most of order 1. The intersub-
band transitions described by g(cp) might induce some
structure in the absorption spectrum, but this was not ob-
served because of two reasons: (i) the difference of index
between silicon and acetronitrile allows only a weak per-
pendicular electric field inside silicon in our geometry,
and (ii) according to a previous remark, the scattering
time Is so short that the absorpt1on lines would be very
broad. Within the framework of the Drude model, we
have

where the angular brackets stand for energy averaging. '

Then A, can be expressed as

~$ —+nS
.I

where E only depends on geometry and fundamenta1 con-
stants.
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(coo) = 9ir'n v co
(3)

If we assume that the phonon scattering time r is al-
most independent of electron energy, then we have

ns&
A, -K

1+6)
This is a Lorentzian curve. A, varies as ~ at high fre-
quencies instead of co in our experiment: We cannot
fit our experimental curve with this expression.

We can fit our results with the sum of two Lorentzian
curves, ~~ ——2&10 ' s and ~2 ——1.2X10 '" s, while con-
straining n, and (w) to the experimental values:
n, =5.4&&10' cm and (~) =10 ' s. However, this fit
lacks any physical support. We could also fit our experi-
mental curve by assuming simultaneously two scattering
mechanisms, e.g., phonon scattering and Coulomb scatter-
ing. We took i.=rp independent of electron energy for
phonon scattering and ~=A@ for Coulomb scattering.
rp, A, and a were taken as fitting parameters. This fit is
not very satisfactory either because the obtained fitting
parameters are not realistic. In particular, the exponent cz

must have a value of about 3. Therefore no satisfactory
fitting could be found within the framework of the Drude
model.

However, Fan, Spitzer, and Collins developed a theory
valid for free-carrier absorption in bulk germanium, and
they justly found a co ~ variation. Briefly, optical ab-
sorption cannot be described by the Drude model if the
energy fm of the incident photons is not much smaller
than thermal energy kT. In this case, which corresponds
to ours, electrons are promoted very high in the conduc-
tion band, and electron-phonon interaction must be more
properly treated. In the case where kT &&~, they find

that we investigated, and the value of the constant C, cal-
culated from Eqs. (1)—(3), differs by less than 20% from
this value. It is difficult to decide whether the quantita-
tive agreement between this model and our results is only
a coincidence, because the matrix elements in our case in-
volve confined and nonconfined electronic states and are
therefore not straightforward to evaluate.

According to this discussion, we think that electron-
phonon interaction is responsible for the intensity and
shape of optical absorption. A way to test this conclusion
would be the measurement of the mobility versus tem-
perature because it is known to vary as T '. ' This in-
vestigation is practically impossible to perform on the
silicon/liquid electrolyte interface for lower temperatures.
However, it could be made on a silicon/superionic con-
ductor interface. We have made a preliminary experiment
at room temperature with a silicon/HUP (hydrogen
uranyl phosphate) interface. HUP is one of the best su-
perionic conductors known, with a room-temperature con-
ductivity of -6X10 0 ' cm '. Comparable and
even higher accumulations than those mentioned above
seem to be feasible with this interface.

We would like to make a final remark concerning the
possibility to realize inversion layers at the n-
silicon/acetonitrile interface. As stated in Sec. II, a thick
depletion layer is realized by applying positive potentials.
The possibility of sustaining an inversion layer at the sur-
face depends upon the competition between hole genera-
tion in the semiconductor and hole transfer to the electro-
lyte. On the basis of capacitance measurements, some au-
thors claimed that an inversion layer is indeed present.
We, however, found that in our experimental conditions
no evidence for such a layer could be obtained either from
capacitance measurements or from the infrared absorp-
tion.

where o.p n„e i.„/——m*
We can easily understand this result. For a three-

dimensional electron gas and within the framework of the
Drude model, we have

If fico is of the order of kT, ~ also depends on m; if fico is
much larger than kT, it practically depends on co alone:

nue 'f(co)o(~)= m* I+co v (co)

Now, for electron-phonon interaction, I/~ is proportional
to the final density of states at the final energy
&+%co-fm. Then, 1/~ is nearly proportional to ~'
For cow && 1 we then have o(co)=Ego.

It is reasonable to think that this model is valid in our
case at very high frequencies, because even if electrons are
initially confined near the surface, they are excited very
high in the conduction band, where they are no longer
confined. However, our measurements give A, =Ceo
with C=l.45X10 s ~ in all of the spectral region

VII. CONCLUSION

We have demonstrated that it is possible to create very
high electronic concentrations at the surface of (111)-
oriented monocrystalline silicon, up to 8 & 10' cm with
the silicon/(acetonitrile + 0.1M tetrabutylammonium per-
chlorate) interface. We have extended the existing theory
to the case of highly concentrated accumulation layers
and we find satisfactory agreement with our experimental
results. The comparison between theory and experiment
allows deduction of a value of 0.22 F cm for the capaci-
tance of the Helmholtz layer, and a flat-band potential in
good agreement with that determined from a Schottky-
Mott plot. The mobility of electrons in the accumulation
layer is determined as a function of electron density. It
varies as -n, ' at very high concentrations. From
comparison with earlier work done on silicon MOSFET's
(MOS field-effect transistors), it can reasonably be as-
sumed to be limited by phonon scattering. The problem
of Coulomb scattering has been investigated, but this
mechanism seems to be unimportant at very high concen-
trations. We present the measurement of optical absorp-
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tion of the accumulation layer in the (1.1—10)—pm spec-
tral region, by the attenuated-total-reflection technique.
This absorption is about 4% per reflection at 10 pm and
varies as co ~. This is compatible with the theory of
Fan et al. and a phonon scattering mechanism. A pre-
liminary experiment using a superionic conductor sug-
gests that it might be possible to test the validity of this
conclusion at low temperatures.
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