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Far-infrared measurements of intersubband absorption spectra and dc electrical transport studies
of n-type inversion layers in (100) Si metal-oxide-semiconductor field-effect transistors with mobile
positive ions in the oxide have been performed at temperatures between 1.7 and 80 K. The proper-
ties of the electronic states in the quasi-two-dimensional conducting layer of the MOS devices were

probed in detail by conductance, capacitance, and transconductance measurements, and by inter-
subband infrared optical-absorption measurements. Data were obtained with positive oxide charge
density as a parameter, varied by drifting controlled amounts of positive ions (hN, „) to the oxide-
semiconductor interface (1.3)&10"& hN, „&7.0&(10" cm ). These results were compared with
similar measurements on high-mobility devices in which no positive impurity ions have been pur-

posely introduced. Studies were carried out over a wide range of net interfacial oxide charge densi-
ties (2X10' &N,„&1&10' cm ') and substrate-source bias voltages ( —9& V& &1 V) with the goal
of attaining a better understanding of the nature of localization effects (e.g., two-dimensional carrier
localization), interface scattering, and many-body Coulombic interactions (e.g. , screening effects) in

these structures. Results are compared with recent experimental investigations of this and similar

systems and with predictions of available theoretical models. The present measurements provide
evidence for the existence of impurity bands and long band tails at low electron densities (n, & N, „)
associated with subbands due to both the inequivalent conduction-band valleys and for screening of
these localized states at high electron densities (n, )2N, „).

I. INTRODUCTION

Over the past few years there has been much interest in
systems of reduced dimensionality in which charge car-
riers are confined to the vicinity of junctions between in-
sulators and semiconductors or between layers of
different semiconductors. The motion of charge carriers
in such systems is constrained in the direction perpendic-
ular to the interface by built-in or applied electric poten-
tials while motion parallel to the interface is uncon-
strained. Experimental investigations coupled with
theoretical calculations have demonstrated the dynami-
cally two-dimensional (2D) behavior of carriers (electrons
or holes) in the plane of the interface (see Ref. 1 for a
comprehensive review of the electronic properties of
two-dimensional systems). In addition, it has been shown
recently that the electrical and optical properties of
charge carriers located at or near semiconductor inter-
faces are strongly affected by the presence of impuri-
ties. These effects include 2D carrier localization, in-
terface scattering, and many-body Coulombic interac-
tions (e.g. , screening elfects). A unique and powerful tool
for investigations of these effects in quasi-two-
dimensional systems is provided by Si metal-oxide-
semiconductor field-eff'ect transistor (MOSFET) devices
whose oxides are intentionally doped with positive ions.
The MOS device is well suited for such investigations be-
cause several important parameters can be varied in-
dependently and determined with reasonable precision;
the number density of carriers in the space-charge layer,
the number density of charged impurities near the inter-

face (the oxide charge density), and the average "dis-
tance" of the space-charge carriers from the
semiconductor-insulator interface.

The present work offers a combination of far-infrared
optical and dc electrical-transport measurements to
probe this system of electrons in the presence of charged
impurities in the oxide. The dc electrical-transport stud-
ies include conductance, transconductance, and capaci-
tance measurements at low temperatures (1.7—77 K) on
Si MOS devices with mobile positive ions deposited in the
oxide and with "clean" oxides. In addition, far-infrared
optical measurements were made via Fourier-transform
spectroscopic techniques at 4.2 K and above on the same
samples in order to study the subband energy structure of
the confined carriers with positive oxide charge density as
a parameter. The present measurements provide
significant optical evidence for the existence of impurity
bands and for screening of these localized states in 2D
systems. In Sec. II the significant results of recent experi-
mental and theoretical investigations of Si MOSFET de-
vice structures with mobile positive ions in the oxide are
reviewed. In Sec. III, a brief description of the
electrical-transport measurement techniques and of the
sample-mounting arrangement, coupling scheme, and
gate-modulation technique employed to obtain the in-
frared data is given. In Sec. IV we present the results of
the electrical-transport and far-infrared optical measure-
ments and summarize general features and trends. In
Sec. V, a discussion of the significance of these results
and comparison with results of recent experimental inves-
tigations of this and similar systems and with predictions
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of available theoretical models is made. A summary and
overall conclusions of this work are offered in Sec. VI.

II. EXPERIMENTAL BACKGROUND AND MODELS

A major experimental advantage of a Si MOSFET de-
vice with mobile positive ions in the oxide is the ease with
which controllable amounts of positive ions can be drift-
ed under an applied gate voltage to the oxide-
semiconductor interface and "frozen" in place at reduced
temperatures. At sufficiently low densities, those ions
near the interface can lead to discrete bound states occu-
pied by inversion-layer electrons. However, in general,
the density of electron states [p(E)] in a real system aver-
aged across the surface is difficult to model. The ideal
density of states per unit energy per unit area for the
quasi-two-dimensional inversion-layer system is altered in
the presence of random surface potential fluctuations.
Oxide charge near the Si/SiOz interface and the nonuni-
formity of the Si/Si02 interface itself can both contribute
to potential fluctuations. These potential fluctuations
will result in regions, randomly distributed laterally both
in position and size, of potential minima where electrons
can be trapped. The two-dimensional density of states
averaged over the surface no longer takes the form of a
step function with onset at the subband bottoms, but is
pictured to include a "tail" of states which extends to en-
ergies below the usual subband edge. In terms of the
model proposed by Mott, a mobility edge, E„is defined
as an approximate energy marking the boundary between
localized electron states [whose wave functions parallel to
the surface decay as exp( —ar), where r is measured with
respect to the impurity-site location and a is the inverse
localization length] and electrons in extended states
(however, with short mean free paths). Below the mobili-
ty edge electrons can only move by thermally activated
tunneling or hopping to other sites, or by thermal excita-
tion to extended states above the mobility edge. In addi-
tion, for a sufficiently high interfacial positive ion density,
a band of impurity states which lies at energies distinctly
below the band tail is expected to be formed due to wave
function overlap. This picture assumes that the "impuri-
ties" are all located in a narrow range of distance from
the interface.

Evidence for the existence of 2D impurity bands was
obtained initially by Fowler and Hartstein via low-
temperature transport studies on (100) Si MOS n type-
inversion-layer devices with mobile Na ions in the ox-
ide. Above a minimum value of interfacial oxide charge
density, a conductance peak was observed before the
sharp onset of conduction. The conductance peak was
attributed to the existence of a band of localized states
below the lowest electric field subband in the silicon. The
maximum of this peaked structure was assumed to corre-
spond to the maximum in the density of states of a half-
filled, nondegenerate, sodium-derived impurity band
[since o is proportional to p(EF), the density of states at
the Fermi level]. Such structure has been reported only
in sodium-doped MOS devices. Recently, Timp et al.
have extended these dc transport experiments over a wid-
er range of impurity-concentrations (2 X 10"& X,„

&1.1X10' cm ) and temperatures (380 mK& T &80
K). These results support the earlier interpretation of the
low-temperature electrical-transport data in terms of im-
purity bands.

The limiting case of one electron bound to a single pos-
itive charge in the presence of a semiconductor-insulator
interface and an electric field has been studied extensive-
ly. ' ' These theories differ in the degree of sophistica-
tion of the variational trial wave functions employed to
describe the electronic motion. Estimates of the binding
energy for the ground state with the impurity ion located
at the interface have been reported by these authors to lie
in the range 25 —30 meV (measured with respect to the
lowest subband edge) for experimentally realized values
of electric fields (10 —10 V/cm).

In actual Si MOS devices the electron concentration
can be controlled over a wide range (&10"-10' cm )

of values. Thus, this system provides a useful tool for a
study of the effects of mutual Coulomb interactions, espe-
cially screening effects. For example, the situation in
which the number density of inversion-layer electrons is
much 1arger than the number density of interfacial im-
purity ions has been studied theoretically. ' ' In Ref. 13
it was assumed in this high-density limit that the impuri-
ty potential is completely screened out within the dis-
tance between impurities. The Kohn-Sham local-density
functional method' was employed to calculate the
screened potential self-consistently. It is found that the
bound level is fourfold degenerate (surprisingly) and, as
expected, is quite shallow (e.g. , binding energy -0.4 meV
for n, =4)&10' cm ).

In addition to impurity-state binding energies associat-
ed with the lowest-lying electric subband (n =0), Kramer
and Wallis' have calculated binding energies of impurity
states associated with higher subbands. These authors
find that the calculated impurity-derived intersubband
transition energies between the lowest-lying bound states
connected with the ground (n =0) and first-excited
(n =1) subbands are shifted to higher energies over a
wide range of electric fields compared to the continuum
transitions. The shift in transition energy is consistent
with the impurity state for the higher subband being less
tightly bound than the ground impurity state associated
with the lowest subband, since the Coulombic attraction
experienced by electrons in impurity states associated
with higher subbands is not as strong as that for electrons
located deeper within the potential well with wave func-
tion peaked closer to the interface.

Evidence from far-infrared spectroscopic studies for
shifted intersubband transitions in the presence of posi-
tive oxide impurities was reported initially by McCombe
and Schafer. A large shift ( —3 —4 meV) to higher ener-
gies of the 0~ 1 continuum intersubband transition
above a minimum value of X,„was observed, qualitative-
ly consistent with calculations by Kramer and %allis of
intersubband transitions in the presence of isolated posi-
tive ions. The calculated shift in energy for positive ions
at the interface was approximately twice the experimen-
tally observed shift.

Recent experimental investigations ' of the frequency
dependence of the dynamical conductivity for electronic
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motion parallel and perpendicular to the Si/Si02 inter-
face in n-type accumulation-layer devices (Nd, ~-—10'
cm ) in the presence of interfacial Na+ ions coupled
with theoretical calculations' have questioned the inter-
pretation in terms of impurity bands for the results of the
previously described low-temperature dc transport and
far-infrared intersubband spectroscopic experiments per-
formed on n-type inversion-layer devices. These authors
assert that the same frequency-dependent relaxation
function (memory function), M(co), employed successful-
ly to describe (in the absence of an impurity band) trans-
port relaxation in the plane of the two-dimensional layer,
can account for the experimentally observed broadening
and shift of the subband excitation spectrum [o„(co)]in
the presence of substantial random positive charge in the
oxide near the interface. The predictions of this model
are examined in the context of the present experiments in
Sec. V.

III. EXPERIMENTAL DETAILS

A. Sample characterization and transport measurements

The Si MOSFET's investigated in this work were large
(2. 5X2.5 mm ) thick-gate MOSFET's fabricated on 20-
(0 cm) p-type (100) Si substrates with mobile positive ions
deposited in the oxide (sample 1, gate-oxide thickness
—1400 A) and with "clean" oxides (sample 2, gate-oxide
thickness —2000 A). The positive interfacial oxide
charge concentration in these samples was varied by the
application of positive gate voltages (-5—10 V) up to a
minute in duration at room temperature to drift a frac-
tion of the positive ions through the oxide from the
metal-gate —insulator region to the Si/SiOz interface.
[The expression "oxide charge density" will always refer
to the number density (per unit area) of positive ions lo-
cated in the oxide in close proximity to the Si/Si02 inter-
face. This value is given as an equivalent sheet density of
charge located at the interface. ] The experimental probe
was then cooled to liquid-nitrogen temperatures with the
voltage applied; at this temperature the positive ions are
effectively "frozen" in place.

A close approximation to the "true' threshold voltage
for conduction in the lowest quasi-two-dimensional sub-
band at various values of the net interfacial oxide
charge density for these devices was obtained
from conductance —versus —gate-voltage as well as
capacitance —versus —gate-voltage measurements at
liquid-nitrogen temperatures. From these measurements
one can obtain the effective two-dimensional inversion-
layer electron-density (n, ) —gate-voltage relationship:

g th d g th g

b N,„= [ Vh( b N, „&0)—Vth(EN, „=O)]
qdox

(2)

~ox

Mdox
(3)

In addition, the number density of residual, fixed posi-
tive interfacial oxide charge (Qss) must be included in the
determination of the total number density of positive in-
terfacial oxide charge (N,„). This contribution (Qss) is
taken conventionally as an average over the oxide thick-
ness set equal to an effective 2D sheet charge at the inter-
face. Thus, the total number density of positive interfa-
cial oxide charge is given by

N,„=AN,„+Qss . (4)

Qss is calculated from the measured threshold voltage
with mobile positive ions drifted away from the oxide-
semiconductor interface, combined with measured max-
imum depletion charge and oxide thickness, calculated
Fermi energy in the bulk Si, and literature values of the
metal-semiconductor work function. A summary of the
pertinent parameters of the devices investigated in this
work is presented in Table I.

The transport techniques employed to characterize
these devices include conductance, capacitance, and
transconductance measurements. All of these techniques
make use of a small ac modulation voltage and detect
synchronously the output signal with a current sensitive
preamplifier-lock-in amplifier arrangement. The applied
source-drain voltages was kept small (-3 mV) to operate
in the Ohmic region of the IDs-versus-VDs curves and to
avoid electron-heating effects.

The channel conductance was determined from two-
terminal source-drain current —versus —gate-voltage mea-
surements with an ac source-drain voltage of 3 mV rms at
1000 Hz. The threshold voltage was determined from the
IDs-Vg curve obtained at 77 K by a straight-line extrapo-
lation to zero conductance near the turn-on region. The
low-temperature effective mobility is obtained from the
conductance measurements from

0 CT

C,„(V —Vh) n, e
' (5)

where o is the small-signal sheet conductivity.
An independent determination of the device threshold

voltage at 77 K can be obtained from the position in gate
voltage at which the capacitance-voltage curve has max-
imum slope; this corresponds to the onset of strong inver-
sion. In addition, the maximum-depletion charge densi-
ty, (QsD),„, can be obtained' from measurements of
C;„/C,„and C,„. The shape of the C-V curves also

where C,„ is the gate-oxide capacitance, A is the gate
area, d,„ is the gate-oxide thickness, and Vg is the voltage
applied between the metallic gate electrode and Si sub-
strate. The number density of positive ions drifted to the
Si/SiOz interface (b,N,„) is determined, with reasonable
precision, from the corresponding shift in threshold volt-
age from

TABLE I. Parameters of the devices investigated.

Device
Sample designation d,„(A)

&del, l

(cm )

Qss/q
(cm )

NASl-3 1400 (1+0.2) )& 10" (1.3+0.2) )& 10"
ALMOS56A-3 2000 (1+0.2) )& 10" (2 g 10'
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provides an indicator of macroscopic lateral inhomo-
geneities associated with the interfacial oxide charge for
the samples in which positive ions were drifted purposely
to the Si/Si02 interface. The symptoms of such charge
nonuniformities along the Si/SiOz interface plane are a
broadening (stretchout) of the C-V curves along the
gate-voltage axis near the minimum and an increase in
the value of C;„.

An additional technique employed to characterize the
devices was measurement of transconductance (g ). In
this technique a constant (dc) voltage, VDs, is applied be-
tween the source and drain contacts, and a small ac sig-
nal (&10 mV) is superimposed on the gate voltage. The
source-drain ac current synchronous with the gate modu-
lation was measured with a current sensitive
preamplifier-lock-in amplifier arrangement. The lock-in
amplifier-derived dc signal is proportional to the
differential change in channel conductance with respect
to small variations in the applied gate voltage,

0
g dV v=v,

g DS

Weak structure in the channel-conductance measure-
ments (IDs —Vs) is more readily observable via transcon-
ductance. Also, a second convenient measure of carrier
mobility in Si space-charge layers, the field-effect mobili-

ty, is provided by these measurements from

in establishing an equilibrium depletion charge density in
these samples.

In order to observe optical intersubband transitions in
semiconductor space-charge layers, it is necessary to cou-
ple radiation into the inversion layer with the electric
field of the incident radiation polarized perpendicular to
the Si/Si02 interface. A prism-coupling scheme and
differential gate-modulation technique was employed to
enhance sensitivity in order to observe the weak intersub-
band transitions in these structures. The technique [see
Fig. 1(b)] employs a 45' right-triangular Si prism with the
polished Si substrate of the device to be investigated
glued backside down to the optically polished long sur-
face of the prism. The unpolarized FIR (far-infrared) ra-
diation is coned-down to a diameter of 2 mm just prior to
being reflected from a 45' brass mirror milled into the
prism-sample holder. The reflected light is incident nor-
mal to one of the small faces of the prism, is totally inter-
nally reflected at the Si/Si02 interface where it is coupled
to the space-charge layer, and subsequently is transmitted
out the other small face of the prism and directed to the
Ga:Ge detector. A thick metal gate electrode in close
proximity (-1500 A) to the space-charge layer is impor-
tant since it shorts out the parallel component of the ir
electric field along the Si/Si02 boundary: thus this ar-

gm
PFE= C,„VDs

B. Far-infrared optical measurements
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The subband-energy structure was probed by means of
Fourier-transform spectroscopy (FTS) in conjunction
with a Si-prism-coupling scheme and a differential gate-
modulation technique. A modified SPECAC model PN
40.000 polarizing Fourier-transform interferometric spec-
trometer was used for these studies. For the present ex-
periments the system was operated as a conventional
Michelson interferometer with a 6-pm Mylar beam spli-
tter. A block diagram of the experimental setup is shown
in Fig. 1(a}. Light-pipe optics were used throughout; the
light was coupled to the sample by means of a special
mounting arrangement (discussed below} and, finally, in-
cident on the detector located directly below the sample
holder. The light pipe, sample holder, and detector hous-

ing unit were surrounded by a 0.5-in. -o.d. thin-wall
stainless-steel vacuum jacket filled with low-pressure heli-
um exchange gas for thermal contact.

Since the spectral range of interest for this study was
between 80 and 250 cm ', a gallium-doped germanium
(Ga:Ge) photoconductive detector ' operating at 4.2 K
was employed. Cold black polyethylene and single-
crystal (c-axis) sapphire filters were placed directly above
the detector in order to limit the overall response of the
spectrometer system and the background light incident
on the detector to frequencies below —300 cm '. These
filters were placed below the sample space since back-
ground radiation at energies above 300 cm ' was useful
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FIG. 1. (a} Block diagram of the FIR Fourier-transform
spectrometer system. (b) Configuration employed for coupling
FIR radiation into the Si MOSFET with the ir electric field po-
larized perpendicular to the interface.
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FIG. 4. Capacitance vs gate voltage for sample 1 at 77 K for
several values of hN, „. Values of AN, „are taken from the
conductance-voltage threshold measurement.

for AN, „)4.0&(10" cm; it occurs at a gate voltage
above the threshold voltage measured at 77 K. For large
values of hN, „(~ 7.0 X 10" cm ), the conductance
"bump" appears only as a broad shoulder on the
channel-conductance curve.

Electrical-transport studies were performed also on Si
MOS structures with "clean" oxides (sample 2) to provide
a basis for comparison with the results from low-mobility
devices. The threshold voltage was found to be +1.5 V
(+0. 1 V) at 77 K. The peak effective mobility, deter-
mined from the conductance data at 4.2 K, occurs at
n, =7)& 10" cm and is approximately 15 000
cm /V sec. This high mobility is evidence of much small-
er positive interfacial oxide charge density in these de-
vices, consistent with Vth.

Capacitance-voltage measurements were also per-
formed under various conditions to characterize these
samples. Typical low-frequency (i.e., gate-voltage-
modulation frequency of 1000 Hz) capacitance curves ob-
tained with sample 1 at 77 K are shown in Fig. 4 for
several values of AN, „. The inversion-layer electron-
density —gate-voltage relationship determined from the
value of oxide capacitance (C,„) obtained from these re-
sults (approximately 1600 pF) is

n, =(1.49X10")(Vg—V,h) cm

As noted in the preceding section, an independent mea-
sure of the threshold voltage at 77 K for various positive
ion drifts can be obtained from the C-V curves. The
value of the position of maximum slope is observed to
shift to larger negative voltages (similar to the
conductance-threshold measurements) as the interfacial
oxide charge density is increased. The position in gate
voltage at which the C-V slope is maximum for several
positive ion drifts is summarized in Table II. Note that
the capacitance thresholds are consistently slightly more
negative than the conductance thresholds; the difference
increases with increasing positive oxide charge, but the
threshold determined by the two techniques agrees within
the mutual experimental error. The values of AN, „can

TABLE II. Threshold voltages (sample 1) from
conductance-voltage and capacitance-voltage measurements at
77 K and corresponding values of AN, „determined from these
measurements.

(Vth) o

(V)

0.0+0.1

—0.5+0.1

—1.6+0.2
—1.8+0.2
—2.5+0.2
—3.3+0.3
—5.0+0.4

(Vth )cap

(V)

—0.1+0.1
—0.6+0.2
—1.8+0.2
—2.0+0.3
—2.8+0.3
—3.6+0.3
—5.4+0.4

(AN, „)„„

0
O.8x 10"
2.4x 1O"
2.7 x 10"
3.7x 1O"
4.9 x 10"
7.5 x 10"

(AN, „)„

0
O.sx 1O"
2.5x1O"
2.8 x 10"
4.Ox 1O"
5.2x 10"
7.9x 10"

n, =(1.00X10")(Vg —V,h ) cm (9)

The maximum slope in the C-V curve at 77 K was ob-
served at V =1.5 V (in agreement with the correspond-
ing threshold voltage obtained from conductance mea-
surements).

Field-effect —mobility studies as a function of tempera-
ture were carried out on the same samples. Measure-
ments on sample 1 for several values of AN, „are summa-
rized in Fig. 5. The field-effect —mobility maximum at 4.2
K with the mobile positive ions drifted away from the in-
terface [Fig. 5(a)] shifts to slightly higher gate voltages,
broadens substantially, and decreases in amplitude as the
sample temperature approaches 77 K. A feature at very
low gate voltages appears at -20 K, and above 40 K it
becomes the maximum. Data observed for AN, „between
0 and 4X10" cm [e.g. , Fig. 5(b)] are similar to the re-
sults obtained with EN,„=O, except the peaked structure
at 4.2 K is broader. The results are strongly modified in
the presence of substantial interfacial oxide charge.
Several features are evident above a minimum value of
EN,„(~4.0X10"cm ). As shown in Fig. 5(c) for sam-

ple 1 with AN, „=4.9&(10"cm, a peaked structure is
observed at 4.2 K at gate voltages below the sharp in-
crease in field-effect mobility. In addition, a second

be determined from the shift of the gate voltage for max-
imum slope from the value observed with the positive
ions drifted away from the interface (i.e. , AN„=O) or
from the shift of the conductance onset. There are
differences in AN„determined by the two techniques
amounting to a maximum of 10%. This is taken to be
the uncertainty in hN, „. An additional qualitative
feature of these results to be noted is the broadening of
the C-V~ curves in the vicinity of C;„with AN, „&0,
especially for AN, „1)&10' cm . Furthermore, for
EN,„1)&10' cm the value of C;„was observed to in-
crease slightly, indicative of lateral inhomogenities in the
oxide charge.

Capacitance-voltage measurements were performed
also on the high-mobility device (sample 2). The
inversion-layer electron-density- gate-voltage relation-
ship determined from the value of oxide capacitance (ap-
proximately 1000 pF) is
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eluded in the total positive oxide charge density.
Representative differential absorption spectra are shown
in Fig. 8(a) for several values of inversion-layer electron
density (n, ). Two main resonances are observed; the posi-
tion of the resonance peaks shift monotonically to higher
energies with electron density. Note that for a given
value of electron density, the intensity of the energetically
higher-lying resonance is much less than that of the dom-
inant resonance.

The frequency positions of the resonance peaks as a
function of electron density are plotted as the solid circles
in Fig. 9. The peak energies of the dominant absorption
lines appear to correspond to the usual extended-state in-
tersubband transitions between the ground (n =0) and
first-excited (n =1) subbands. The observed 0~1 transi-

(a)

SAMPLE I

bNox= 0

O

tion energies are in good agreement with calculated
values for the experimentally determined depletion
charge density of 1& 10" cm . Owing to the near can-
cellation of the depolarization and excitonlike correc-
tions, the transition energies are close to the subband sep-
arations over the range of n, studied. The peak energies
of the weak absorption lines are assigned to intersubband
transitions between the ground (n =0) and second (n =2)
subbands, though the 0~2 transition energies are not in
as good agreement with calculated values (upper solid
curve). The disagreement between theory and experi-
ment in this case is not considered significant since the
energies of the higher subbands are more sensitive to the
value of depletion charge density (uncertain to +15%).

For comparison with sample 1, far-infrared optical
measurements were also carried out on a sample (sample
2) having a high peak effective mobility. The residual
positive interfacial oxide charge density (Qss) for sample
2 was estimated to be less than 2)&10' cm from the
liquid. -nitrogen —temperature threshold voltage. Typical
differential absorption spectra obtained at low tempera-
tures are shown for this device in Fig. 8(b) for several
values of n, . Note the narrow absorption linewidths in
comparison with the lower-mobility device. The frequen-
cy positions of the resonance peaks as a function of
inversion-layer electron density for this device are plotted
as the open circles in Fig. 9. The peak energies are in
good agreement with the calculated values of the 0~1
intersubband transition energies for the experimentally
determined depletion charge of 1)&10" cm (+15%)

(b)

SAMPLE 2
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FIG. 8. Differential absorption spectra for several values of
inversion-layer electron density (n, ) at T =4.2 K for (a) sample
1 with EN,„=O, and (b) sample 2. Traces are displaced vertical-

ly for clarity. Bars indicate typical noise levels at high frequen-
cies. Noise levels are lower at lower frequencies.

FIG. 9. Compilation of transition energy data vs n, at
T =4.2 K for sample 1 with EN,„=O (solid circles) and sample
2 (open circles). The solid lines are theoretical calculations
(Ref. 22) for the 0~1 and 0~2 intersubband resonance ener-
gies for a depletion charge density of 1)& 10" cm
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and also agree in energy, within the scatter of the data,
with the results obtained from sample 1 with 5%,„=0.
Note, however, that the n =0-to-n =2 subband transition
is not observed, in contrast to the results obtained for
sample 1.

The effects of positive interfacial oxide charge impuri-
ties on the optical intersubband transitions at 4.2 K in
these devices are shown in the differential absorption
spectra of Fig. 10. Data are presented for a low (as de-
scribed below) value of n, and several values of interfacial
oxide charge density. Several features are evident. The
peak position of the dominant absorption peak is in-
dependent of drifted positive oxide charge density be-
tween AN, „=O and EN,„~4)&10"cm, but the lines
broaden significantly with oxide charge for this range.
The line shifts abruptly to higher frequencies above
4.0)& 10" cm, and for AN, „greater than this the posi-
tion of the shifted resonance peak is independent of inter-
facial oxide charge, up to and including the maximum
drifted positive ion density investigated. In addition,
there is a significant loss of integrated intensity (factor of
—5.5) of the absorption lines at these low values of elec-
tron density for EN,„~4.0&10" cm . For n, ) 10'
cm and ENp (n, /2 the 0~ 1 absorption lines
broaden substantially with increasing AN, „, while the
peak positions are essentially independent of hN„.
However, the integrated intensity of the 0~1 absorption
is independent of N, „within experimental error ( 20%).

A compilation of the transition energy data for sample
1 as a function of electron density for several values of
EN,„ is shown in Fig. 11. As noted above, at the lowest
values of N, „obtainable in these samples with mobile
positive ions in the oxide, absorption lines are observed
whose peaks agree in energy with those calculated for the
usual extended state 0—+1 intersubband transitions. Up
to a minimum positive interfacial oxide charge density
[N,„-(3—4)X10" cm ], the peaks of the observed
transition resonances agree in energy within experimental
error with the results obtained for EN,„=O over the en-
tire range of n, investigated. Above a minimum value of
interfacial oxide charge density, and over a range of (low)
inversion-layer electron densities (n, & N,„), the absorp-
tion lines are all shifted to higher energy by about 4 meV,
independent of EN,„between 4.3)(10" and 6.9&10"
cm . As n, is increased beyond N,„,the transition ener-
gies of the shifted lines approach the b,N, „=O (0~1)
"subband" transition energy curve, and are coincident
with this curve within experimental error for n, greater
than approximately 2N, „~

Intersubband resonance studies were also performed
with negative substrate-source bias voltages ( Vz & 0).
The equilibrium depletion charge density increases under
such conditions according to
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FIG. 10. Differential absorption spectra for sample 1 at
T=4.2 K for a "low" value of carrier concentration (as de-

scribed in text) and several values of interfacial oxide charge
density. Bars indicate typical noise levels of these data at both
low and high frequencies.

FIG. 11. Compilation of transition energy data for sample 1

at T =4.2 K as a function of n, for several values of AN, „. The
solid line is a fit to the observed continuum transition energies.
The dashed line results from calculation of the impurity-derived
intersubband transitions (2po-like) with the oxide impurity ion

0
located 11 A away from the ideal Si/SiO~ interface.
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250-
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Hence, the subband energy structure of the n-type inver-
sion layer will be modified since the effective surface elec-
tric field (Fs) increases with Nd, , ; the resultant subband
energy separations will increase with Vs &0 at constant
n, . A summary of the transition energy data as a func-
tion of electron density with V& ———3 V [Nd, ~~

=2Nd, &(Vs ——0)] is shown in Fig. 12 for bN, „=O and
4.5)&10" cm along with the results obtained with

Vs ——0 V (solid symbols). The 0~1 intersubband transi-
tion energies (solid circles) shift to higher frequencies, as
expected, with increasing depletion charge density. The
transition energies at low n, with Vs ———3 V (open cir-
cles) again shift to higher energies for AN, „&4.0&&10"
cm and, furthermore, approach the continuum sub-
band curve at high n, . There is no significant difference
in the value of n, at which the AN, „&0 curves become
coincident with the AN, „=Ocurves in the two cases.

In order to investigate further the nature of the optical
transitions in this system, the temperature dependence of
the intersubband transitions was studied over a range of
values of N,„. Temperature-dependent studies on sample
1 with AN, „=O at low values of electron density are
shown in the lower panel of Fig. 13. The peak energy of
the 0~1 intersubband resonance at a fixed value of n,
(-3.7&(10" cm ) is essentially temperature indepen-

x
O

0-

It
I 1ns=4.5xIOm &

Ii
Ta59K ( 0.02%

g ](~

241~%

1 I

f I

4.2 ~

1
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dent over this range; the linewidth increases slightly with
temperature. Near 20 K, a second peak becomes observ-
able at energies above the 0~1 transition; this second
peak moves to higher frequencies by —12 cm ' at T =45
K and becomes dominant for temperatures greater than
30 K. At higher values of n, the temperature required to
observe the higher-energy feature increases.

In the presence of substantial mobile positive charge
these results are strongly modified. Representative
differential absorption spectra for sample 1 with
AN, „=4.9&& 10" cm and n, =4.2X 10" cm are
shown in Fig. 14 at several temperatures. The shifted in-
tersubband transition resonance at 4.2 K (the arrow indi-
cates the position of the 0~1 transition observed at
T =4.2 K with b,N, „=O for the same electron density)
broadens, and the peak shifts rapidly to higher frequen-
cies for temperatures between 15 and 25 K. At some-
what higher temperatures (~40 K), along with further
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FIG. 12. Transition energy data for sample 1 at T =4.2 K
with a negative substrate-source bias voltage for low and high
values of the total positive oxide charge density (open symbols)
along with results obtained with zero substrate-source bias
(solid symbols). The solid and dashed lines through the respec-
tive AN „=0data are guides to the eye.

FIG. 13. Lo~er: Differential absorption spectra for sample 1

at temperatures between 4.2 and 77 K with EN,„=O and
n, =3.7)&10"cm . Upper: Differential absorption spectra for
sample 2 at similar temperatures with n, =4.5&10" -cm

Solid circles: Lorentzian oscillator fits described in text. Bars
indicate typical noise levels at high frequencies; noise levels are
lower at lower frequencies.
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section A, a discussion of the general features of these re-
sults is given. The results of the electrical-transport and
far-infrared measurements in the low- (subsection B) and
high- (subsection C) inversion-layer electron-density re-
gions are then discussed separately.

XP A. General

CL
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FIG. 14. Differential absorption spectra for sample 1 at tern-

peratures between 4.2 and 77 K at a "low" value of electron
density for AN, „=4.9)(10"cm . Vertical lines indicate total
shift. Arrow indicates position of the 0~1 transition observed
at T=4.2 K with AN, „=O.

broadening and shifting of the peak to slightly higher en-

ergies, there appears to be some evidence of increased ab-
sorption in the frequency regime where the 0~ 1

extended-state intersubband transition should occur for
this value of electron concentration. However, there is
no clearly observable resonance at energies below the
main broad resonance up to the maximum temperature
investigated. At "high" values of n, ( y 10' cm ) the
peak energy of the resonance is essentially temperature
independent between 4.2 and 25 K, although the line
broadens significantly.

Temperature-dependent optical studies were also car-
ried out on sample 2 at low values of electron density.
Representative differential absorption spectra are shown
for this device in the upper panel of Fig. 13 for several
temperatures at a fixed electron concentration. Again, as
for sample 1 with EN,„=O, the peak frequency of the
0~1 intersubband resonance is essentially temperature
independent over this range. Near 40 K (approximately
thrice the temperature at which additional structure was
observed in sample 1 for similar values of n, }, a second
peak becomes observable at frequencies above ( —50
cm ') the 0~1 transition resonance. Also, in sharp con-
trast to the results obtained on sample 1 for similar
values of n, and temperature, the intensity of this secon-
dary structure remains weaker than the 0~1 intersub-
band resonance up to the highest temperature studied.

V. DISCUSSION

These experiments have shown that both the electrical
and optical properties of electrons in Si space-charge lay-
ers are strongly affected by the presence of positive oxide
charge. In order to present a coherent picture of the
physics, this section is divided into three parts. In sub-

The results of the dc electrical-transport measurements
demonstrate the significant role of the positive impurity
ions as scattering centers in Si MOS devices. This can be
seen most clearly by the decrease in effective mobility
with increasing interfacial oxide charge density (Fig. 2).
The marked decrease of the low-temperature effective
mobility at high electron densities (see, e.g., bN, „=O
data in Fig. 2) is attributed to scattering due to "surface
roughness;" this is characteristic of MOS devices with lit-
tle net positive oxide charge near the semiconductor-
oxide interface. The relatively small rate of change of
effective mobility with n, for large values of EN,„pro-
vides evidence for the dominance of oxide charge scatter-
ing in comparison to surface-roughness scattering under
these conditions.

The observed broadening of the capacitance —gate-
voltage curves as positive ions are drifted to the interface
(Fig. 4) also demonstrates the etfects of oxide charge in
these devices. The significant broadening of the C-Vg
curves near the minimum value (C;„}and slight changes
in C;„observed at values of positive oxide charge
greater than 10' cm are indicative of appreciable mac-
roscopic lateral inhomogeneities. The positive ions in
this case are not randomly distributed along the Si/Sio,
interface plane, but are pictured to exist in well-
separated clusters of high density separated by regions of
low density. In order to avoid complications due to such
inhomogeneities, the far-infrared optical measurements
were confined to values of AN, „ less than approximately
7y10" cm-'

The substantial difference in linewidths of the subbagd
absorption spectra observed at 4.2 K (Fig. 8) for the
poor-mobility device with bN, „=O (-20—25 cm ') and
the high-mobility device (-6—8 cm ') is also attributed
to positive oxide charge scattering. The broadening of
the subband absorption spectra is even more pronounced
(Fig. 10), as expected, in the presence of substantial inter-
facial oxide charge density. In spite of this, the peak po-
sition of the individual absorption lines are still clearly
defined for the entire range of AN, „ investigated. It
should be noted that the absolute value of the differential
gate-modulation absorption signal can differ by a factor
of 2 —3 each time the device is mounted on the Si prism
due to the variations in the bonding layer. The large loss
of integrated intensity of the subband spectra at low
values of n, with increasing positive oxide charge in a sin-

gle run is discussed below.
An important issue ' in studies of the quasi-two-

dimensional electron gas in Si MOSFET's is the accurate
determination of the conductivity threshold voltage in
the presence of appreciable densities of positive oxide
charge at the interface. As mentioned in Sec. IV, the
threshold voltages determined by conductance-voltage
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measurements and capacitance-voltage measurement at
77 K in the present work are systematically different by a
small amount ((0.5 V) (see Table II), the Ios-V thresh-
old always being slightly more positive at large values of
AN, „. Threshold-determination uncertainty is the major
source of error in the absolute determination of the num-
ber densities of positive oxide charge near the Si/Si02 in-
terface.

B. Low electron densities

1. Electrical-transport results

The electrical-transport measurements performed on
these devices with N,„&4)&10"cm provide evidence
that the presence of positive oxide charge results in addi-
tional random surface potential Auctuations along the
Si/SiOi interface plane and strong localization of elec-
trons in the Si space-charge layer at low enough tempera-
tures. Results of activated conductivity measurements
performed on these samples, in which the electron densi-
ty corresponding to the minimum metallic conductivity
for sample 1 with AN, „=O was found to be approximate-
ly twice the value for the clean oxide sample, demon-
strate that the number density of localized states (and
concomitant band-tailing effects) are greater in poorer-
mobility devices, as expected.

The peaked structure observed at low temperatures be-
fore the onset of strong channel conductance for sample 1

with bN, „&4.0X10" cm (Fig. 3) was reported initial-

ly by Fowler and Hartstein. Following these authors,
this structure is attributed to the existence of a band of
impurity states located below the lowest (i.e., n =0) sub-
band edge associated with the twofold-degenerate sub-
bands due to the binding of electrons to the positive ions.
The disappearance of the peaked structure for large
values of hN, „()8X10" cm ) is believed to result
from broadening and merging of the "impurity" band
with the conduction-band tail. As noted earlier, the re-
sults of recent and more extensive dc transport experi-
ments on similar devices support the interpretation in
terms of impurity bands for the range of positive oxide
charge densities investigated in this study.

2. Optical results

In order to provide a simple basis for understanding
the observed transition energy results versus n, for sam-
ple 1 at 4.2 K, variational wave functions were utilized by
Kramer and Wallis to describe both continuum states
and the states of an electron bound to an isolated charged
impurity located at or near the oxide-semiconductor in-
terface in the presence of a constant electric field. The
Hamiltonian of this model system and the form of the tri-
al wave functions have been discussed previously. ' '
The calculated 0~1 continuum transitions in this model
have been fitted to the observed AN, „=O, 0~1 transi-
tion energies in order to obtain a relationship between the
effective constant electric field and the inversion-layer
density (F, n, ) for comparison-with the experimental
data,

ns
F, =51.7 +0.7 esu,

where the first term is the contribution of inversion-layer
electrons and the second term is the contribution of fixed
ionized acceptors (both in units of 10" cm ). The re-
sults for the calculated 0~1 continuum intersubband
transition energies are shown by the solid curve in Fig.
11. The fit is good at low values of n, where this one-
electron calculation is expected to be most accurate.

In order to generate a simple relationship between the
effective constant electric field (F,} and the inversion-
layer electron density, the average separations from the
interface of carriers in the ground subband derived from
the Fang-Howard variational model is equated to the
result for the triangular well approximation,

F, = 51.7( 0. 2 8n, + 0. 8 2Nd, ~
) esu, (12)

where n, and Nd, ~
are measured in units of 10" cm

This procedure is expected to yield a fairly accurate phys-
ical description as long as only energetically lower-lying
subbands are populated; Eq. (12) is in reasonable agree-
ment with Eq. (11), within the accuracy of the determina-
tion of N„,~, (+15%).

The transition energies between the lowest bound
states associated with the ground (n =0) and first- (n =1)
excited subband levels [(E, En)s] ha—ve been obtained
from the calculated binding energies as functions of the
electric field (with the n, -F, relationship obtained from
the bN, „=O fit), with the distance (zc) of the impurity
ion from the interface as a parameter. This approach as-
sumes that the measured intersubband transition energies
are close to the separation between the appropriate sub-
bands and associated bound states. Since the oscillator
strengths are comparable for the bound and continuum
subband transitions, it is reasonable to assume that depo-
larization and excitonlike corrections will be similar for
both. It has been shown that these corrections nearly
cancel for the present range of densities for continuum
transitions. The calculated energy shift of the impurity-
derived intersubband transition with the impurity ion
placed at the interface (z~ =0) is approximately twice the
experimentally observed shift. With the positive ion 11 A
into the SiOz, the dashed line plotted in Fig. 11 is ob-
tained, consistent with results at low n, as well as other
experiments. This model is clearly oversimplified, but
the agreement with the present experimental results for
this range of AN, „ lends support to an interpretation of
the shifted lines in terms of transitions from an impurity
band associated with the zeroth subband (n =0) to an im-
purity band associated with the first-excited subband
(n =1). A schematic representation of the optical transi-
tions (dashed arrow) between bands of impurity states as-
sociated with the two lowest-lying quantized subbands
(Ez,E

&
) of the twofold-degenerate conduction-band

—valley system is shown in Fig. 15 along with the usual
0~1 continuuin intersubband transition (solid arrow}.
Furthermore, the oxide charge density at which the ab-
sorption lines are first shifted initially to higher energy at
low n, (EN,„-4X10"cm ) is consistent with the ob-
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servation at 4.2 K (see Fig. 3) of peaked structure before
the sharp onset of conduction.

For each value of EN,„above 4X10" cm the lines
begin to approach the AN, „=O subband transition ener-

gy curve at the value of n, for which the onset of substan-
tial conductance at 4.2 K is observed (Figs. 2 and 11).
This is consistent with the interpretation that essentially
all electrons induced near the interface at low tempera-
tures are in localized states for n, (N,„.

The apparent significant loss of integrated intensity of
the absorption lines at low values of n, with

hN, „)4p 10" cm may result from a substantial frac-
tion of the drifted ions being distributed over an appre-
ciable distance in the direction perpendicular to the inter-
face. This would lead to a broad distribution of bound-
state energies skewed toward low binding energies, a fur-
ther "smearing" out of the transition energies of the more
weakly bound states due to substantially increased over-
lap of the wave functions, and concommitant difficulties
in determining the baseline and thus the integrated inten-
sity. The observed resonance peak is due to electrons
bound to positive charges that are situated in a rather
well-defined sheet near the interface. At high enough
values of n„screening self-consistently reduces the bind-
ing energies of all electrons sufficiently that the majority
of the impurities are ionized and the positive ions simply
act as scattering centers for the electrons in "extended"
states.

As noted previously, experimentally observed shifts
with oxide charge density of the subband resonance for
n-type accumulation layers in Si MOSFET's have been
interpreted in terms of a self-energy shift in a memory-
function approach due to increased scattering in the ab-
sence of an impurity band. ' Gold has taken the value of
depletion charge density (Nd, ~

——1 && 10" cm ) and
range of N, „ investigated in the present study and calcu-
lated the expected dependence of the intersubband reso-
nance energy on electron density with this model. ' For
n, =5X10" cm this theory predicts a monotonically

E~% M
(E —E )

Ocont

E

O bound

FIG. 15. Schematic representation of optical transitions be-
tween bands of impurity states (dashed arrow) associated with
the lowest-lying quantized subbands (EO,E, ) and the usual 0 1

continuum intersubband transition (solid arrow).

increasing shift to higher energies of the maximum of the
frequency-dependent conductivity associated with the
0~1 transition. The present experimentally observed
shift is independent of b,N,„over this range (see Fig. 11).
In addition, for b N,„&(3—4) X 10" cm and compara-
ble values of n„ the experiments show no shift of the sub-
band absorption peak contrary to these predictions.

A unique advantage of the Si MOSFET device is that
the net surface electric field can be varied via substrate-
source bias voltages, while keeping n, unchanged. With
Vs ———3 V and n, =4.5)& 10" cm (Fig. 12), the equilib-
rium depletion charge density is twice the value with

Vz
——0 V, but the effective electric field [Eq. (11)] in-

creases by only 35% (100—+135 esu). The calculated en-

ergy difference between the impurity-shifted intersubband
transition [(E

&

—Eo)a] and the continuum 0~ 1 intersub-
band transition [(EI Eo)G]—at these two values of elec-
tric field is very small, in agreement with experimental
observation at low values of n, (The absolute values differ

by a factor of 2 from the measured values since the im-
purity ion is assumed to be at the interface in these calcu-
lations).

The qualitative behavior of the peak energy of the
0~ 1 intersubband resonance with temperature (i.e.,
essentially temperature independent) for the poor-
mobility sample with AN, „=O and the clean oxide device
(Fig. 13) is in qualitative agreement with a recent calcula-
tion for the same temperature range and low values of
n, ( & 10' cm ). The second peak observed from mea-
surements on sample 1 above 10 K (whose intensity
grows with increasing temperature) at the lowest electron
concentration investigated in this study is attributed to
transitions (0'~1') originating in the ground subband
states of the energetically higher-lying fourfold-
degenerate conduction-band valleys (primed subbands),
which become populated at elevated temperatures. Simi-
lar results have been previously reported from
temperature-dependent intersubband resonance optical
studies on "clean" oxide MOS devices. The shift to
higher frequencies of the 0'~1' transition resonance with
temperature is consistent with calculations at finite tem-
perature; the positive energy shift of the peak at the
higher temperatures is attributed to the exchange lower-
ing of the 0' quasiparticle states as more electrons
thermally occupy these states. The present results pro-
vide evidence that electron-electron interactions (i.e.,
many-body effects) have larger effects on the primed sub-
bands than on the unprimed subbands due to the larger
in-plane effective mass (m

~~

/m
~~

——2.2) and higher valley
degeneracy (g,'/g„=2).

The energy of the ground (Eo.) subband for the upper
valleys has been calculated in an extended-state model for
this range of electron density and found to be very close
(15—20 meV) to the EI subband energy for the lower val-

leys. Thus, the observation of intersubband transitions
associated with the upper valleys at such low tempera-
tures (k&T-2 meV) is unexpected for extended states;
rather, it is likely that localized states associated with Eo.
extend to substantially lower energies than the Eo edge
and, hence, the transitions originate in these localized
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"tail" states.
The temperature-dependent studies on the "clean" ox-

ide MOSFET device were performed to test this asser-
tion. As seen from a direct comparison of the absorption
spectra (Fig. 13), the relative intensities of the 0~1 and
0'~1' intersubband transitions for these two devices for
similar values of n, and temperature are considerably
different.

In order to extract the 0-0' energy separations from
these data, the functional form of the dynamical trans-
verse conductivity is taken to be a Lorentzian,

F(x)= A
(x —xo) +e2 2

7l =7lo+ Plp +6 i

=f f(E)p(E)dE+ f f(E)p'(E)dE

EpEdE, (14)

where 3 is the amplitude and c is the half-width at half
maximum. The line intensities of these data are fitted as
the sum of two Lorentzian oscillators that describe, re-
spectively, the 0~1 and 0'~1' intersubband transition
resonances. Representative fits, with the amplitudes
(A, A') and half-widths (e, e') of the individual reso-
nances as adjustable parameters, are plotted as the solid
circles in Fig. 13. From a comparison of the real part of
the dynamical transverse conductivity at resonance with
the value of F(x) at x =xo for the 0~1 and 0'~1' inter-
subband transitions, the ratio of the number densities of
electrons in the Eo and Eo subbands is obtained. Varia-
tional wave functions of the Fang-Howard type were em-

ployed to determine approximately the ratio of the dipole
matrix elements for the respective transitions along with
the fact that the values of the variational parameters of
the envelope wave functions associated with the ground
and first-excited subbands are approximately equal for
the range of surface electric fields investigated (10 —10
V/cm).

The relative occupation of the levels was separately
determined with a three-subband extended-state model

(Ez, Eo, and E, ). The fixed total electron density is

given by

with the theoretical calculations (0-0' separation —14
meV). On the contrary, similar fits for sample 1 with

AN, „=O yield very small apparent 0-0' energy separa-
tions ( ——, of those predicted). From this comparison it is

concluded that the small apparent 0-0' separations ob-
tained with an extended-state model are a result of long
band tails (ignored in the extended-state model) associat-
ed with the Eo and Eo subbands which greatly modify
the density of states of these subbands. Since the func-
tional form of these "band tails" is not known, and an
ad hoc assumption of a form with adjustable parameters
would not add significantly to the physical understanding
of this system, no such fits were attempted.

Similar analyses for sample 1 with AN, „=O at higher
carrier concentration yield, as expected within an
extended-state model, larger 0-0' energy separations (but
still only approximately one-half of those predicted). In
addition, the increase in relative intensity of the 0'~1'
intersubband resonance observed for the high-mobility
device with positive substrate-source bias voltages com-
pared to the results obtained with Vz ——0 V for the same
electron density is consistent with the smaller 0-0' energy
separation expected under these conditions. A summary
of the 0-0' energy separations determined from analyses
of representative absorption spectra is presented in Table
III for both devices.

The results are strongly altered in the presence of sub-
stantial positive oxide charge (Fig. 14) at low electron
densities (n, ~N, „) The rap. id shift to higher frequencies
of the transition resonance peak with temperature is as-
cribed to unresolved contributions to the overall line
profile from impurity-shifted subband transitions; these
transitions result from populating bound states (an impur-
ity band) associated with the ground subband of the
upper, fourfold-degenerate conduction-band valleys.
This is an assertion; it cannot be concluded from these
measurements alone due to the very broad lines observed.
However, the observed shift is qualitatively consistent
with the results of a recent calculation performed by Kra-
mer and Wallis of the transition energies for electric di-
pole transitions between impurity states associated with
the two lowest-lying primed subbands. These calcula-
tions indicate that the energy difference between impurity
states of the two lowest-lying subbands associated with

where all energies are measured relative to the Eo sub-
band level, f (E) is the Fermi-Dirac distribution function,
and the ratio between the density of states per unit energy
per unit area associated with the respective subband sys-
tems is

TABLE III. Summary of the 0-0' energy separations extract-
ed from analyses of differential absorption spectra at tempera-
tures between 4.2 and 77 K. The 0~1 transition energies are
determined directly from the positions of the subband absorp-
tion peaks.

p(E)

An expression is derived for the Eo subband energy in

terms of the chemical potential, p, and the three known
parameters (T, Ei Eo, and n, ); p is varied o—ver a range
of values, and no/no is determin. ed for each (p, EO ) pair.
Comparing the relative occupation factors obtained from
the fits described above with these results gives 0-0' ener-

gy separations for the "clean" sample in good agreement

Sample
n,

(cm )

3.7 X 10"
3.7X10"
6.0~10"
7.5 X 10"
4.SX 10"
4.5 ~10"

40
62
30
42
59
57

E I
—E()

(meV)

14.3
14.5
17.9
20.5
15.9
13.9

Eo —Eo
(meV)

7.2+ 1

5.7+ 1

8.6+ 1

8.0+1
14.9+2
10.4+2
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the upper valleys [(E, E—o )~] is greater than the corre-
sponding energy difference associated with the lower sub-
band system [(E, E—o)s) for this range of surface electric
fields. Thus, the interpretation of the temperature-
dependent subband measurements obtained for sample 1

with substantial interfacial oxide charge density
[bN, „=(3—4) X 10" cm ] at low n, is at least plausible
in light of these calculations.

This interpretation is also consistent with field-
effect —mobility data taken on the same samples (Fig. 5).
The peaked structure observed at low gate voltages at 4.2
K above a minimum value of positive oxide charge densi-

ty [hN, „&4 X 10"cm; see, e.g. , Fig. 5(c)] corresponds
to a maximum of the slope of 0 versus Vs (i.e., Bo/BVs)
due to the band of impurity states below the Eo subband
(compare with Fig. 3). The second peaked structure
which rapidly develops at higher gate voltage with in-
creasing temperature above 10 K is attributed to the pop-
ulation of bound states associated with the ground sub-
band (Eo ) of the higher-lying valleys which modifies the
conductivity and its derivative. This additional sharp
feature for temperatures slightly higher than 4.2 K was
not observed in measurements taken on the high-mobility
samples (Fig. 7). However, a peaked structure is ob-
served near 77 K at gate voltages slightly above threshold
[as also observed for sample 1 with AN, „=O, Fig. 5(a)].
Similar structure was reported some time ago on a nomi-
nally uncontaminated sample; no explanation was
offered for the appearance of the peaks. It has been sug-
gested' that this structure may arise from electron-
transfer effects similar to those observed in samples
where uniaxial stress was employed to make Ep &Eo at
low n, . The present far-infrared measurements ob-
tained for both large-gate-area devices at 4.2 K and above
are not consistent with crossover of the 0 and 0' continu-
um subband levels due to intrinsic strains in the
semiconductor-insulator junction since the field-
effect-mobility structure observed for sample 1 at 4.2 K
and above clearly depends on hN, „.

Tidey and Stradling have reported extensive structure
in the variation of field-effect mobility with gate voltage
near the threshold voltage at temperatures above 20 K
for n-type inversion layers in "high-quality" p-type Si
MOS devices (with substrate resistivity —10000 Oem).
The qualitative features of these results were simulated
with the aid of the usual two-dimensional density-of-
states model with the addition of discrete localized states
(the peaked structure was attributed to a thermally ac-
tivated change in free charge) with small binding energies
( —10—20 meV) below the Eo band edge; the source of
these trap states was postulated to be positive oxide
charge at or near the Si/Si02 interface. A somewhat re-
lated interpretation may be appropriate for the present
temperature-dependent field-effect —mobility measure-
ments, but with activation from localized states below Eo
as well as below Eo. The results are difficult to simulate
for sample 1 (no such fits were attempted) since the func-
tional forms of the band tails and "impurity bands" asso-
ciated with the twofold- and fourfold-degenerate subband
systems are not known.

C. High electron densities

In the high-electron-density region where the transi-
tion energies of the shifted lines are coincident within ex-

~ e ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ tg ~ ~ ~

I
I

I.
I

I
/ ~

Eo

C9
IX

LLI

AND TAILS

'E
bN«-4xlO cm~

BANDS OF IMPURITY STATES

(E)

FIG. 16. Schematic density of'states in the presence of a
large density of positive oxide charge as described in text. Band
tails and "impurity bands" associated with the Eo subband
(solid lines) and the Eo subband (dashed lines) are shown. Dot-
ted curves are the respective ideal band edges.

These results, together with the observation at similar
elevated temperatures of impurity-derived transitions as-
sociated with the higher subband states (EO. , E& ) from the
higher-lying valleys for AN, „&4 X 10" cm at low n„
are consistent with a model of localized states in long
band tails extending well below the mobility edges, and
the formation of impurity bands for both sets of valleys
above a minimum value of added positive oxide charge
density [b,N,„—(3—4) X 10" cm ]. Based on the above,
a qualitative picture of the density of states in the pres-
ence of substantial positive oxide charge density is
presented in Fig. 16 for this proposed model; band tails
and "impurity" bands associated with the lowest sub-
bands (Eo and Eo ) from both sets of conduction-band
valleys are shown.
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perimental error with the EN,„=O subband transition
energies, it appears that there is strong screening of the
positive ions by the excess mobile electrons in the inver-
sion layer. The effective binding energy of electrons to
the positive ions becomes very small with n, )2N„„, re-
sulting in essentially all impurities being ionized even at
4.2 K (small binding energies are predicted by Vinter'
for the case in which the number of inversion-layer elec-
trons is much larger than the number of interfacial im-
purity ions). Thus, it is concluded that these data provide
direct optical evidence of screening of localized states in
quasi-two-dimensional systems. The optical transition at
high enough inversion-layer electron densities can be de-
scribed in terms of the usual subband transitions in the
presence of a large density of screened Coulomb scatter-
ing centers. Furthermore, in this region of high electron
density, the frequency positions of the resonance peaks
are essentially independent of oxide charge, while there is
a substantial broadening of the lines with increasing ox-
ide charge. The broadening of the resonance lines and
the correlation between the line widths and effective
mobilities has been previously reported.

The shifted intersubband transition resonance energies
calculated by Gold at low values of electron density ap-
proach and eventually are close to the unperturbed
(bX,„=O) subband curve at high carrier concentration
(n, ) 15X10" cm ), in qualitative agreement with the
present results. Thus, the model used by Gold (no impur-
ity band) is consistent with the present measurements at
high values of n„but not at low values of n, . It is more
likely to be generally appropriate to the case of accumu-
lation layers, since there is little depletion field and the
binding energies are much smaller than the present case,
and would be rapidly reduced with n, by screening.

VI. SUMMARY AND CONCLUSIONS

Systematic studies of electrical conductivity and far-
infrared absorption of electrons in inversion layers in Si
MOSFET's have been carried out in order to investigate
localization effects in quasi-two-dimensional systems.
Devices in which positive impurity ions were controllably
drifted to the oxide-semiconductor interface as well as de-
vices with "clean" oxides were investigated.

Electrical conductance as a function of gate voltage in
Si MOSFET s for various number densities of mobile pos-
itive ions (b,N,„) drifted to the Si/Si02 interface showed
at 77 K threshold voltage shifts, as expected, to larger
negative values as EN,„was increased. At low tempera-
tures (-4.2 K) the peak effective mobility was found to
decrease with increasing AN, „. Furthermore, for
hN, „~4&(10"cm, a peak in conductance appears at a
more negative gate voltage than that for which the sharp
onset in conductance occurs; this conductance "bump" is
attributed to the formation of a well-defined impurity
band. In addition, field-effect —mobility measurements as
a function of temperature exhibit peaked structure whose
complexity increased with AN, „.

At low values of N,„ far-infrared absorption lines were
observed at 4.2 K that, over the whole range of n, investi-

gated, correspond to the usual extended-state intersub-
band (0~1) transitions. The 0~1 transition energies
are in good agreement with recent many-body calcula-
tions of the subband structure in n-type inversion layers.
The transition frequencies as a function of electron densi-
ty remain unchanged with increasing N, „up to -4& 10"
cm . At larger values of oxide charge, and over a range
of (low) inversion-layer electron densities, the absorption
lines are shifted to higher energy by about 4 meV, in-
dependent of N,„. As n, is increased beyond N,„, the
transition energies of the shifted lines approach the
extended-state subband transition energies and are coin-
cident with this curve within experimental error for n,
greater than approximately 2N, „. At temperatures
greater than 20 K and at low values of n, and N,„, a
second peak appears at a higher frequency than that of
the primary peak. The introduction of a substantial num-
ber density of mobile positive ions at the interface with
n, & N, „broadens both peaks at the higher temperatures.

The shift in the intersubband transition frequencies at
low temperatures for low values of n, in the presence of
substantial positive oxide charge is due to the localization
of the electrons on the ions. Bound states are created
below the n =0 and 1 subbands with the binding energy
associated with the n =0 subband greater than that asso-
ciated with the n =1 subband. The absorption lines shift-
ed to higher frequencies at low n, are attributed to bound
intersubband transitions from an impurity band associat-
ed with n =0 to an impurity band associated with n =1.
The frequency is shifted by the difference in binding ener-
gies. This interpretation is consistent with recent calcula-
tions of impurity-shifted intersubband transitions and is
in contrast with the predictions of a recent theoretical
model of observed shifts in terms of a self-energy correc-
tion due to increased scattering in the absence of an im-
purity band. Several features of the experimental results
argue against the latter interpretation.

As the electron concentration increases beyond N,„,
the binding energies decrease rapidly due to screening,
thus leading to the coalescence of the curves for
n, )2N, „. To our knowledge this represents the first
direct evidence via optical experiments of the effects of
screening on localized electronic states. In addition, at
high inversion-layer electron densities the intersubband
resonance linewidths as a function of positive oxide
charge density are found to be correlated with the cor-
responding scattering rates determined from the effective
mobilities. This result is in good agreement with a calcu-
lation for short-range scat terers.

The additional peak at elevated temperatures for low
values of n, and E,„ is attributed to transitions (0'~1')
originating in the ground subband states of the energeti-
cally higher-lying fourfold-degenerate conduction-band
valleys. Analyses of these data yield very smal/ apparent
0-0' energy separations for the poor-mobility Si MOS de-
vice. On the other hand, similar analyses for the "clean"
oxide device give 0-0 energy separations in good agree-
ment with theoretical calculations. This apparent con-
tradiction is attributed to the existence of long band tails
associated with both the Fo and Fo subbands in poorer-
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quality samples. In the presence of substantial positive
oxide charge density (i.e., N, „&4&&10"cm ) the rapid
shift of the peak to higher frequencies at low n, and for
temperatures greater than —15 K is ascribed to un-
resolved contributions due to populating bound states (an
impurity band) associated with the Eo. subband. This
picture is consistent with the results of a recent calcula-
tion of the energy difference between impurity states of
the lowest-lying two subbands associated with the upper
valleys.

These studies suggest several extensions. Effects of a
high magnetic field on the binding energy should be ob-
servable and should permit an improved understanding of
the impurity band in such confined systems to be
achieved. In addition to the lowest impurity band associ-
ated with the ground subband in the inversion layer with

N, „&4X 10" cm, excited impurity bands (correspond-
ing to the excited states of an impurity) also exist in this
structure. Electric dipole optical transitions between
ground and excited impurity bands are allowed and
should be observable with the ir electric field vector po-
larized in the plane of the interface. Observation of the
ground- to excited-state impurity-band transitions associ-
ated with the lowest confinement subband will provide

unambiguous evidence of the existence of the impurity
band and a more precise determination of the binding en-
ergy and its dependence on electric field (confinement)
and electron density (screening). This should also permit
a detailed spectroscopic investigation of the metal-
insulator transition to be carried out in this nearly-2D
system.
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