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The behavior of charge carriers in the inversion layer under surface-quantized conditions was observed
by small-signal magnetoadmittance (Y) and manetoconductance (G) experiments on p-type (100) Si
metal-oxide-semiconductor field-effect-transistor (MOSFET) structures. The two-dimensional character of
the surface-quantized electron gas was further substantiated. The density of states was studied directly
by the surface-capacitance technique. The dependence of Y on a number of variables was investigated,
including (1) T < 4.22°K, (2) magnetic field (B < 12 T), (3) electric field excitation, (4) frequency,

and (5) substrate doping (10'°< p<2X 102°/m®). Comparative studies of small-signal surface
conductance and admittance were useful in establishing the advantages and limitations of each
technique. It was observed that Y becomes frequency independent at frequencies below 500 Hz. Both
the line shape and fine structure observed at Y at threshold are attributed to a bound-state band
overlapping the conduction band resulting from surface-potential fluctuation. Circuit modeling of the
MOSFET structures was found to be important in the interpretation of the admittance.

I. INTRODUCTION

Surface quantization is the term applied to the
formation of a two-dimensional electron gas (2DEG)
at the surface of a semiconductor. This 2DEG is
a result of the large electric field associated with
a strongly inverted or accumulated surface area.
Thus, the space charge is quantized in the normal
(2) direction, although there is no restriction in the
plane of the surface. The elucidation of phenomena
associated with surface quantization (SQ), and the
expansion of techniques available to the experimen-
talist in this area, have been the motivation for the
present study.

With the successful development of the metal-
oxide -semiconductor (MOS) structure it became
possible to test Schrieffer’s proposal! that, under
strong band-bending conditions, bound states for
motion perpendicular to the surface in the bulk di-
rection may exist. In 1966, low-temperature mag-
neto-oscillatory conductance measurements of the
Schubnikov-de Haas type revealed that the elec-
tronic density of states in a deeply inverted (100)
silicon surface was two-dimensional, implying
quantization of motion in the z direction.? In 1968,
the small-signal surface capacitance was used to
investigate SQ.%* Performing magnetocapacitance
experiments, it was possible to confirm the two-
dimensional nature of the surface electron gas. In
addition, it was observed that the capacitance
threshold (turn-on) occurred at lower gate voltages
than conductance, thereby enabling the study of a
portion of the density of states which could not be
observed by magnetoconductance experiments. In
1967, Duke®® began theoretical studies of SQ in the
accumulation region. He constructed a self-con-
sistent model for the shallow band bending of an
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electron-accumulation region. From the binding
energies and wave functions for the normal -motion
bound states, he derived expressions for the con-
tribution to the absorption coefficient due to vertical
transitions among the two-dimensional electric
subbands. This, in part, motivated Ralston’ and
Ralston and Wheeler® to attempt subband-absorp-
tion experiments. In 1971, they reported the ob-
servation of a channel-admittance modulation at-
tributed to optical transitions on the (100) surface
of silicon. The photoadmittance response due to

a 44.3-meV (27. 97 um) photon was a negative,
smeared, line spectrum suggesting the existence
of several (5) electron subbands. It was proposed
that the drastic reduction of electron mobility in
the excited quantized states caused the negative
photoadmittance observed.

The self-consistent calculations of Stern and
co-workers®!! have yielded considerable informa-
tion on the inversion layer. Ohta'?'!® has carried
out a series of calculations on the effect of broad-
ening of the Landau levels of a two-dimensional
electron gas on both surface capacitance and con-
ductance. Ohta employed a Green’s-function propa-
gator method to explore single and multiple scat-
tering from impurities. Roughness and phonon
scattering of the 2DEG is neglected. Recent cal-
culations by Ando'* on inhomogeneities and by Mat-
sumoto’® on surface roughness indicate that these
processes will influence the scattering lifetime of
carriers in a 2DEG. Ezawa has also considered
the influence of phonon scattering on the surface
mobility when two-dimensional effects dominate
transport behavior.'® All of the theoretical efforts
tend to emphasize scattering effects (with the ex-
ception of Ohta’s paper on capacitance), reflecting
the large amount of experimental data on surface
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transport.

In this paper, the experimental determination of
some properties of the 2DEG are presented. Small-
signal magnetoadmittance studies of inversion lay-
ers on p-type (100)-oriented metal-oxide -semi -
conductor field-effect transistors (MOSFET’s) are
reported. The useful regimes of magnetoadmit-
tance studies were established and a circuit model
of the MOSFET capacitor was studied. Compara-
tive studies of magnetoconductance and magnetoad-
mittance established the usefulness of both tech-
niques, as well as their interdependence. The
magnetoadmittance experiments were conducted
as a function of magnetic field (B=<12 T), measur-
ing electric field (F=4X 10t V/m), temperature
(T=4.22K), frequency (160 Hz = f=90 kHz), and
substrate resistivity (1=p=50 Qm).

All experiments were performed in the small-
signal regime. Therefore, in the continuing text,
the words “small signal ” will be omitted in most
cases, but it is to be understood that the capacities
and conductivities measured are small-signal or
differential quantities. Therefore, C=d@/dV and
g=eAny, where C is the small-signal capacitance,
@ is the charge, V is the ac voltage, e is the charge
of an electron, A is the differential number of
carriers due to V, and p is the mobility of the
minority carriers.

Finally, a one-electron model for the 2DEG is
employed to interpret the data. The simplicity of
the one-electron model is more important than the
possible errors caused by failure to account for in-
teraction effects. A d-function model for the Lan-
dau quantization proves adequate for explaining the
turn-on behavior observed.

II. PHENOMENOLOGICAL THEORY

In three-dimensional K space, the Si-electron
constant-energy surfaces are ellipsoids of revolu-
tion, the energy expression for each valley being

E=(R%/2)Ke/m, + K2 /m,), (2.1)

where the longitudinal (I) direction is the major
axis of the ellipsoid, and the transverse (f) direc-
tion is the minor axis. The longitudinal mass for
silicon is m,; =0. 98m, and the transverse mass is
m,=0.19m, where m, is the free-electron mass.

In our experiments the surface was quantized by
inducing an n-type surface charge on a p-type Si
substrate. If the [001] direction (normal) is chosen
as the direction of quantization, then two valleys
contribute to the lowest-energy, [i.e., heavy-mass
(m,)] subband for conduction along the [001] direc-
tion. The other four light-mass (m,) valleys con-
tribute to the next higher subband (see Fig. 1).°
Taking account of spin and valley degeneracy, g
and g, respectively, the density of states of the
2DEG is
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Nap(E) =(g_;[§_,,>r;z_ﬂ per unit area (E=E,),

(2.2)
where E is bottom of the two-dimensional density
of states (2DDS). It is seen that the 2DDS per unit
area is energy independent and is dependent on the
density-of -states effective mass.

As pointed out above, the induced electron charge
forms the 2DEG. To obtain quantitative informa-
tion, the experiment has to relate this induced
charge to more fundamental parameters. At low
temperatures and for reasonably thick oxides (d,,
>d,.,, where d_, is the oxide thickness and d,,, is
the inversion layer thickness), the total mobile in-
version charge per unit area, -@Q,,, is defined in
terms of the gate voltage V and the threshold
voltage V, as

—Qinvz_C(VG—VT)z"‘enmvw (2.3)

where 7,,, is the number of inversion charges and
C is the total capacity.!® The effect of oxide charge
and metal-semiconductor work-function differences
are included in V., the threshold voltage necessary
for the formation of free charge carriers at the
surface. In the electric quantum limit where only
the lowest subband is occupied, n,;,, can be written
as

Muny= Jp. Nan(E)AE)dE , (2.4)

where f(E) is the Fermi function. Since N,p(E) is
energy independent, it can be removed from the
integral, and Eq. (2. 3) can be rewritten with the
aid of Eq. (2.4) so that

Ve=Vy+(eg,g,m*/21h%)Fy((Ep - E,)/kT), (2.5)

where F(x) is the Fermi integral of zero order,
E; is the Fermi energy and E; is the intrinsic
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FIG. 1. (100)-oriented n-type silicon constant-ener-
gy surfaces. The (A) valleys are the doubly degenerate
heavy-mass valleys produced by the surface potential
while the (B) valleys are the fourfold degenerate light-
mass valleys.
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FIG. 2. MOSFET configuration for (a) capacitance
and (b) conductance experiments.

Fermi energy. The 2DEG can be further quantized
by imposing a magnetic field with a component per-
pendicular to the silicon surface. The existing
electric-field-induced subbands are further split
into an interlacing ladder of Landau levels sepa-
rated by the cyclotron energy Zw, starting from
each subband. The energy eigenvalues including
spin and valley splitting are®

E'=Ey+(n+3)Hw,+sgus B, +vE(B,), (2.8)

where s=+3 (spin quantum number), g is the Landé
g factor, ! v =+3 (valley quantum number), and
E,(B,) is the energy of the valley split level. The
origin of the magnetic field dependence of E, is not
known at this time. Since there must be total state
conservation, each Landau level must have
Fw,N,p(E) states. Each successive filled Landau
level should have exactly the same amount of charge
as the previous one.

III. EXPERIMENTAL CONSIDERATION
A. MOSFET capacitor

The experimental configuration for a MOSFET
capacitor is shown in Fig. 2(a). The source is
shorted to the drain. This is then connected to the
substrate of the MOSFET. The capacitance is
measured with respect to the gate electrode.

In Fig. 3, the lumped equivalent circuit for the
shorted source-drain-to-gate capacitor is shown.
In fact, the MOSFET is a distributed element, but
the difficulties in handling the distributed MOSFET
equivalent circuit are substantial, The lumped-
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circuit model provides a general qualitative picture
of the behavior of both the real and imaginary parts
of the admittance. Any attempt to draw quantitative
conclusions from the lumped model would be inap-
propriate because of the large errors that arise.

It is simple to show that the admittance for the
lumped model is

y < 39Cax[1+ W*R"2CT(C’ +Cyy)]

1+ w*R"E(C" +C,)°
w?C% R’
1+ PR HC+C )’ (8.1a)
1 R, C: o R 4oy Coep (3. 1b)
R" "1+ w°R5,Co Trw RiepCiop :
c’ Cigr ¢ (3.1c)

sl ,
1+wR,Clay 1+ Ww°RG,Cl0p

where C,, is the oxide capacitance, and the inv and
dep subscripts indicate parameters which are as-
sociated with the inversion and depletion regions,
respectively. The capacitance of the system for a
sinusoidal excitation is then defined as

C=(ImY)/jw (3.2)
and the parallel conductance is
G,=ReY. (3.3)

For convenience, the magnitudes of C and G, in be
tween Landau levels and at the peak in the Landau
level are shown in Table I. At turn-on, the values
of C and G, should roughly correspond to their
values in between Landau levels. When the device
is fully turned off, G, will be essentially zero and
R'~®, From there G, rises to a peak of 10" mho
as the Fermi level moves into the 2DDS. In be-
tween Landau levels, or near turn-off, G, drops to
a maximum value of 10" mho. Peaks in G, will
therefore occur at turn-on and in between Landau
levels (see Fig. 17 for an example). The surface
states are in parallel with the inversion-layer
charge. At the temperatures where the measure-
ments were conducted, the normally observed
room-temperature surface states are essentially
frozen out. Hence, only the inversion and deple-
tion charge will be considered. The geometric

= Cox
Cinv = =+ Cq FIG. 3. Shorted source-
]{ ?: P drain-substrate.
Rinv 3 $ Rde
p
o— 1
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TABLE I. Values for the total capacitance in between
Landau levels (turn-off) and at the peak of the Landau
levels (turn-on). R’ and C’ are estimated from experi-
mental observations on devices used.

Turn-off Turn-on

R’ <10% Q
C'>C,~101' F

R'>10° Q
~10-11
C' KCHxr~10"' F

w<10%/sec w<10Y/sec

C  CuC'/(CuetCY=C’
G, 1/R~10® mho

Couxll—w? REC, CYmCyy

w? €% R’ ~10"2 mho

overlap capacity C,, due to the overlap of the gate
onto the source and drain diffusions (see Fig. 6)
adds in parallel with C, and therefore the total
capacitance C, is

Cp=Cqy+C. (3.4)

Notice that the description so far concerns
only the circuit properties of a real MOSFET
capacitor, and yields no insight into the physical
properties of surface quantization. Surface quanti-
zation enters into the circuit model in the form of
C,.,- Hence, the effects due to changes in C,,
should be separated analytically from variations in
the circuit properties of the system. This ob-
viously complicates the admittance study of surface
quantization. Combining both the limitations due
to the one-electron-model® ! surface quantization
and the lumped-circuit picture prevents us from
obtaining a detailed description'of the surface-
quantized MOSFET circuit.

B. Conductance measurements

The experimental connections of the devices for
the conductance measurement is shown in Fig.
2(b). The channel conductance of a MOSFET, under
the condition of zero source-drain dc voltage, is
given by

Gsd= - (Z/L)p'anv ’

where u, is the mobility of the electrons in the in-
version region and Z/L is the ratio of the channel

width to channel length. The small-signal conduc-
tance is

gsd= —(Z/L)unAQinv ’

where AQ,,, is the inversion-layer charge which
responds to the small-signal excitation. Care
must be taken so that the period of excitation is
greater than the transit time of the electrons from
source to drain.

When transit-time effects can be neglected,

Aanv =Q inv and

(3.5)

(3.6)

8sa= — (Z/L)P'annv . (3 7)
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It is obvious from Eq. (3. 7) that only the product
HaQiqv can be obtained from conductance experi-
ments. This is a fundamental limitation of conduc-
tance measurements. Only capacitance can be di-
rectly related to the density of states.®

IV. MEASUREMENTS

The measurements were fairly conventional with
some exceptions. The Bitter magnet!® produces
substantial microphonic noise unless care is taken.
The leads to the MOSFETs were all individually
shielded by mounting them coaxially in §-in. non-
magnetic stainless-steel tubes. A polyvinyl spa-
ghetti was used to provide spacing inside the tubing.
Care was taken to avoid inductive loops throughout
the whole insert. External electrical contacts al-
lowed the device to be configured for either admit-
tance or surface-conductance measurements.
Thus, direct comparison of the two types of mea-
surements could be easily accomplished.

A. Bridge admittance measurements

The block diagram of the measurement circuit
is shown in Fig. 4. The basic technique consists
of measuring an off-null voltage from the output of
an admittance bridge. An external source is used
to provide the ac voltage which is applied to the
gate of the MOSFET capacitor through the bridge
itself. The device capacitance C and effective
parallel conductance G, (loss term) can be nulled-
out at some convenient point, such as deep inver-
sion, and calibrated also at one point on the ac-
cumulation side. As the ramp sweep (dc gate-volt-
age supply) drives the surface from deep inversion
towards accumulation, C’ will change appreciably
and both C and G, will change, thereby unbalancing
the bridge. The off-null voltage is measured by a
modified PAR HR-8 phase -sensitive detector, which
can measure the in-phase (G,) signal and the out-
of -phase signal (C) with high precision. In this
manner, C vs V; and Gp vs V; can be recorded

consecutively. It has been empirically determined
OSCILLATOR CAPACITANCE
T BRIDGE
FERENCE ----{----
LOCK- IN |RE & H 1
AMPLIFIER rLo L
INPUT 0N pF == .: Cé;' ECMOS
OUTPUT G | ]
becendaaaa -
x-y | *
RECORDER |
RG
VG

FIG. 4. Block diagram for the bridge-type small-sig-
nal surface-capacitance measuring technique,
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FIG. 5. Block diagram for the direct-type small-sig-
nal surface-capacitance measuring technique.

that the off -null voltage nonlinearity of the bridge
is no more than 0.2% of full scale. Therefore,
since two extreme points are calibrated, the varia-
tion between these points is known within 0. 2%.

B. Direct admittance measurement

The block diagram for the direct admittance
measurement is shown in Fig. 5. A constant ac
excitation voltage is applied directly to the gate,
and the output current of the device is then mea-
sured. The ratio is the admittance. The advantage
of this method is that the signal is unaffected by
coaxial-lead shunt capacitance, and yields a much
better signal-to-noise ratio. In addition, since
there is no internal bridge impedance, it is possi-
ble to use much lower frequencies. In fact, the
only limitation is the internal impedance of the de-
vice itself at low frequencies, and the sensitivity
and internal noise of the front end of the phase-
sensitive detector.

C. Transformer-coupled measurement of small-signal
' conductance

The experimental procedures followed in the
measurement of small-signal conductance are
identical to those used by Fang, Fowler, Howard,
and Stiles. ?

V. DEVICE CHARACTERISTICS

The simplified device geometry is shown in Fig.
6. All MOSFETSs had p -type boron-doped substrates
with initial doping levels of 10'° m™3(5-150 Qm)
=N,-Np=1.5X10" m™3(1 Qm). After processing,
the initial substrate resistivities decreased to 1.40
=p=0.70 Qm, due to thermal-conversion effects.
The source-drain regions were phosphorous-doped
to the maximum solubility level of phosphorus in
silicon (i.e., n~ 10?®~10*" m™®). A drive-in diffu-
sion was used to achieve a junction depth of 1 um.®
The thermally grown SiO, was about 0.27 pm thick
on most devices and had a relative dielectric con-
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stant of €,.=3.85. The channel length was 10 um,
and the channel width-to-length ratio was Z /L ~60.
A 1-um aluminum metallization was used for the
gate overlapping both the source and the drain
(Fig. 6).

VI. DISCUSSION OF RESULTS

A. Room temperature

A typical room temperature C-V; curve is shown
in Fig. 7. Because of the n-type contacts at the
surface, the device does not exhibit accumulation
behavior. The net interface charge @,; =@ g +Qoxs
consisting of surface-state and oxide charge, was
evaluated in the following manner. The voltage as-
sociated with C,,,, which occurs in the weak-inver-
sion regime, was cdmpared with an ideal value
calculated from known values of d,,, substrate
doping N, —Np, and the metal-semiconductor work-
function difference.?® The net interface charge
could then be determined by

AV = Van(ideal) - Vi (observed) = Qy,:/Coy

(6.1)
Oxide breakdown was checked by subjecting all
devices to V;=40V.

min

B. Cryogenic temperature

At cryogenic temperatures, threshold is defined
to correspond to the gate voltage at which the Fermi
level lies within 32T of the two-dimensional band
edge. The justification for this definition lies in
the fact that appreciable filling of a band does not
occur until the Fermi level is within 3T of the
edge (the conventional definition of degeneracy). In
this work we are concerned with metallic degener-
acies in the 2DDS. Hence, the onset of transport
in the 2DEG is associated with the onset of degener-
acy. Vrcan be generalized from the work of Hei-
man and Miller®:

1
VT="C (Qint +Qp, 1) +Pus+ Vo, 75 (6.2)
ox

Al GATE(I;.L)(I)-— AXIS OF SYMMETRY
Al METALLIZATION y S !

5] Lo+ }
3 D

S
k100> p- TYPE BULK Si

SIMPLIFIED CROSS-SECTION OF MOSFET CAPACITOR

GATE SHOWING SOURCE
OVERLAP T0
SOURCE - DRAIN k@

DRAIN
TOP VIEW: CIRCULAR GEOMETRY

Siog
S-D SEPARATION =10,

CHANNEL WIDTH 36(;‘0;&
Z/L =60

FIG. 6. Circular geometry MOSFET structure.
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‘0-5JF — T T 7T T I l 9.61pF

# 10226

Np =1020/m3 #1022D

T =300 K Na =102%/m3

422 K A
f = 9kHz
275 K
Vs (422K)
L | L | Vis (2.75 K)
7.5 0 F2v ¥4V Vo 5’“"5:/./' T
0 +Iv Ve
FIG. 7. Typical C-V curve at room temperature.
FIG. 8. Temperature dependence of C-V curve turn-

where ¢y is the metal-semiconductor work-func-
tion difference, @p, r is the maximum depletion
charge at threshold,

QD,T=—qNAZd="'(2€0€SquAVD,T)1/2’ (6.3)

Vp, r is the voltage drop across the depletion re-
gion at threshold,

qVD,T=(Ec—E,,)+(E,,+EF) - 3kT

~(E, - 3kT) +kTIn(N ,/Ap)~E,,  (6.4)

and A, is the effective valence-band density of
states, 2

Ap=0.92(2mmkT/h?)3?

The quantity ¢g is typically 1.1 V for the metals
considered here, while V), ris approximately equal
to the band gap €,, and is 1.2 V. From the above
values we observe that

~Ous=Vp,r. (6.5)

Consequently, Eq. (6.2) reduces numerically to
Ve= (l/cox)(Qint +QD, ) (6.6)

for our samples.

Phenomenologically, V. is determined by the
gate voltage at which the capacitance rises out of
the noise. This noise AC is determined by the res-
olution and sensitivity of the measuring technique.
In the present study, AC varied from 0. 001 to 0. 03
pF depending on the ac gate-voltage amplitude,
modulation frequency, etc. This produced an un-

certainty of less than 0.1 V in the threshold voltage.

C. C-V turn-on characterization

The turn-on of a MOSFET capacitor is charac-
terized not only by V,, but also by the line shape
of the C-V curve after threshold. We have chosen
to characterize the line shape by the gate voltage
V.s corresponding to C = 3(Cpy, +Coy), 2n arbitrarily
chosen but convenient reference point. The experi-
mentally determined temperature, frequency, and

on line shape.

magnetic field dependence of capacitance turn-on

in a typical device are shown in Figs. 8, 9, and 10
respectively. As can be seen from these figures,
Vs increases with frequency and magnetic field,
but varies inversely with temperature. The thresh-
old voltage is constant within the experimental res-
olution of 100 mV (Fig. 10), while Vg can change
by as much as 1.5 V (Figs. 9, 10). An examination
of the data in Fig. 10 reveals that the fine structure
at turn-on occurs at voltages that are independent
of magnetic field. To explain these results, the
concept of bound states resulting from surface-po-
tential variations is introduced. It is well known
that point charges in the oxide and surface irregu-
larities at the interface can profoundly affect the
local surface potential.23 The effect of such a local
fluctuation would be to perturb the density of states
of a 2DEG. These perturbations could behave like
a localized state. We propose that such localized
states are formed, and we will consider their ef-
fects.

cr_
OSP4 10226
Np =10%%m3 g
¢
T =142 K ]
/
!
/
f
[ ---160Hz
/ —— 900 Hz
/ —-—90kHz
—_ v g(o00Hz)  NVLsio0KHZ)
P T DAY I N A R W W
: 0 «1v Vg

Vs (160 Hz)

FIG. 9. Frequency dependence of the C-V curve turn-
on line shape.
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Cr to
Device #8073F E, NBS(E)
:A- =129x ':20/"\3 QBS =-q Ll 1 +eXPﬁ—EF)/kTT dE . (6. 8)
f= 9khz Ngs is the density of states for the bound states.
B=0-110T BS -

1.0
T

I\ L
" Vg (OT) vgoT
] ] 1 L PYS ) T/js
-2V -tV 0  +IV +2V  +3V Vo
FIG. 10. Magnetic field dependence of the Cp-V; turn-

on curve. Cpis the total measured capacity.

In view of the usual numbers of oxide charges, it
is important to describe these localized states and
their possible properties. First of all, because
of their highly localized character and relatively
low concentration (presumably less than 4X10%
m™2), they will not be subject to cyclotron motion
even in the high magnetic fields employed here. As
a result, we assume that these states are magnetic-
field-independent. The magnetic field independence
of the fine structure of Fig. 10 supports this as-
sumption. Since the bound states are perturbed
from the bottom of the 2DDS, we would expect them
to overlap the conduction band (see Fig. 11) and to
be distinguished from the traditional surface traps
(which are generally located within the band gap)
by appearing only at very low temperatures. The
low-temperature requirement arises from the
small binding energies of the states.. Each bound
state can be described in terms of a 6-function
state function., It has been correctly pointed out
that the bound state might be replaced or general-
ized to band states with a large imaginary compo-
nent of the self-energy. The distribution of 8-func-
tion bound states employed in this paper is a first
approximation to these nonpropagating band states.
We believe our bound-state model has the added
flexibility of being parametrized in terms to be
discussed below. The charge in the bound states
would be given by

g 5(E - E,)

Ey=E, 1 +exp[(E _EF)/kT] ’

where 0(E —E,) is the Kronecker delta at E, (ener-
gy location of a bound state) and E; and E, are the
lower and upper bounds on the energy distribution
of the bound states. If the bound states are dis-
tributed in a quasicontinuous manner and are uni-
formly distributed in energy, @zg can be simplified

Qgs=—¢€ (6.7

Assuming that Nyg(E) is constant, we find that

Qs = (- eNpg kT)[Eak_TE‘ +1n(i :‘;,;:)] (6.9)
where

(Ep —E,\)/kT =u-u,,

(Ep —Ep)/kT=u-u,,

(Ep -E,)/kT=u=eq/kT,

and where E,, is the intrinsic Fermi level.
the surface potential.

It is important to point out that when carriers in
the bound states respond to the ac modulation of the
surface potential, they behave as normal two-di-
mensional carriers. Therefore, in order to be
bound states, they must have a sufficiently large
relaxation time, so that carriers in them will not
respond to the ac modulation frequency. However,
the bound states undoubtedly have a distribution of
relaxation times 7,. The states with 7, >1/f will
contribute to the shift in V;g which depends only on
dc charging of the bound states, i.e., AV,
= ~AQys/Cy. If there are bound states with 7,
> 1/f, they will not contribute to either the mobile
charge or V5. In principle, the frequency depen-
dence should provide some insight into the nonprop-

@ is

ELECTRON ENERGY E
m
o
I

2
sl
w

N2p N(E)
DENSITY OF STATES

FIG. 11. Energy distribution of the bound state band
Npg=A, and the two-dimensional “heavy-mass” subband
Nyp=g.g, m,/21k? per unit area. The hatched region in-
dicated that part of the 2DDS which contributes to the
bound states.
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agating imaginary energy states. The two-dimen-
sional “heavy-mass” subband starts at E; and,
when the gate voltage corresponding to Ep=E, is
attained, the mobile charge contributes to the ca-
pacitance leading to

1/C1=1/Cox+1/Cipy - (6. 10)
The corresponding gate voltage is
Ve=V7+Qps/Cox+Quny/C . (6.11)

As mentioned above, Vg will be that value of V
where C= %Cox. To fully understand the variation
of Vg with temperature and magnetic field, a
suitable expression for C;,, must be employed.

Stern'! has obtained a self-consistent expression
for Cy,, in the electric quantum limit and the T=0
K approximation. However, it is preferable to use
a simpler analytic form for C,,,=98Q,,,/9¢. Using
Egs. (2.3) and (2.4), we find

Qiav = — €Np kT [1n(1 + €0)] (6.12)
and
Ciav=€*Nyp/(1+e07™), (6.13)
Therefore
ung~u
1 1 1+ (6. 14)

but using Eqs. (6.9) and (6.13), Eq. (6.11) becomes

eNgs kT 1+em™®
VG= VT+—81—- [uz - U +1n<1—w>]

+ €Nap kT 1n(1 + e* %)
COX
L (e In(1 o). (6.15)
From the definition of Vg,
1 1ret™
-2 - (6. 16)

— t——,
c Cox cox eN2D

where ' is the value of u that corresponds to V
=Vis,
eaNaD/Cox -1= euo-u' ’ (6- 17)
and
eNgg kT
Cox

1+ e"“17%0(e°N,p/Coy — 1) )]
X [uz - ul * ln(l + euz-uo(eaNZD/Cox - 1)

eN,, kT [ (ezNZD ) (ezNzn )]
+ 21n —1n -1)f .
Cox Cox COX

(6.18)
Note that u, <u#y< u, so that at suitable low tempera-
tures

Vis=Vr+
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2
Vis®Vr+ eNBSéE° =E) er [ZeCNZD ln(e Nzn)

ox ox Cox

N2D+NBS) (eaNan )]
—( Con In Co -1)]. (6.19)

Therefore, as T decreases, so should Vg if Ngg
remains constant. If Npgincreases with decreasing
temperature, then Vg will increase. Examination
of Fig. 8 shows that Vg increases with decreasing
temperature. We can conclude that Ngg does in-
crease as the temperature decreases. As we shall
see later, we have other evidence corroborating
this conclusion. To obtain a quantitative compari-
son between theory and experiment will require in-
formation on the actual 2DDS. From this, the de-
duction of the temperature dependence of Nzg should
be straightforward.

As has been shown in Fig. 9, Vi is also fre-
quency dependent. From Egs. (3.1) and (3. 2), we
can obtain the frequency dependence of C;

1+w?R'2C'(C' +C,,)
1 +w?R'3(C’ +C°,22— :

c=C

(6.20)

V.s is also frequency dependent through the depen-
dence of V;on C, i.e., from Eq. (2.3)

LS 21201 2
VLs=VT+QB§+Q_‘Lv( 1+w[;2 (:C fc ) )
Cox Cox\1+w°R15C1(Crg+Coy) (6.21)

As the frequency increases, Vg also increases.
Since QLS. the inversion-layer charge when V,
=V,.s should be independent of frequency and cor-
respond to some particular value of the surface po-
tential, the variation of Vi g with w is determined
by the circuit properties of the field effect device.
These properties are associated with the lumped
circuit parameters, R} and Cig4 (the values of R’
and C' at V,=V.g). An estimate of the importance
of these quantities can be obtained by considering

what happens when w=0 and w— ., From Eq.
(6.21) we see that
LS
(VLS)w-O_VT+QBS +Q_L" (6.22)
COX Cox
Q s QLS QLS
V. cu=Vot XBS  Xigv | Xinv
( LS)w T Cox cox C;.,S
LS
=(Visdooo+ “7_01“ (6.23)

In view of the fact that the MOSFET is a distributed
element, the lumped element Cig will be frequency
dependent. Hence the frequency correction may be
quite substantial, and Vg is shifted to move posi-
tive values, as found experimentally.

If the experimental frequency is such that a
strong interdependence of surface resistance and
surface capacitance does not exist, then the magni-
tude of the capacitance dips will be frequency inde-
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pendent. However, once the frequency becomes Ngg (E-E ¢) # 10226
appreciable, the magnitude of the dips becomes (m-2 eV N, = 102°/ m?
larger, and will be frequency dependent (see Fig. f =900 Hz
15). Consequently, in order that these capacitance 108k — .
dips be within 5% of their actual value in devices of /,/*/
the type employed, the experimental frequency " r’e
must be less than 900 Hz. 5x107 -
The magnetic field dependence of V g (see Fig. e
10) can also be accounted for in terms of the bound- 10'7 |- T tal boint
state band in Fig. 11. Because of the magnetic 5 T i T.xager:nen e
field, the 2DDS of Fig. 11 must be redistributed | 422 K
into Landau levels starting at Ej+ shw, - sgugB. 5x10'¢ L | ! L L ! )
This can be written formally as 0 0.24 0.72 1.20 1.68 216
E-E v
Nop=lw.Nop 2 O(E -E'(n, 5, 0),  (6.24) L {met!
Ny Sy, v
FIG. 13. Temperature dependence of the bound-state

where E’ is defined by Eq. (2. 6).
sociated with these states is

Quuv= — MW Nyp 23 (L+e™™yt,

ny S, v

The charge as-

(6. 25)

where «' =E'/kT. Setting n=0, v=0, and s= -3,
the gate voltage in the vicinity of turn-on is, for
the first Landau level,

_ eNgs kT [E, - E, 1+e"1"‘>
Ve=Vr+—¢ [ wr TR

. ellw Nyp/Cox
1 +exp(uy — u+ £hw,/kT)

+%[1+exp(u—uo+£h'w,/kT)], (6.26)

and the capacity is

1 1 kT uug=¢hw k T hweok T=
— = 1 ug+thwe u .
c=cC. +—2—6N2Dh_wc(1+e Wl+e )

(6.27)
Here too, we wish to use the condition for Vg,
i.e., C=3Cy. If we let e®N,pliw,/Co kT > 1, then
Vs can be written as

Vis®Vyp+(Ey - Eq+ Efiw,)eNgg/Cox +2kT/e.  (6.28)
NBS(E'ELSI # 10226
(m-2 ev) N,=102%/m?
T =142K
'IO‘8 - __’__x__,_—_—:.:_’.::.‘_‘r;:i
PR
X2
x1 17 - /1/
5x10 // f
,)‘" x experimental points
w0 L 320 Hz
-—-— 900 Hz
------ 90 kHz
5x10'
1 1 1 1 1 1 1 1 1 J
0 024 0.72 1.20 168 216
E-E s (meV)

FIG. 12. Frequency dependence of the bound-state
Censity of states measured relative to Epg.

density of states measured relative to Eg.

If we recall that the data in Fig. 10 indicates a
uniformly spaced shift in Vg with increasing mag-
netic field, then

AVyps=(eNgs/Cox)ARw,. (6.29)

In other words, the zero-point energy shift of
£hw, is “uncovering ” more bound states which
must be charged by V. as the magnetic field is in-
creased. Therefore, the change in Vg with mag-
netic field is correlated to the total number of
states uncovered by the £7Zw, shift. This can be
written as

AVyps= _AQBS/Cox= _("qAnBS)/Cox)’ (6. 30)

where Angg is the increase in the number of un-
covered bound states. The density of states can
now be calculated by

Ngs=Angg/AbNw, . (6.31)

Although Eq. (6. 31) gives the density of bound
states, the energy location of the Fermi level with-
in the conduction band corresponding to Vg at
B=0, i.e., E.s is not known. Therefore, we can
obtain information about Ngg relative to E g, but

do not know the relationship between E g and E,.

To indicate this, Ngg is replaced by Npg(E - Erg).
In Figs. 12 and 13 the frequency and temperature
dependence of Ngyg(E — Eg) are shown.

For the sample of Figs. 12 and 13, the number
of interface charges at room temperature was
+3.84%x10%/m2. These oxide charges have been
attributed to alkali ions.!® In Fig. 18, data is pre-
sented for the gate-voltage dependence of the ca-
pacity as a function of magnetic fields. Examina-
tion of this data shows a marked difference between
the amount of charge in the first spin-split level
and the higher levels. Other data fully confirm the
fact that the first spin-split level contains less
charge than do the subsequent levels. Fang, Fow-
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ler, Howard, and Stiles? made similar observations
on conductance, though the precision of the conduc-
tance measurement in this region of gate voltages
is significantly less than that of the capacitance
measurement. The capacitance data indicates that
1.4%X 10" charges/m? are “missing ” from the first
spin-split #=0 level. If the bound-state model we
are employing is valid, we would expect that no
more than 1,4x10Y states/m? will be uncovered
as the magnetic field increases. The bound state
density Angg from Eq. (6.31) is 1.0%10"/m? for
B=12 T. This is encouraging and consistent. It
also implies that there are 0.4 x10%/m? states
still available at higher energies (i.e., for B>12
T). Indeed, if the bound-state density is constant
up to its cut-off, as suggested in Fig. 11, then the
cut-off field for seeing all of these states would be
17 T.

The data in Fig. 12 indicates a negligible varia-
tion in Ny with frequency, though the data in Fig.
9-indicates a strong dependence of Vg on frequen-
cy. We can readily explain this difference with
Eq. (6.23). The change in Vg due to frequency is
associated with the inversion-layer mobile charge.
Application of a magnetic field, as indicated in
Eqgs. (6.26) and (6. 28), will influence the point
where mobile charge becomes important, but that
should not influence the frequency dependence of
any parameters. Hence, Q{5 will be the same for
both zero and large magnetic fields, in both low-
and high-frequency cases. Hence, the change in
Vs With field will be frequency independent until
Ny becomes frequency dependent at very low fre-
quencies. As mentioned earlier, the frequency de-
pendence of the bound states should relate to possi-
ble continuum states with imaginary self-energies.

As indicated by the discussion of Eq. (6.19),
Ngg can be temperature dependent, and this is
clearly seen in Fig. 13. The use of the magnetic
field dependence of Vg to uncover the form of Ny
is an important result of this work. Recently, Pals
investigated the effect of x-ray-induced additional
interface charges.?* He concluded that the motion
perpendicular to the surface is broadened by the
interface charge. Without introducing a bound-
state density, his results can be viewed as being
suggestive of its existence. Additional measure-
ments are needed to confirm the role of additional
charges in the oxide on Ngg.

To recapitulate, it has been shown that a bound-
state band located at the conduction-band edge in-
fluences both the line shape of C near threshold
and V. The bound-state band can be investigated
by means of the magnetic quantization of the two-
dimensional mobile charge.

D. Magnitude of capacitance minima

As can be seen from Fig. 14, the magnitude of

the capacitance dips increases with increasing mag-
netic field and decreasing temperature. This is
reasonable because an increasing magnetic field in-
creases the quantum level separations, thereby
lowering the density of states at the minimum point.
Also, decreasing temperature causes a narrowing
of the Fermi surface, which will also sharpen the
capacitance dips.

It was found that the capacitance dips disappear
if the surface potential is overmodulated by the ac
gate voltage, a point that has been poorly under-
stood in the past.!® This is due to the fact that,
for a given surface electric field modulation, the
band-bending excursion will increase when the
Fermi level is at a minimum density-of-states
condition. Consequently, the Fermi-level excur-
sion can be from the tail of one quantum level to
the beginning of the next quantum level. Since it
is the average over this excursion that is measured
experimentally, it is possible to measure a higher
effective density of states than the true minimum
value.

In their original work, Kaplit and Zemel® em-
ployed a 6-function model as a first-order approxi-
mation to describe the Landau levels. It was noted
that some broadening was needed to account for the
voltage dependence of the capacitance minima.

Ohta has conducted a far more detailed theoretical
investigation of broadening of the Landau levels

# 10220
N, =102% m’
Acdip f=9kHz
1.0p ——
Cox = Cmin
0.9 1.3 K
0.8+
0.7+
0.6} 19 K
0.5+
0.4}
0.3+
25 K
0.2
275 K
0.1
1 1

0
70 80 9.0 10.0 1.0 120
B (T)

FIG. 14. Temperature dependence of the normalized
capacitance minimum for the spin-split »=0 Landau level.
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#10226 C
1.0 —_— = T [sor, v
N NG ey
, T 1.42 K 80 120
100
otl \ # 10220
™~ Np = 1020/m3
1o T=19 K
120 N
o Experimental points f = 9kHz
0.01 |- _ Re[ceff G ] 12.0
C2
Gp (120T)
160Hz 900Hz 9 kHz 90 kHz
0.001 | : . .
0.01 010 frcy; 10 10 100 - T
0 +4V Ve
FIG. 15. Frequency dependence of the n=0 spin-split
FIG. 17. C-V curves for B=80, 90, 100, 110, and

capacitance minimum,

observed by both admittance' and transconduc-
tance.'® Asa result, he concludes that an impurity-
type scattering is essential for describing the gate-
voltage dependence of the capacitance minima.

The general features of the capacitance dips mea-
sured here agree with the earlier measurements.
The capacitance minima is largest between the
Landau levels. Spin-splitting is resolved at higher
magnetic fields, and only at the highest magnetic
fields and lowest temperatures can valley splitting
be resolved. If there was no broadening of the
magnetic quantum levels, then the C-V curve
would occur as shown in Fig. 16 and as pointed out
by Ohta.!? Since dips (rather than the abrupt drop)
in capacitance of Fig. 16 are observed experimen-
tally, this indicates that broadening of the quantum
levels cannot be neglected.

E. Equivalent parallel conductance (G,) phenomena

Since G, is dependent on C’ and R’ (Sec. Il A), it
is found that G, reflects much of the same phe-
nomena as C and gp. For instance, as V4 in-
creases with magnetic field, there is a similar
shift in the G, peak associated with turn-on. At the
minimum density of states between Landau levels

Cmin

o Vo

FIG. 16, Ideal C-V curve for the case of negligible
Landau-level broadening at a constant magnetic field.

120 T, and the G,-V curve for B =120 T. The =0 spin-
split Landau level and the n=1 Landau level can be seen
from the C-V curves.

where C exhibits minima, G, exhibits maxima as
discussed earlier. However, the maxima observed
show a splitting (see Fig. 18). It can be shown that
this occurs because of the different V; dependence
of R' and C'. A detailed study of G, indicates that
as many as two maxima are easily possible. How-
ever, multiple splittings are observed (see second
Landau peak in Fig. 17) and no explanation based
on simple lumped circuit arguments seems to ac-
count for this behavior. Because spin and valley
splittings are not as large as the Landau separa-
tions, the G, maxima for these quantum levels will
not be as large as for the Landau separations, and
the relative minima observed in the G, peaks are
not as pronounced either. This is, of course, due
to the fact that the variation of R’ and C’ will not
be as large for these levels as for Landau separa-
tions.

F. Source-drain surface conductance (gsp) phenomena

The source-drain conductance experiments
yielded the same structure as has been previously
reported.? In this study, surface conductance was
performed along with C-V experiments for com-
parative purposes. It was found that ggp is so
small at V that it could not be observed. Instead,
the onset of appreciable conductance occurs at a
pseudothreshold voltage which does not correspond
to either the bound-state threshold or the inver-
sion-layer mobile carrier threshold as seen in
Fig. 18. Usually, the gsp pseudothreshold is from
4 to 6 V greater than V, or Vg found in capacitance
studies on the same devices. We conclude that
surface conductance experiments lack the sensi-
tivity and resolution necessary to study turn-on
behavior near V., and V.
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VII. CONCLUSIONS

The current study has shown the usefulness of
surface admittance as an experimental tool in in-
vestigating surface-quantization phenomena. In
addition, the comparative study of both surface ad-
mittance and conductance has established the inter-
relationship and useful regimes of both techniques.
The existence of bound-state behavior resulting
from the perturbation of the two-dimensional mobile
charge subband by oxide charges is proposed.
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These bound states arise at the bottom of the 2DDS
and influence the characteristics of the admittance
near threshold. Therefore, surface admittance
should be sensitive to the distribution of the oxide
charge normal to the interface, as well as to the
magnitude of the oxide charge. The magnetoadmit-
tance measurements sensitivity to perturbations of
the surface potential should be of substantial use in
the evaluation of the effects of fixed oxide and sur-
face charge, surface roughness, and other physical
and chemical imperfections on semiconductor sur-
faces. It is felt that the advantages of high resolu-
tion and sensitivity of magnetoadmittance measure-
ments, plus their nondestructive nature, make this
technique a viable tool in the investigation of prop-
erties of surface-quantized semiconductors, despite
the necessity of high magnetic fields and cryogenic
temperatures. The two-dimensional character of
the electron gas associated with a highly inverted
surface has been further substantiated.
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