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Far-infrared cyclotron resonance and Shubnikov —de Haas oscillations are used to ex-

plore accumulation-layer properties of degenerate n-InAs. The bulk concentrations

studied range from 2&10' to 1&10"cm . At the lowest concentration, subband

masses, occupations, and relaxation rates are found which are in general agreement with

earlier work, For the higher concentrations, the Shubnikov —de Haas oscillations exhibit

effects characteristic of a degenerate semiconductor as predicted by Baraff and Appel-

baum: Abrupt changes in bound carrier density occur when an additional subband is po-

pulated and are compensated by a corresponding decrease of mobile charge at the surface.
The self-consistent accumulation potential supports more bound states than observed in

earlier tunneling work. A determination of the binding energies of these states results

from our measurement of subband masses and occupations.

I. INTRODUCTION

Accumulation layers on n-InAs have been the
object of a number of recent studies. Tsui' was
the first to explore the structure of subband ladders
in the accumulation potential. He exploited a tun-

neling technique to observe the combined effects of
dectric and Landau quantization in a naturally ex-

isting accumulation layer. In general, however, it
is not possible to significantly vary the electric
binding potential in such tunneling experiments.
In a variable accumulation layer on InAs, the sub-

band structure was characterized in Shubnikov —de
Haas (SdH) stlldlcs. Tllcsc Invest1gatlons wclc
performed on low-concentration, epitaxial films.
The bulk carrier concentrations in these films were
about an order of magnitude lower than the con-
centration range studied by Tsui (10' cm
&n g10' cm ).

Considerable interest attaches to the InAs re-

sults, because InAs is a degenerate semiconductor.
In contrast to the case of inversion on such semi-
conductors [e.g., PbTe (Ref. 6)], the subband struc-
ture in accumulation is expected to reflect the in-

fluence of "free" bulk carriers which aid in screen-

ing thc static electric field normal to thc interface
(Fig. 1). The theoretical work of Baraff and Appel-
baum has addressed the problem of bound and
mobile-carrier systems coupled through the self-

consistent electrostatic potential.
In this paper we present the results of an experi-

mental study of accumulation layers on n-InAs.
Both cyclotron resonance and SdH oscillations on
the same samples are used to yield cyclotron
masses, subband occupations, and relaxation rates.
Our experiments are performed on low-concentra-
tion, epitaxial samples as well as on bulk samples
with concentrations in the range studied by Tsui.
Our goal is to obtain a consistent experimental
description of the InAs accumulation layers and to
discuss the results in the context of the BaraA'-

Appelbaum theory.
Presentation and analysis of our results (Sec. III)

follow a brief description of experimental tech-
niques (II). Section IV concludes the paper with a
discussion of the results.
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FIG. 1. (a) Sample arrangement. The "transition"
and GaAs layers apply only to the epitaxial samples. (b)

Schematic accumulation potential and two-dimensional

density of states.
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II. EXPERIMENTAL NOTES ments, indium contacts to the InAs were used.

Accumulation-layer cyclotron resonances was

observed in the far-infrared reQectivity of our sam-

ples. The measurements were performed in the
Faraday geometry, i.e., with the magnetic field H
normal to the sample plane, along the incident
wave vector. The reflectivity contained contribu-

tions from the various component layers compris-

ing the samples (Fig. 1). To reduce the interpreta-

tional difficulties of unavoidable interference struc-

ture, it was advantageous to use circularly polar-
ized radiation. Before reflection off the sample, the
far-infrared radiation, produced by a gas laser, was

polarized in a circular polarizer unit located within

our superconducting magnet (see Fig. 2). The cir-
cular polarizer is described in detail in Ref. 8. To
enhance the accumulation-layer reflcctivity, we

measured the accumulation-layer reflectivity, AR
=R ( VG, H) —g ( V„s,H), by square-wave modulat-

ing the gate voltage between the value V6 and the

flatband voltage VFB while sweeping the magnetic
field H.

The gate voltage was applied across a conven-

tional MIS (metal-insulator-semiconductor) sand-

wich. Two sample types werc used. The filrst is

the epitaxial type described by %agner, Kennedy,

and %icder. Thc second type of sample consisted

of highly polished, plane-parallel slabs of thickness
-0.1 mm, with (111)orientation. A layer of Si02
(-1000 A ) was deposited onto the InAs surfaces.

The gate was a semitransparent metal layer eva-

porated onto the Si02. For conductivity measure-

III. RESULTS AND ANALYSIS

Four bulk concentrations were studied: 2)& 10',
2&10', 5&10', and 1)&10' cm . In the lowest
concentration, epitaxial samples, the bulk carriers
play a nearly negligible role. %c, therefore, first
examine this nondcgcncI'atc limit.

A. Nondegenerate limit

1. Measurements and fitting procedure

Our SdH results werc in close agreement with
the measurements of %agner, Kennedy, and
%'ieder on the epitaxial samples. From these data
we identified the flatband voltage as thc threshold
voltage of thc lowest subband.

A set of hE. traces for various values of VG at
the laser frequency Am=15. 8 meV is shown in Fig.
3. The gate voltages have been converted to the
total concentration values X, according to X,
=(1.91+0.06))&10" (VG —VFn) cm for the
sample of Fig. 3, where Vg and VFg are in volts.
(This relation was calculated from the measured
device capacitance at 20 K and the gate area. ) The
sample temperature was held at 20 K to avoid
modulation of the curves, present at lower tem-
peratures, due to quantum oscillations. Such oscil-
lations, characteristic of the completely quantized
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FIG. 2. Circular polarizer unit.
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FIG. 3. Differential reflectivity as a function of mag-
netic field for fixed accumulation densities in the cyclo-
tron resonance active mode. The zero of each trace is
indicated.
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electron gas, occur when Landau levels pass
through the Fermi level as the magnetic field is

swept through the cyclotron resonance line. "
Some qURlltatlvc comments concerning the gen-

eral fcatulcs of thc curves of Fig. 3 alc ln order.
First, the very sharp structure marked m,*z occurs
at the field value expected for bulk cyclotron reso-
nance' ' and is associated w'ith the structure in

the sample rcflectivity which exists at nonaccumu-
lation gate voltages. Its position docs not vary
with gate voltage. The broad structure upon which
the sharp structure is superimposed is the surface
cyclotron resonance' of accumulation-layer elec-
trons. With increasing gate voltage (i.e., with in-

creasing N, ), distinct peaks become apparent which
shift to higher magnetic fields. These are charac-
teristic of multisubband cyclotron resonance in a
semiconductor where nonparabolicity causes an in-

creasing efFective mass as each subband edge is
10%'crcd from thc Fermi energy.

To analyze the data quantitatively, we usc a sim-

ple osc111atol model to fit thc differential rcflcctivi-

ty of the MIS sandwich, as was done for PbTe. A
representative fit is shown in Fig. 4, where the flat-
band reflectivity 8 (H) is shown together with the
contribution of each subband to the total ~ (H).
Thc most important parameters 81'c thc cyclotlon
mass Nl . thc lclaxatlon time 'P Rnd thc clcctlon
concentration X„.for each subband i. Before dis-

cussing the values we obtain for these parameters,
we relate details concerning the ingredients of the
M (H) calculation.

The gate electrode had a resistance of about 50
0 per square (measured at room temperature).
Therefore it was necessary to include its contribu-

tion into the calculation of the sample reflectivity
in order to obtain R (H) curves as in Fig. 4, which

agree both ln shape and magnitude %1th thc cxpcfl-

mental results. The gate dielectric, however, could
be neglected, because its thickness was always less
than «% of the far-infrared wavelength. Also, a
low-mobility transition layer (Fig. 1) exerts an im-
portant influence on the shape of the calculated
curves. This is a layer of Ga& „In„As with x
varying from 0 to 1 to accommodate the transition
from the semi-insulating GaAs substrate to the
InAs epilayer. Its principal effect is to absorb suf-
ficient far-infrared intensity to render reflections
from the GaAs neghgible (thus making a reflectivi-

ty measurement preferable to a transmission mea-
surement where the GaAs substrate and associated
interference structure would contribute decisively
to the results). To simulate the effect of the layer,
wc assUmcd 8 «-pm thick 18ycI' with magnetlc-
field-independent refractive indices. These were es-
timated assuming a carrier concentration of
2 g 10' cm and a frequency —relaxation-time
product ~~=0.5.

%c thus end up with a four-layer interference
problem consisting of vacuum, IQAs, transition

layer, and GaAs substrate. The contribution of the
accumulation layer and also the gate electrode is
taken into account in the usual way,

'
by modify-

ing the complex reflection aInplitudc between layer
1 (vacuum) and layer 2 (InAs) according to

1 —n2+ &2d
C

~12
lN~«+n2-
C

n2, the complex refractive index of the InAs layer,
is determined by the bulk carrier density n,
conduction-band-edge mass mcBE, and bulk relaxa-

tion time r. The conductivity o2d(X„H)
=iso/4m'~(N„H) in cgs units and for the cyclo-
tron-resonance-active (CRA) mode is given by

2

(N„H)=3.86X10' +gsec
eH—i 1—

Pl~) CO

Ate+
o)mes

The first two terms represent the contributions of
gate electrode and bound-state electrons, respective-

ly. The last term is proportional to hÃ~, the net

change per unit area of the number of bulk dec-
trons as 8 function of gate voltage. It rcQects the
response of the bulk, degenerate electron gas in

screening the external field, and is thus of special
interest.

From fitting the magnetoreflectance at 1«8, 84,
and 78 pm, and taking nonparabolicity into ac-
count, we find mcsE ——(0.0246 + 0.0005)m, . This
is in agreement w'ith the value given by Pidgeon,
Mitchell, and Brown, ' but is somewhat higher
than the result of Litton, Dennis, and Smith.
Thc QOIIllnal conccntratlon, n =2+ «0 cm

&
of

our sample was consistent with our data at 20 K,
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FIG. 4. Fit of the differential reflectivity. Also in-

cluded is the total sample reflectivity at flatband and the

separate contributions to M from each subband i and

from the bulk screening charge ~~.

and was therefore the value adopted in the fits.
The value for hÃz used for Fig. 4 was 1.2& 10"
cm . However, we believe this to be artificial,
since the hA peak which gives rise to this value
(see Fig. 4) contains a "masking" contribution.
Such a "masking" arises whenever an additional
reflective layer (in this case the accumulation layer)
is placed between source and medium (the bulk
layer). Even if the conductivity of the accumula-
tion layer is independent of H, every structure
R (H) appears also (with negative sign) in b,R (H),
because the reflectivity change effected by the accu-
mulation layer depends on the absolute magnitude
of R (H) already present (see, e.g., the structure at
H =3.5 T in the i =0 curve of Fig. 4). In addi-

tion, changes in total number of bulk carriers lead
to a shift in dielectric anomaly position and thus to
a distortion of line shapes in this narrow region of
magnetic field. Although these effects are auto-
matically included in the calculation, fitting errors
are too large at this point to clearly separate out
the contribution of ~~ and the value quoted
above for Fig. 4 is to be taken as an upper bound.
A final bulk parameter which enters the fitting is
the scattering rate. At 118 pm we found cor=30
to satisfactorily describe the data; it was also in
reasonable agreement with the sample mobility.

given more accurately by analysis of SdH data
than by cyclotron resonance. The SdH values are
consistent with our magneto-optical data and were,
therefore, adopted. We found N, o

——(1.41+0.06)
X10" (VG —VTO) cm, 1V, ~

——(0.39+0.02)
X 10" (VG —Vz ~) cm, and N, z

——(0.12+0.01)
X 10" (VG —VT2~ cm, where the gate voltages at
which the subbands become occupied are VTp

=VFB ———11.6+0.5 V, VT) ———11.3 +0.5 V, and
VT2 —7.5+1.0 V. These results are in good agree-
ment with those quoted by Wagner et al. The
highest subband, i =3, observed in our experiment
is hinted at in the SdH data. As seen in Fig. 3,
its existence is immediately apparent in cyclotron
resonance. For this subband we have taken the
Ng 3 values from fitting the magneto-optical data at
the various values of Vg. We find N, 3

=(0.13+0.04) X 10" (VG —VT3) cm with

Vq3 ——10+4 V. In such fitting it is the integrated
amplitude of each resonance which determines the
corresponding N„value.

It is chiefly the positions of the resonance peaks
which determine m,';. We take the fit values we
obtain for the m,'; at various gate voltages and plot
them against the corresponding subband occupa-
tions N„as determined above. The results for 78
pm and 20 K are shown in Fig. 5. The resonance
from the 0th subband could be clearly identified
only at gate voltages just above flatband; only two
such points are plotted in the figure. The indicated
uncertainties arise mainly from our estimated error
in fitting and in the values of N„.

Figure 6 shows the results for the scattering

0.050

O.OE0

0.035

2. Subband parameters
0.030

Having described the bulk parameters and their
values chosen for the fit, we now turn to the pri-
mary objects of interest, the values for the subband
parameters, N„, m,';, and v;.

In general, values for subband occupation N„are

0.025

05 15 2 si(~ cm

FIG. 5. Subband cyclotron masses as a function of
subband occupation from fitting to the data of Fig. 3.
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FIG. 6. Subband scattering rates obtained from the

data of Fig. 3.

rates 1/r;. Qualitatively the behavior is as expect-

ed: The more tightly an electron is bound to the
surface, the higher is its scattering rate, reflecting

the predominance of surface scattering. The most

weakly bound third subband has the lowest rate,
which is only about a factor of 3 higher than the
bulk rate. At the highest gate voltage, on the other
hand, the 0th subband has an extrapolated rate
-25 times higher. Similar values of I/~; are es-

timated from the SdH oscillations. Taking co,~=1
at the lowest magnetic field where the oscillations
are observable we obtain: 1/ra=2)& 10' sec
1/~i-1)&10' sec ', 1/~2-0. 5X10' sec ', and

1/~3-0. 3 X 10' sec

B. Degenerate case

1. Measurements

In the samples with bulk concentrations 2)& 10',
5)& 10', and 1)& 10' cm it was considerably

more diAicult to extract useful fit parameters from

our magneto-optical data. The immediate reason
for this difficulty is apparent in Fig. 7, where

representative traces of the magnetoreflectivity are
shown for a 2&10' -cm sample. Owing to an
increase in 1/~; over the 2&10' -cm sample, in-

stead of resolved cyclotron resonance peaks, in gen-

eral, only a broad maximum is seen. Furthermore,
above the bulk cyclotron resonance, the helicon
modes in our plane-parallel slabs are modified by
the space-charge layer thus causing oscillations in
AR. ' These oscillations obscure the bound-elec-
tron resonances and further hamper the fitting.

dielectric anomaly
I I

2 4

FIG. 7. Differential reAectivity in a 2X 10 -cm

sample in the cyclotron-resonance-active mode; bulk res-
onance position and dielectric anomaly are indicated.
Arrows mark resonance positions for the various sub-

bands as calculated from the measured X„and m,*;(W„)
taken from Fig. 5.

The magnetoreflectance curves observed for the
high-concentration samples are consistent, howev-

er, with the mass values shown in Fig. 5 for the
2X10' -cm sample (see Fig. 7). We turn, there-

fore, to the surface SdH oscillations as a more

promising source of information.
With increasing degree of degeneracy, the con-

ductance contribution of the bound carriers de-

creases relative to that of the mobile carriers. At
n =2)(10' cm, for example, the bound-carrier
conductance is only about 1% of the total conduc-

tance measured between source and drain contacts
at the highest accumulation densities. In the
modulated transconductance, however, the bulk

contribution is suppressed. Thus, even in the

highest concentration samples, measurement of
SdH oscillations in the bound-carrier magnetocon-
ductance is easily accomplished conventionally.

2. E.esults

Typical SdH oscillations, characteristic of
bound-carrier states, are shown for an n =1)&10'-
cm-3 sample in Fig. 8. Three separate sets of os-
cillations are seen; each is identified with the Lan-
dau levels corresponding to a given subband. At
constant gate voltage the observed periodicity in

1/H allows one to determine the concentration
contribution X„.of each subband i. These extract-
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TABLE I. Subband thresholds N„. and population rates for the samples investigated.

n (cm 3) EF (meV) N, (10" cm ) AN„/AN,

(2.0 +0.6)x10' ' 2.4+0.2 0.24+0.02 0.75 +0.02
0.20 +0.01
0.064+0.005
0.06 +0.02

0.032+0.003
0.17 +0.02
1.16 +0.1

4.3 +0.6

(2.0 +0.2) &(10' 10.7+0.5 1.14+0.05 0.65 +0.02
0.20 +0.01
0.063+0.004

0.17 +0.01
0.51 +0.03
1.53 +0.1

(5.1 +0.1)X 10'" 19.4+0.3 2.09+0.03 0.66 +0.02
0.205+0.004
0.057+0.004

0.32 +0.01
0.77 +0.02
2.48 +0.03

(1.00+0.02) &(10' " 29.9+0.5 3.28+0.05 0.68 +0.02
0.197+0.003
0.051+0.004

0.48 +0.02
1.13 +0.02
3.5 +0.3

R. J. Wagner, T. A. Kennedy, and H. H. Wieder, in Proceedings of the International Conference on the Electronic
Properties of Two Dimensio-nal Systems, Berchtesgaden, July 1977, edited by P. J. Stiles and G. Durda (North-Holland,

Amsterdam, 1979).
"Determined by analysis of bulk SdH oscillations.

of VT~, as is shown in the inset of Fig. 10. The
lowest subband density observed, however, corre-
sponds to the calculated E, within the experimen-
tal uncertainty of +5%. This sort of pinning
behavior indicates an influence of the most weakly

de
0

bound state on the long-range part of the surface
potential. Detailed understanding of this
phenomenon requires further, both experimental
and theoretical, investigations.

Within the resolution of our data (+4&& 10'
carriers/cm ) we observe no discontinuity in the
occupation of already bound subbands, when an
additional subband is abruptly populated.

IV. DISCUSSION

-6
tt)

c

.2
-1P 9

l

]p Va(V)

2

FIG. 10. SdH oscillations as a function of magnetic
field at various gate voltages near ~Ti. Inset shows

N, i( VG) as determined from the observed SdH periods.

A. Effective masses

Each subband i of the two-dimensional gas is
characterized by its dispersion,

fi k
E =E;+

2ppl

where E; is the quantized energy for motion nor-
mal to the layer and the parabolic term represents
free-electron-like motion in the layer plane. The
corresponding density of states (for both spins) is
m "/trit . When the subband edge is at an energy
E =—EF—E; below the Fermi energy, the total
number of carriers N„ in the subband is E m*/

A measurement of m' and X„, therefore, al-

lows one to determine E .
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In a nonparabolic system the above analysis
must be modified. That nonparabolicity is impor-
tant in InAs is evident from Fig. 5 where the
masses are seen to increase as the energies E in-

crease. The values of the E; are only a fraction of
the gap energy [EG 410——meV (Ref. 12)], however,

so that as a first approximation ' one expects the
form of the familiar two-band model to describe
the mass variation with energy:

2Em'=— 1+
EG

where m cBE is the mass at the conduction-band-

edge. Inserting this expression into the density of
states and integrating, we find

g~CBEEi

using his correction factor. Tsui's mass, which
was determined in an n =5.4X10' - cm sample,
appears to be consistent with our values for this
subband. Also seen in the figure is the result of a
calculation (more sophisticated than our two-band
estimate) by Washburn, Sites, and Wieders of the
subband mass variation with N„. They also ob-
tained experimental values of the subband cyclo-
tron masses from the temperature dependence of
the SdH oscillations. These values lie close to, but
slightly above, their calculation. Above about
0.5& 10' cm, our results and the SdH masses
deviate. The reason for this is not clear; we note,
however, that large correction factors, -20%, were
used in determining the SdH masses.

B. Subband energies

Solving this equation for E and inserting the
result into Eq. (3), one obtains m' as a function of
X„. This two-band approximation is indicated in

Fig. 5. Although it appears to describe the mass
variation for the 0th subband, it clearly underesti-

mates the masses of the excited subbands. %e ex-

pect the subband masses to extrapolate to the ob-

served bulk mass at N„=O rather than to the
band-edge mass. This results from nonparabolicity
due to the finite frequency, fun=15. 8 meV, at
which the masses are measured.

In Fig. 5 we have also indicated a 0th subband

mass value extracted from Tsui's measurement

As mentioned above, onc can usc thc IDeasufcd
effective masses and subband occupation densities
to predict the subband energies E;. Nonparabolici-
ty can be included by utilizing Eqs. (4) and (5).
Using the experimental masses measured in the
2&&10' -cm sample (Fig. 5) and the N» values
from Table I, wc arrive at the results plotted in
Fig. 11. Systematic errors may be introduced here,
if the subband masses depend strongly on bulk car-
rier concentration, or if large deviations from the
two-band model assumed in calculating thc density
of states occur. Both these corrections seem to be
small in oui case considering thc good agrccmcnt

E
(meV)

n = 2.0 x 10+ cm 3

n = 2.0~10'scm 3

~~~ —n= 5.1 ~10' cm

1.0x10" cm

Eo

0 1 2 3 4 5 6 Ns (1p'2cm2)

FIG. 11. Subband binding energies measured from the conduction-band edge versus total carrier density.
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of our subband cyclotron masses with Tsui's data
and the consistency among our diferent concentra-
tion samples. %C therefore estimate systematic er-
rors in E; to be only a small fraction of the total
nonparabolicity correction (maximum of 40% for
/ =0); experimental errors in N„and m,'; lead to
an uncertainty in E; of +10%% or less. From this

plot onc can IcRd OA intcfsubband cncfgics foI'

transitions from subband edge to subband edge:
faro,j ——E; —EJ as a function of X,. This prediction
is in reasonable agreement with observed values.

It is also of interest to compare our subband en-

ergies E; to the (zero-bias) binding energies found

by Tsui. In a 1.3)&10' cm sample he Gnds

two bound states with 2&10 and 7.7&10 cm
surface electron densities. Comparing this result to
ours in the 1&10 cm sample, we find that
when our ground state contains 2&10' cm elec-

trons, ihe first excited state has 7X 10 cm, and

the second excited state is not yet bound (Fig. 9).
Thus the numbers are compatible with Tsm's and

with his observation of only two bound states in

his layer of (quasi) fixed density. In his lowest

concentration samples (2.2 X 10' cm ), however,

Tsui also observes only two bound states. Our Fig.
11 predicts that, for this concentration, three
bound states should be observed whenever Eo
exceeds about 80 meV. For Tsui's observation of
only two bound states to be consistent with our

data, his ground-state bias voltages —170 meV
would need to be severely adjusted to produce a
zero bias Eo & 80 meV. An alternative possibility

is that a third bound-state tunneling dip contri-

butes to the structure due to the conduction-band

edge in Tsui's data. (The binding energy of the
third state would be small, —10 meV. ) This possi-

bility was, however, considered unlikely by Tsui'

because of the absence of third-state Landau-level

oscillations in the. tunneling current.

C. Comparison with theory

Up to now we have avoided discussion of the
determination of the total induced concentration

N, ( Vo ). The difHculty does not lie in finding the
slope AN, fhVG. It is uniquely fixed by the mea-

sured capacitance. The dif6culty lies in determin-

ing the gate voltage at which X,=0, i.e., the "fiat-
band" voltage VFB. For the N, axis in Fig. 9, we
set X,=0 at the gate voltage where the ground-
state density N, o extrapolates to zero. Although
this is a reasonable procedure in the low-concen-
tration, nondegenerate limit (2X 10' cm ), it is
arbitrary for the higher concentrations.

FIG. 12. Comparison of bound-state density and total
induced charge with the zero of X, shifted from that of
Fig. 9 to X,o.

To determine VFB in the degenerate Hmit, we
turn to the theoretical work of Baraff and Appel-
baum. They find that even with no external elec-
tric field (i.e., at "flatband") there exists a self-
consistent potential well of suNcient strength to
support a bound state for values of the bulk effec-
tive inter-electron spacing r, g 1.0. In InAs this
corresponds to concentrations of n & 7& 10' cm
The binding energy is found to be only a few per-
cent of EI; —E„thus the bound state contasns
-N, electrons, and therefore Vps V(N p). Fol-
lowing this argument, %'c RIc justiflIcd In taking
N, =0 at the threshold voltage V(N, p) of the
ground-state subband. In Fig. 12 we have replot-
ted the results for n =1&(10' cm from Fig. 9,
again neglecting pinning effects in the vicinity of
the N„(cf. Fig. 10). In Fig. 9, one observes no
discontinuities in the N„values of lower-lying sub-

bands when a new subband is bound. This is in
accordance with the Baraff-Appelbaum prediction
that the self-consistent potential varies continuous-

ly with. cxtcrnal f1eld, Rs Rlso observed by Tsul.
Since the total induced charge also varies continu-

ously with gate voltage, the discontinuous increase
in total bound-charge density Q, N„which occurs.
whenever a new state is bound, must be compen-
sated by a corresponding decrease in mobile-charge
density 6N&. As seen in Fig. 12, choosing N, =0
at V(N, p) indicates that there is a depletion of
mobile charge at the surface which is most pro-
nounced at those gate voltages where a new surface
level is bound. As discussed by Baraff and Appel-
baum, these compensating, negative discontinuities
in hN~ refiect the orthogonality requirement of
bound- and mobile-electron wave functions.
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