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Evolution of electron states at a narrow-gap semiconductor surface in an accumulation-laye
formation process
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Adsorption on a doped semiconductor surface often induces a gradual formation of a carrier-accumulation
layer at the surface. Taking full account of a nonparabolic~NP! conduction-band dispersion of a narrow-gap
semiconductor, such as InAs and InSb, we investigate the evolution of electron states at the surface in an
accumulation-layer formation process. The NP conduction band is incorporated into a local-density-functional
formalism. We compare the calculated results for the NP dispersion with those for the parabolic~P! dispersion
with the band-edge effective mass. With increase in the accumulated carrier densityNS , the accumulated
carriers for the NP conduction band start to be more localized in closer vicinity to the surface than those for the
P one. As the bottoms of a few lowest subbands drop below the Fermi level one after another with increase in
NS , the nonparabolicity begins to have a great influence on the dispersion and the bottom of each of these
subbands, particularly on those of the lowest subband. The present work provides a numerical basis for making
a quantitative examination of surface electronic excitations in the accumulation-layer formation process.
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I. INTRODUCTION

Adsorption on a doped semiconductor surface often
duces a gradual formation of a carrier-accumulation
carrier-depletion layer at the surface. Among these examp
it is known that a carrier-accumulation layer is read
formed on InAs surfaces. A clean InAs~110! surface suffers
the same relaxation as a clean GaAs~110! surface.1–9 On a
relaxed clean~110! surface of InAs, the In and As atoms i
the top layer are displaced below and above the sur
plane, respectively. This surface relaxation pushes an
derived dangling-bond state above the conduction-band
tom and an As-derived one below the valence-band top.
cordingly, the band is flat at the clean well-defined In
~110! surface. However, a tiny quantity of adsorbate, such
H atoms,10 N atoms,11 O2 molecules,12,13Cl2 molecules,13 Sb
atoms,14 and alkali-metal atoms,15,16 or a minute amount of
surface defects17 induces a carrier-accumulation layer at
n-type InAs~110! surface. On the other band, there is alrea
an accumulation layer at a clean~001! surface ofn-type InAs
prepared by the molecular-beam epitaxy~MBE!.18–20To pre-
vent contamination and damage on the surface, Nogu
Hirakawa, and Ikoma20 investigated a pristine surface imm
diately after MBE growth without exposure to air, and Be
McConville, and Jones19 used a protective-overlayer tech
nique. In the light of these careful preparations, the abo
stated accumulation layer is considered to be intrinsic to
clean~001! surface. In addition, the accumulated carrier de
sity depends upon whether the surface is As-stabilized
In-stabilized.20 At light doping, the accumulation layer be
comes distinctly localized near the surface, while, at he
doping, the accumulation only means that the carrier den
in the semi-infinite system becomes enhanced in the ne
borhood of the surface. With further increase in doping lev
there occurs no substantial accumulation at the surface.21

There are several schemes available for calculating
carrier-density distribution and the effective one-electron
0163-1829/2002/66~20!/205309~8!/$20.00 66 2053
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tential self-consistently in the absence and the presence
surface space-charge layer. To perform self-consistent ca
lations with reasonable effort, we often replace the surfa
state charges due to carrier transfer to or from the conduc
band by a uniform charge distribution at the surface. The fi
one of these schemes is a Hartree calculation using a pa
eterized Morse potential for the effective potential.22,23 This
parameterized scheme saves considerable effort in
consistent calculations of semi-infinite systems. The sec
one is a complete Hartree calculation of a carrier system
semiconductor slab.10,24–26The effective potential is calcu
lated numerically without parametrizing it. The slab geo
etry makes it easier to obtain a self-consistent solution t
the semi-infinite geometry. The third one is a local-densi
approximation~LDA ! calculation of a carrier system in th
semiconductor slab.27 The slab is taken to be sufficientl
thick that the carrier-density distribution at the slab surfa
becomes equivalent to that at the surface of the semi-infi
system.

The presence of the accumulation layer has a remark
influence on surface excitations of carriers often coup
with surface polar phonons. These surface excitations ca
observed by high-resolution electron energy-loss spect
copy ~HREELS!. As mentioned above, hydrogen adsorpti
on ann-type InAs ~110! surface causes a gradual formatio
of the accumulation layer at the surface. For lightly dop
InAs, Chen, Hermanson, and Lapeyre have clearly obser
the evolution of the coupled surface-excitation modes in t
formation process.10 The variation in the EEL spectrum ca
be explained by growth of quasi-two-dimensional plasmo
coupled with surface polar phonons. On the other hand, th
are some other EELS measurements on an intrinsic accu
lation layer at a cleann-type InAs ~001! surface prepared
carefully.19,20 At light doping, quasi-two-dimensional plas
mons occur in a sharply localized accumulation laye20

while, at heavy doping, electronic excitations in the accum
lation layer are virtually surface plasmons in a semi-infin
system with the carrier density enhanced near the surfac19
©2002 The American Physical Society09-1
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In relation to the EELS measurements, the surface exc
tions in the absence and the presence of a surface sp
charge layer have been calculated by means of a hydr
namic theory combined with a step density-profi
model,19,28,29 a semiclassical local-response theory form
lated in Ref. 30,10,20,25the random-phase approximation,31–34

and the time-dependent LDA.35 The last two accurate
schemes taking account of nonlocal effects require the
merical results of thermal-equilibrium or ground states o
tained from the Hartree and the LDA calculations, resp
tively.

The conduction band of a III–V semiconductor GaA
InP, InAs, or InSb is appreciably or highly nonparabo
~NP!, though almost isotropic. Particularly, a narrow-g
semiconductor InAs or InSb possesses a conspicuously
conduction band. When this semiconductor isn-doped, the
nonparabolicity has a great influence on electronic exc
tions in the conduction band. As for plasmons in the bu
often coupled with polar phonons, there have been some
oretical schemes to incorporate the effects of the nonpar
licity into the RPA, in connection with Raman and infrare
reflection measurements. The most advanced one am
these schemes is to employ a NP dispersion as such obta
by a k"p method36 in the susceptibility of carriers.37,38 A
simplified version of thek"p method with the spin–orbi
splitting neglected is often used to facilitate the calculat
of the susceptibility.37 However, a complete version of th
k"p method including the spin–orbit splitting gives bett
and excellent agreement with experimental results
infrared-reflection measurements.38 The important point is to
treat the dispersion around the Fermi level as accuratel
possible, because plasmons are constituted of electronic
sitions around the Fermi level.

This kind of accurate treatment of the NP dispersion is
so advanced in calculations of surface states and excita
as in those of bulk states and excitations. One simple sch
for surface excitations is to employ a parabolic~P! dispersion
with its effective mass modified.33–35,39The effective mass is
so adjusted that the surface–plasmon energy at surf
parallel wave numberQ50 accords with that for the NP
band obtained by the complete version of thek"p method.
However, this scheme can give a good description of surf
plasmons only in a smallQ range. In another scheme treatin
an accumulation layer, the EEL spectrum has been calcul
by using a step profile of the carrier density that appro
mates to the accurate density profile in thermal equilibri
taking account of the nonparabolicity.28,29 The latter density
profile is calculated by the modified Thomas–Fermi appro
mation that involves the NP band obtained by the simplifi
version of thek"p method.40 However, this is a simplified
scheme to calculate the EEL spectrum with reasonable ef
It is anticipated that the NP dispersion is incorporated
accurate schemes, such as the RPA and the time-depe
LDA, in a complete manner.

In the present work, we investigate the evolution of ele
tron states at a narrow-gap semiconductor surface in
accumulation-layer formation process. We incorporate a
conduction-band dispersion obtained by the complete
sion of thek"p method into the LDA formalism. We build up
20530
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an exchange potential at finite temperatures that takes
account of the NP dispersion. Our calculation elucidates
carrier-density distribution, the effective one-electron pote
tial, and the constituent subbands at each stage of the fo
tion process. We evaluate the effects of the nonparaboli
by comparing the results for the NP dispersion with those
the P dispersion with the band-edge effective mass. It tu
out that, with increase in the accumulated carrier density,
nonparabolicity begins to exercise a great influence on
dispersion of a few lowest subbands around the Fermi le
This implies that the nonparabolicity profoundly affects t
electronic excitations in the accumulation layer. The pres
work furnishes a numerical basis for the next quantitat
study of surface electronic excitations in the accumulati
layer formation process.

II. THEORY

In this section, we describe a theoretical framework
our following analysis. For convenience of calculation, w
employ a doped semiconductor slab thick enough to rep
a semi-infinite system even in the presence of heavy ca
accumulation at the surface. Our carrier system is assume
be in a uniform background which is electrically positive d
to ionized donors and whose polarization is described b
static dielectric constant«0 . In n-type narrow-gap semicon
ductors, such asn-InAs andn-InSb, the combination of an
extremely small effective mass and a large dielectric cons
gives a very large effective Bohr radius. Therefore, incre
ing the doping level readily leads to such a high effect
density of carriers that an impurity band due to dono
merges into the conduction band. In this case, ionized don
can be spread out into a uniform distribution of positi
charges. The characteristic length to describe the penetra
of electron states into the vacuum~;1 Å! is much shorter
than that to describe the carrier-density variation in an ac
mulation layer~several tens of Å!. Accordingly, it is a good
approximation to impose a boundary condition that wa
functions of carriers vanish at the background surface
surface states release some of their electrons into the con
tion band, the surface becomes positively charged, an
carrier-accumulation layer is formed just on the inside of
positively charged surface. For simplicity of calculation, w
describe the charged surface by a uniform distribution
surface charges that extends right outside and along e
background surface.10,22–29,31,32,35We assume the charge ne
trality of the whole system that is composed of the carr
system, the positive background, and the surface-charge
tribution.

We take az-axis to be normal to the surfaces of the bac
ground slab with thickness 2l . The surface planes are locate
at z50 and 2l . We employ the following Schro¨dinger equa-
tion that can be applied to a general energy dispersion of
conduction band:

@EC~2 i¹!1V~z!#C~R,z!5EC~R,z!, ~1!

where EC(2 i¹) is the conduction-band dispersionEC(k)
with its wave vectork replaced by a differential operato
2 i¹. The symbolsR and V(z) denote a surface-paralle
9-2
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EVOLUTION OF ELECTRON STATES AT A NARROW- . . . PHYSICAL REVIEW B 66, 205309 ~2002!
position vector and an effective one-electron potential,
spectively. The above equation withEC(2 i¹) is derived by
the Wannier representation, andC(R,z) represents an enve
lope function in terms of Wannier functions.41 This equation
is valid, when the potentialV(z) varies slowly on the scale
of lattice constants. Each eigenfunction for surface-para
wave vectorK and subbandj can be expressed by a produ
of the surface-parallel component and the surface-nor
one as

CK , j~R,z!5
1

AA
exp~ iK•R!fK , j~z!, ~2!

whereA denotes the area of the background slab. Under
boundary condition mentioned above, the surface-nor
componentfK , j (z) can be expanded in a Fourier sine ser
as

fK , j~z!5 (
n51

`

an
~K , j ! 1

Al
sinS np

2l
zD . ~3!

By this expansion, the differential equation Eq.~1! can be
transformed into a matrix-eigenvalue problem of the form

(
n51

`

Mlnan
~K, j !5E~K, j !al

~K, j ! , ~4!

where the matrix elementMln is written as

Mln5EC~kl!dln1
1

l E0

2l

dzV~z!sinS lp

2l
zD sinS np

2l
zD .

~5!

In Eqs.~4! and~5!, EC(k), E(K , j ), andal
(K , j ) are expressed

merely asEC(k) (k5uku), E(K, j ), and al
(K, j ) (K5uK u),

respectively, because these quantities are isotropic with
spect tok or K . The wave numberkl is defined by

kl5AK21~lp/2l !2, ~6!

anddln signifies the Kronecker delta.
We can calculate the conduction-band dispersion by us

the complete version of thek"p method in Ref. 36. The en
ergy EC for eachk can be obtained by taking the large
solution of an algebraic equation forE8,

E8~E81EG!~E81EG1D0!2k2P2~E81EG12D0/3!50,
~7!

whereEG andD0 denote the energy gap and the spin–or
splitting, respectively. The solution ofE8 is related toEC(k)
by E85EC(k)2\2k2/2m0 with the free-electron massm0 .
The coefficientP is given by

P25
3\2~1/m0* 21/m0!

2@2/EG11/~EG1D0!#
, ~8!

with the band-edge effective massm0* .
The carrier-density distributionn(z) and the effective

one-electron potentialV(z) can be obtained by solving Eqs
~4! and ~5! and the following equations self-consistently:
20530
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p (
j
E

0

`

dK
KufK, j~z!u2

exp@b$E~K, j !2m%#11
, ~9!

NS5
1

2 E0

2l

@n~z!2n0#dz, ~10!

V~z!5VH@n;z#1VX@n#. ~11!

Here, the symbolb is defined byb51/kBT in terms of the
Boltzmann constantkB and the absolute temperatureT, and
n0 is the donor density or the carrier density in the bulk. T
density NS designates the accumulated carrier number
unit area for each surface. Equations~9! and ~10! are em-
ployed to determine the Fermi levelm for given n0 andNS .
The effective potentialV is made up of the Hartree potentia
VH and the exchange potentialVX . By solving Poisson’s
equation,

d2

dz2 VH@n;z#52
4pe2

«0
@n~z!2n0#, ~12!

we can obtain the following form ofVH :

VH@n;z#52
4pe2

«0
E

z

l

dz8~z82z!@n~z8!2n0#. ~13!

We can take account of the exchange-correlation~XC! ef-
fects by means of the LDA. However, as far as we kno
there is no parameterized XC potential available for a
conduction-band dispersion. In the present work, we c
sider only the exchange~X! potentialVX that can be calcu-
lated with reasonable effort. TheX part of the Helmholtz free
energy for a bulk electron system can be expressed as42

FX52V0E d3k

~2p!3 E d3q

~2p!3

4pe2

«0uk2qu2 f ~k! f ~q!

52V0

e2

2p3«0
E

0

`

dkE
0

`

dq k q f~k! f ~q!lnUk1q

k2qU,
~14!

where a symbolV0 and a multiplied factor 4pe2/«0uk2qu2
are a system volume and a Fourier transform of the Coulo
potential, respectively. The Fermi–Dirac distribution fun
tion f (k) in Eq. ~14! is defined by

f ~k!5
1

exp@bEC~k!2h0#11
, ~15!

with h05bm. On the other band, the electron numberN is
written as

N52V0E d3k

~2p!3 f ~k!5
V0

p2 E
0

`

dk k2f ~k!. ~16!

This equation is used to determineh0 or m for given electron
densityn05N/V0 and temperatureT. The X potentialVX is
given by
9-3
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VX5S ]FX

]N D
T,V0

5
~]FX /]h0!T,V0

~]N/]h0!T,V0

, ~17!

where the numerator and the denominator are expresse

S ]FX

]h0
D

T,V0

52V0

e2

2p3«0
E

0

`

dkE
0

`

dq k q f~k! f ~q!

3$22 f ~k!2 f ~q!% lnUk1q

k2qU, ~18!

and

S ]N

]h0
D

T,V0

5
V0

p2 E
0

`

dkk2f ~k!$12 f ~k!%, ~19!

respectively. The potentialVX in Eq. ~17! is used in our
self-consistent calculation forn(z) and V(z). For a P con-
duction band, there is a parametrized form ofVX as
follows:43

VX52S 9

4p2D 1/3 e2

«0r s* aB*
GS kBT

«F
D , ~20!

where the effective Bohr radiusaB* is defined by aB*
5«0\2/m0* e2. The density parameterr s* is related to the
carrier densityn by (4p/3)(r s* aB* )3n51. The temperature
factor G(kBT/«F), where «F stands for the Fermi energ
defined atT50, is given by

G~x!5
11c1x21c2x41c3x6

11~c11p2/12!x21c4x41c3x5~Ax/2p13x2/2!
,

~21!

with c1541.775,c2527.390,c354287.2, andc4550.605.
We employ a standard iteration scheme to obtain a s
consistent solution of Eqs.~4!, ~5!, and~9!–~11!.

We can decomposen(z) into contributions of the con-
stituent subbands. The componentnj (z), namely, the contri-
bution of subbandj to n(z) is given by the summand on th
r.h.s. of Eq.~9!. By integratingnj (z) in z, we can obtain the
areal carrier density of subbandj as

Nj5
1

p E
0

`

dK
K

exp@b$E~K, j !2m%#11
. ~22!

III. RESULTS AND DISCUSSION

By means of the theoretical framework in Sec. II, w
investigate the evolution of electron states at a narrow-
semiconductor surface in an accumulation-layer format
process. As described in Sec. I, hydrogen adsorption on
n-type InAs ~110! surface induces a gradual formation of
carrier-accumulation layer at the surface. Our calculati
are concerned with this case. The donor densityn0 and the
temperatureT are taken to ben051.331016 cm23 and T
5300 K, respectively, corresponding to the HREELS m
surement in Ref. 10. We employ the value of the static
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electric constant«0515.15,44 and our background slab i
600 nm thick.

Before examining electron states at the surface, we a
lyze the energy dispersion of the conduction band in
bulk. Figure 1 shows the dispersionEC(k) in comparison to
the parabolic dispersion with the band-edge effective m
m0* . The dispersionEC(k) has been calculated by using th
band gap EG50.3543 eV,45 the spin–orbit splittingD0

50.381 eV,46 andm0* 50.02195m0 .47 The band gapEG de-
pends uponT remarkably, and the aboveEG value is forT
5295 K. With increase ink, the dispersionEC(k) begins to
deviate downward from the parabolic dispersion conspi
ously, and changes into a linearlike increase. This noticea
deviation implies a high nonparabolicity. These two disp
sions are employed in our calculations of electron state
the surface.

Hereafter, we investigate the evolution of electron sta
at the surface in an accumulation-layer formation proce
Figures 2~a! and 2~b! exhibit the variation of the carrier
density distributionn(z) and the effective one-electron po
tentialV(z) in the formation process, respectively. The acc
mulated carrier densityNS is varied from 0 to 1.6 in units of
1012 cm22. Each NS value is assigned to a pair of a fu
curve and a broken one. The full curves and the broken o
are obtained by using the NP dispersionEC(k) and the P one
with m0* in Fig. 1, respectively. With increase inNS , a peak
appears and grows in the carrier-density distributionn(z).
This indicates a gradual formation of an accumulation lay
The carrier densityn(z) approaches its bulk valuen0(51.3
31016 cm23) well below the surface. WhileNS is small,
there is only a small difference inn(z) between the NP and
P dispersions. With increase inNS , however, the peak for the
NP dispersion begins to become higher and closer to
surface than that for the P dispersion. This implies that
accumulated carriers are more localized in a nearer neigh
hood of the surface in the NP dispersion. The variation
V(z) corresponds to that ofn(z). The value ofV(z) is mea-
sured from its value well inside the material. At smallerNS
values, there exists only a small difference inV(z) between
the NP and P dispersions. With increase inNS , however, the
potential curve for the NP dispersion begins to deviate fr
that for the P dispersion to the surface. The peak inn(z)

FIG. 1. Energy dispersionEC(k) of the conduction band of InAs
at room temperature, in comparison to the parabolic dispersion
the band-edge effective massm0* .
9-4
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EVOLUTION OF ELECTRON STATES AT A NARROW- . . . PHYSICAL REVIEW B 66, 205309 ~2002!
arises from a screening effect of the carriers on the positiv
charged surface. As displayed in Fig. 1, the NP dispers
curve departs downward from the P dispersion curve. T
leads to a shorter screening length in the NP dispersion,
consequently a more localization of the carriers in clo
proximity to the surface. This situation can be understo
within the P-dispersion framework as well, namely, by
calling that the P dispersion with a larger effective ma
whose curve lies lower in energy, results in a shor
Thomas–Fermi screening length.

Next, we examine subbands that constitute the carr
accumulation layer. Figure 3 shows the energy dispers
E(K, j ) of the subbandsj at NS50.131012 cm22 ~a!, 0.8
31012 cm22 ~b!, and 1.631012 cm22 ~c!. The capitalK on
the abscissa denotes the surface-parallel wave number.
subbands are numbered byj ~51, 2, 3,...! in order of increas-
ing energy. Full curves and broken ones exhibit the res
for the NP and P conduction bands, respectively. The h
zontal linesmnp andmp display the Fermi levels for the NP
and P conduction bands, respectively. Figure 4 shows
decomposition of the carrier-density distributionn(z) into

FIG. 2. Evolution of~a! the carrier-density distributionn(z) and
~b! the effective one-electron potentialV(z) in the accumulation-
layer formation process. Each pair of a full curve and a broken
corresponds to a value of the accumulated carrier densityNS , and
the full curves and the broken ones are for the nonparabolic c
duction band and the parabolic one, respectively.
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contributions of the constituent subbands atNS50.1
31012 cm22 ~a!, 0.831012 cm22 ~b!, and 1.631012 cm22

~c!. The panels~a!–~c! in this figure correspond to those i
Fig. 3, respectively. The densitynj signifies the componen

e

n-

FIG. 3. Energy dispersionE(K, j ) of the subbandsj at NS

50.131012 cm22 ~a!, 0.831012 cm22 ~b!, and 1.631012 cm22 ~c!.
The full curve and the broken one for each subbandj represent the
dispersion for the nonparabolic conduction band and that for
parabolic one, respectively. The horizontal linesmnp andmp locate
the Fermi levels for the nonparabolic and parabolic conduct
bands, respectively.
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of subbandj. As in Fig. 3, full curves and broken ones de
ignate the results for the NP and P conduction bands, res
tively. A dotted horizontal line in Fig. 4~a! indicates the bulk
carrier densityn0 . When NS is small @see Figs. 3~a! and
4~a!#, even the bottom of the lowest subband is considera
above the Fermi levelm, and the constituent subbands a
commodate a small number of thermally excited carrie
These subbands make a comparable contribution ton(z)

FIG. 4. Decomposition of the carrier-density distributionn(z)
into contributionsnj (z) of the constituent subbandsj at NS50.1
31012 cm22 ~a!, 0.831012 cm22 ~b!, and 1.631012 cm22 ~c!. The
full curve and the broken one forn and eachnj indicate the density
for the nonparabolic conduction band and that for the parabolic
respectively. The horizontal dotted line in~a! designates the bulk
carrier densityn0 .
20530
c-

ly
-
.

with a small peak. There is a small difference inE(K, j ) and
nj (z) between the NP and P conduction bands. With an
crease inNS to 0.831012 cm22, the bottom of the lowest
subband drops significantly belowm, and the bottom of the
second lowest subband becomes close tom @see Fig. 3~b!#.
The dispersion of the lowest subband for the NP conduc
band departs conspicuously from that for the P conduc
band. The lowest subband with its bottom belowm consti-
tutes the main part of the grown peak inn(z), and the sub-
bands withj 52 and 3 form a tail part inn(z) extending into
a deeper region@see Fig. 4~b!#. With a further increase inNS
to 1.631012 cm22, the lowest subband sinks further in e
ergy, and its dispersion for the NP conduction band dep
greatly from that for the P conduction band@see Fig. 3~c!#.
Simultaneously, the bottom of the second lowest subb
also falls belowm, and there appears a noticeable depart
in dispersion in this subband as well. By comparing Fi
4~a!–4~c!, we can follow the variation in the carrier-densi
distribution of each subband. The lowest subband ofj 51
has a one-peak profile, and the density componentnj (z) of
j .1 shows an oscillation withj 21 nodes. As the positive
surface-charge density due to surface states becomes l
with increase inNS , the carriers in each subband begin to
attracted to the surface, and the peak inn(z) becomes
sharper and higher. With an increase inNS , it becomes more
evident that the density curve of the lowest subband for
NP conduction band deviates from that for the P conduct
band to the surface with its peak growth, which results in
more localization of the accumulated carriers in closer vic
ity to the surface.

Figure 5~a! exhibits theNS dependence of the subban
bottoms« j . The horizontal linesmnp and mp indicate the
Fermi levels for the NP and P conduction bands, resp
tively. A vertical arrow labeledkBTR shows an energy sepa
ration corresponding to room temperatureT5300 K. Figure
5~b! displays theNS dependence of the areal carrier dens
Nj of subbandj. The densityNj can be obtained by integrat
ing nj (z) in z. In Fig. 5~a! or 5~b!, filled circles connected by
full lines and open circles combined with broken lines re
resent the results for the NP and P conduction bands, res
tively. To understand the behavior in Fig. 5, we pay spec
attention to the lowest subband in Figs. 3~b! and 3~c!.
Though there is a great difference in dispersion between
NP and P conduction bands, the two dispersion curves of
subband must cross the corresponding Fermi levels near
the sameK value to satisfy the accumulated carrier dens
NS specified. This explains why theN1 value for the NP
conduction band differs only slightly from that for the
conduction band, as shown in Fig. 5~b!. As is consistent with
the conduction-band dispersions in Fig. 1, with an increas
K, the subband energyE(K, j 51) for the NP conduction
band rises at a slower rate than that for the P conduc
band. Accordingly, the subband bottom for the NP cond
tion band must be higher than that for the P conduction ba
in order that the two dispersion curves should intersect w
the m lines nearly at the sameK value. Figure 5~a! clarifies
that, with an increase inNS , the bottoms of a few lowes
subbands drop belowm one after another, and the bottom fo
the NP conduction band start to deviate upward from th

e,
9-6



e
s
in
e

nd
ve

av
-

lv

cor-
ve
ared
P

the

P
er
an
uc-
se in

e
P

the
le

ted

he

t a
the

is
for

han
ce-
the
in

lin-
al

ive
ith
ss.
us
sub-
e,
ions
wn
o-
ub-
ra-

vel,
ci-

c
rt,
al-

ate
en-
er-

le
oli
.

on

EVOLUTION OF ELECTRON STATES AT A NARROW- . . . PHYSICAL REVIEW B 66, 205309 ~2002!
for the P conduction band in a conspicuous manner. As
hibited in Fig. 5~b!, the densityNj of each subband increase
linearly with NS . There can be no substantial difference
Nj between the NP and P conduction bands, because thNj
values must satisfy the givenNS value.

IV. SUMMARY

Taking full account of a nonparabolic conduction-ba
dispersion of ann-type narrow-gap semiconductor, we ha
analyzed the evolution of electron states at the surface in
accumulation-layer formation process. With increase in w
numberk, the nonparabolic~NP! dispersion of the conduc
tion band starts to depart downward from the parabolic~P!
dispersion with the band-edge effective mass, and evo

FIG. 5. NS dependence of~a! the subband bottoms« j and ~b!
the areal carrier densityNj of the constituent subbandsj. In each
panel, the filled circles connected by full lines and the open circ
combined with broken lines exhibit the results for the nonparab
conduction band and those for the parabolic one, respectively
panel~a!, the energy levelsmnp andmp display the Fermi level for
the nonparabolic conduction band and that for the parabolic
respectively. The vertical arrow markedkBTR shows an energy
separation corresponding to room temperature.
20530
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into a linearlike increase. This NP dispersion has been in
porated in the local-density-functional formalism. We ha
calculated electron states at the surface, and have comp
the results for the NP conduction band with those for the
one. The evolution of the electron states with increase in
depleted carrier densityNS can be summarized as follows:

~1! With increase inNS , the accumulated carriers for the N
conduction band begin to be more localized in clos
vicinity to the surface than those for the P one. This c
be ascribed to the fact that the carriers in the NP cond
tion band possess a shorter screening length than tho
the P one.

~2! With increase inNS , it becomes more obvious that th
carrier-density curve of the lowest subband for the N
conduction band deviates from that for the P one to
surface with its peak growth. This is largely responsib
for the above-mentioned localization of the accumula
carriers in the nearer neighborhood of the surface.

~3! As the bottoms of a few lowest subbands fall below t
Fermi level one after another with increase inNS , the
nonparabolicity of the conduction band starts to exer
great and growing influence on the dispersion and
bottom of each of these subbands. This influence
greatest in the lowest subband. The subband bottom
the NP conduction band becomes remarkably higher t
that for the P one, and with increase in the surfa
parallel wave number, the subband energy rises from
bottom more slowly in the NP conduction band than
the P one.

~4! The areal carrier density of each subband increases
early with NS . The nonparabolicity has no substanti
influence on this density increase.

The present work forms a numerical basis for quantitat
calculation of the evolution of plasmons often coupled w
polar phonons in the accumulation-layer formation proce
This evolution can be observed by HREELS. Among vario
possible intrasubband and intersubband excitations, intra
band excitations in the lowest subband play a major rol26

and these excitations are composed of electronic transit
in the lowest subband around the Fermi level. As sho
clearly in Sec. III, the nonparabolicity has the most pr
nounced effect on the energy dispersion of the lowest s
band. This implies that accurate treatment of the nonpa
bolic subband dispersion, especially around the Fermi le
is indispensable for quantitative analysis of electronic ex
tations in the accumulation layer.
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