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Evolution of electron states at a narrow-gap semiconductor surface in an accumulation-layer
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 nonparab@iP) 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 pat@bdigpersion
with the band-edge effective mass. With increase in the accumulated carrier dégsithe 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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[. INTRODUCTION tential self-consistently in the absence and the presence of a
surface space-charge layer. To perform self-consistent calcu-
Adsorption on a doped semiconductor surface often indations with reasonable effort, we often replace the surface-
duces a gradual formation of a carrier-accumulation osstate charges due to carrier transfer to or from the conduction
carrier-depletion layer at the surface. Among these example§and by a uniform charge distribution at the surface. The first
it is known that a carrier-accumulation layer is readily One of these schemes is a Hartree calculation u§|n3g a param-
formed on InAs surfaces. A clean InA$10) surface suffers €terized Morse potential for the effective potenffaf? This
the same relaxation as a clean GaA&0 surface:®On a  Parameterized scheme saves considerable effort in self-

relaxed clear(110) surface of InAs, the In and As atoms in consistent calculations of semi-infinite systems. The second

the top layer are displaced below and above the surfacgne is a complete Hartree calculation of a carrier system in a

; 24-26 ; ol
plane, respectively. This surface relaxation pushes an | s_,em|conduct.or sIaE The efrec_tn_/e pptenual is calcu
: . . ated numerically without parametrizing it. The slab geom-
derived dangling-bond state above the conduction-band bot- ; : : . .
tom and an As-derived one below the valence-band to ACetry makes it easier to obtain a self-consistent solution than
. . ' P- Alhe semi-infinite geometry. The third one is a local-density-
cordingly, the band is flat at the clean well-defined InAs

; . v of adsorb h approximation(LDA) calculation of a carrier system in the
(110 surface. However, a tiny quantity of adsorbate, such agemiconductor slall. The slab is taken to be sufficiently
H atomst® N atoms!! O, moleculest>*3Cl, molecules-® Sb

14 ; o ) thick that the carrier-density distribution at the slab surface
atoms,* and alkali-metal atoms;*® or a minute amount of  pecomes equivalent to that at the surface of the semi-infinite
surface defectd induces a carrier-accumulation layer at an system.
n-type InAs(110) surface. On the other band, there is already ~ The presence of the accumulation layer has a remarkable
an accumulation layer at a cleé®@01) surface ofn-type INAs  influence on surface excitations of carriers often coupled
prepared by the molecular-beam epitdBE)."®~*°To pre-  with surface polar phonons. These surface excitations can be
vent contamination and damage on the surface, Noguchabserved by high-resolution electron energy-loss spectros-
Hirakawa, and Ikont investigated a pristine surface imme- copy (HREELS. As mentioned above, hydrogen adsorption
diately after MBE growth without exposure to air, and Bell, on ann-type InAs (110 surface causes a gradual formation
McConville, and Jonés$ used a protective-overlayer tech- of the accumulation layer at the surface. For lightly doped
nique. In the light of these careful preparations, the abovelnAs, Chen, Hermanson, and Lapeyre have clearly observed
stated accumulation layer is considered to be intrinsic to théhe evolution of the coupled surface-excitation modes in this
clean(001) surface. In addition, the accumulated carrier denformation proces$® The variation in the EEL spectrum can
sity depends upon whether the surface is As-stabilized obe explained by growth of quasi-two-dimensional plasmons
In-stabilized?® At light doping, the accumulation layer be- coupled with surface polar phonons. On the other hand, there
comes distinctly localized near the surface, while, at heavyare some other EELS measurements on an intrinsic accumu-
doping, the accumulation only means that the carrier densitiation layer at a cleam-type InAs (001) surface prepared
in the semi-infinite system becomes enhanced in the neigtearefully!®?° At light doping, quasi-two-dimensional plas-
borhood of the surface. With further increase in doping levelmons occur in a sharply localized accumulation |&er,
there occurs no substantial accumulation at the sufface.  while, at heavy doping, electronic excitations in the accumu-
There are several schemes available for calculating thiation layer are virtually surface plasmons in a semi-infinite
carrier-density distribution and the effective one-electron posystem with the carrier density enhanced near the sutface.
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In relation to the EELS measurements, the surface excitaan exchange potential at finite temperatures that takes full
tions in the absence and the presence of a surface spaascount of the NP dispersion. Our calculation elucidates the
charge layer have been calculated by means of a hydrodgarrier-density distribution, the effective one-electron poten-
namic theory combined with a step density-profiletial, and the constituent subbands at each stage of the forma-
modell®?82° 3 semiclassical local-response theory formu-tion process. We evaluate the effects of the nonparabolicity

lated in Ref. 30:22%%the random-phase approximatioi3* by comparing the results for the NP dispersion with those for
and the time-dependent LDR. The last two accurate the P dispersion with the band-edge effective mass. It turns
schemes taking account of nonlocal effects require the nuout that, with increase in the accumulated carrier density, the
merical results of thermal-equilibrium or ground states ob-nonparabolicity begins to exercise a great influence on the
tained from the Hartree and the LDA calculations, respecdispersion of a few lowest subbands around the Fermi level.
tively. This implies that the nonparabolicity profoundly affects the

The conduction band of a Ill-V semiconductor GaAs, €lectronic excitations in the accumulation layer. The present
InP, InAs, or InSb is appreciably or highly nonparabolic Work furnishes a numerigal ba§is_for the next quantita.tive
(NP), though almost isotropic. Particularly, a narrow-gapStUdy of surface electronic excitations in the accumulation-
semiconductor InAs or InSh possesses a conspicuously NRyer formation process.
conduction band. When this semiconductomnidoped, the
nonparabolicity has a great influence on electronic excita- Il. THEORY
tions in the conduction band. As for plasmons in the bulk, : . : .
often coupled with polar phonons, there have been some the- In this section, we describe a theoretical framework for

oretical schemes to incorporate the effects of the nonparach)—ur following analysis. For convenience of calculation, we

licity into the RPA, in connection with Raman and infrared- employ‘a _dqped semiconduqtor slab thick enough to replape
! semi-infinite system even in the presence of heavy carrier

reflection measurements. The most advanced one amo . ) .
these schemes is to employ a NP dispersion as such obtain cumulation at the surface. Our carrier system is assumed to
e in a uniform background which is electrically positive due

. 6 il £ 37,38
by a k-p method® in the susceptibility of carriers.”® A to ionized donors and whose polarization is described by a

simplified version of thek-p method with the spin—orbit tatic dielectri tant. In n-t )
splitting neglected is often used to facilitate the calculation® 2-c JI€IECIC constand,. In n-ype narrow-gap semicon-

of the susceptibilitﬁ.7 However, a complete version of the 2>l:frteor:15e'|Siﬁaﬁﬂflﬁﬁvﬁrﬂi@iﬁ& iulaarcoerrélti)gsgt?:: ggr?;ant
k-p method including the spin—orbit splitting gives better y 9

and excellent agreement with experimental results opives a very large effective Bohr radius. Therefore, increas-

infrared-reflection measuremenrisThe important point is to ing the doping level readily leads to such a high effective

treat the dispersion around the Fermi level as accurately a%ensny of carriers that an impurity band due to donors

possible, because plasmons are constituted of electronic trafLer9es into the cond.uct|on band. In th.'s case, ionized d'o'nors
sitions around the Fermi level. can be spread out into a uniform distribution of positive

This kind of accurate treatment of the NP dispersion is no{:harges. The characteristic length to describe the penetration

so advanced in calculations of surface states and excitatioﬁ)é electron states into the vacuup1 A) is much shorter

as in those of bulk states and excitations. One simple schen% an t.hat to describe the carrler—densny_varlat_|on in-an accu-
mulation layer(several tens of A Accordingly, it is a good

approximation to impose a boundary condition that wave

functions of carriers vanish at the background surface. If

parallel wave numbeQ=0 accords with that for the NP ;urface states release some of thewelggtrons into the conduc-
tion band, the surface becomes positively charged, and a

band obtained by the complete version of the method. . . : . e
. . T carrier-accumulation layer is formed just on the inside of the
However, this scheme can give a good description of surfacé

plasmons only in a smal range. In another scheme treating positively charged surface. For simplicity of calculation, we

) describe the charged surface by a uniform distribution of
an accumulation layer, the EEL spectrum has been calculate X )
: X : . . surface charges that extends right outside and along each
by using a step profile of the carrier density that approxi-

,22-29,31,32,3 -
mates to the accurate density profile in thermal equilibriu background surfac®’ We assume the charge neu

taking account of the nonparabolic®2® The latter density mtral|ty of the whole system that is composed of the carrier

profile is calculated by the modified Thomas—Fermi approxi—SyStem’ the positive background, and the surface-charge dis-

. ) ; . .. fribution.
mation that involves the NP band obtained by the sim I|f|e0Irl .
version of thek-p method“® However, this isya simplif?ed We take az-axis to be normal to the surfaces of the back-

scheme to calculate the EEL spectrum with reasonable eﬁorground slab with thicknessl 2The surface planes are located

It is anticipated that the NP dispersion is incorporated inatz:0 and 2. We employ the following Schuinger equa-

accurate schemes, such as the RPA and the time—dependgﬁ{] that. can be e}pplied to a general energy dispersion of the
LDA, in a complete manner. conduction band:

In the present work, we investigate the evolution of elec- [Ec(—iV)+V(2)]¥(R,2)=E¥(R,2), (1)
tron states at a narrow-gap semiconductor surface in an
accumulation-layer formation process. We incorporate a NRvhere Ec(—iV) is the conduction-band dispersidi(k)
conduction-band dispersion obtained by the complete vemwith its wave vectork replaced by a differential operator
sion of thek-p method into the LDA formalism. We build up —iV. The symbolsR and V(z) denote a surface-parallel

for surface excitations is to employ a parab@i dispersion
with its effective mass modifiet?>>3°The effective mass is
so adjusted that the surface—plasmon energy at surfac
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(€)

position vector and an effective one-electron potential, re- 1 @ K| éx J.(z)|2
spectively. The above equation wilx(—iV) is derived by n(z)= ;2 J dK exp:,B{E(K")— ISR
the Wannier representation, adt{R,z) represents an enve- ! e
lope function in terms of Wannier functioi5This equation

) : . . 1
is valid, when the potentiaV(z) varies slowly on the scale Ng= f [n(z)—nyldz, (10)
of lattice constants. Each eigenfunction for surface-parallel 2

wave vectoK and subbangl can be expressed by a product

of the surface-parallel component and the surface-normal V(z)=Vy[n;z]+Vy[n]. (11)

one as ) ) )
Here, the symbop3 is defined byB=1/kgT in terms of the

1 Boltzmann constarkg and the absolute temperatufgand
Yy j(R2)= \/—_exp(i K-R)éx j(2), (2)  ngis the donor density or the carrier density in the bulk. The
A density Ng designates the accumulated carrier number per
whereA denotes the area of the background slab. Under thenit area for each surface. Equatiof® and (10) are em-
boundary condition mentioned above, the surface-normaployed to determine the Fermi levglfor givenn, andNs.
componenigy ;(z) can be expanded in a Fourier sine seriesThe effective potential/ is made up of the Hartree potential

as Vy and the exchange potenti®ly. By solving Poisson’s
equation,
1 v
¢K](Z)_E aK”—sm( o ) ) d? e?
\ = Vulnizl= - ——[n(2)~ngl, (12
d 0

By this expansion, the differential equation EG) can be _ _
transformed into a matrix-eigenvalue problem of the form, We can obtain the following form o :

oo 2
i i e I ! ! !
S My,af D =E(K j)a, @ Vilnz= 2 [0z @ ~an@)-nal. (13
v=1
where the matrix elememl, , is written as We can take account of the exchange-correlat¥@) ef-
fects by means of the LDA. However, as far as we know,

2 AT v there is no parameterized XC potential available for a NP
My, =Ec(ky) oy, + T f sz(z)sm( 2| )sm( 2| ) conduction-band dispersion. In the present work, we con-
(5)  sider only the exchangéX) potential Vy that can be calcu-
) (.) lated with reasonable effort. Thépart of the Helmholtz free
In Egs.(4) and(5), Ec(k), E(K,j), anday™""’ are expressed energy for a bulk electron system can be express&d as
merely asEc(k) (k=|k|), E(K,j), and a<KJ> (K=|K|),

respectively, because these quantities are isotropic with re- d3k d3q T
spect tok or K. The wave numbek, is defined by Fx=- J (277)3J 2m) eglk— q|2f(k)f(Q)
Ky = VKZ+ (N 7/21)?, (6) v J» dkf 4q K q 1K1 (a)! +q
S T n—-—-
and 8, , signifies the Kronecker delta. o 4% a k q’

We can calculate the conduction-band dispersion by using (14)
the complete version of thie-p method in Ref. 36. The en-
ergy Ec for eachk can be obtained by taking the largest where a symboV, and a multiplied factor 4e*/sq|k—q|?
solution of an algebraic equation f&’, are a system volume and a Fourier transform of the Coulomb
potential, respectively. The Fermi—Dirac distribution func-
E'(E'+Eg)(E' +Eg+Ag) —k?P*(E' +Eg+ 2A0/3)=((),7) tion f(K) in Eq. (14) is defined by

whereEg and A, denote the energy gap and the spin—orbit f(K)= (15)
splitting, respectively. The solution &' is related toE (k) exd BEc(k) = mo] +1°

by E'=Ec(k)—#2k?/2m, with the free-electron massl,. _ .
The coefficient is given by with 7= pBu. On the other band, the electron numieérs

written as
, 3h%(Lmg — 1/my)
 2[2/Eg+ 1(Eg+Ag)]’

with the band-edge effective masy, .

The carrier-density distributiom(z) and the effective This equation is used to determimg or w for given electron
one-electron potential(z) can be obtained by solving Egs. densityn,=N/V, and temperatur&. The X potentialVy is
(4) and(5) and the following equations self-consistently:  given by

(8) d3k Vo (=
szvojwnk):;gjo dk f(k). (16
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dFx
N

(dFx1dm0)T,v,
TrVo_ (dNIdmo)t v,

X=

17)

where the numerator and the denominator are expressed as

dFx . e? P w
(‘9_”’70)T,v0_ V02’77380 J; dkfo dq k g f(k)f(q)
k+q
x{2= 100~ f(@ | — . 18
and
JN _ﬁ % -
(a—,,o)wo— 3 [ aweraop-taon, a9

respectively. The potentidVy in Eq. (17) is used in our
self-consistent calculation far(z) andV(z). For a P con-
duction band, there is a parametrized form ¢ as
follows:*3

9 |13 g2
) (20)

VX:_(W

where the effective Bohr radiusg is defined byag
=goh?/mie?. The density parametar® is related to the
carrier densityn by (4m/3)(r¥a})3n=1. The temperature
factor G(kgT/eg), whereeg stands for the Fermi energy
defined afT=0, is given by

kBT)

eofsap | €F

14 ¢ X%+ x4 cax®
G(x)= ,
1+ (Cq+ w2112 X2+ Cox*+ cax3(Vx/27+ 3%?/2)
(21)

with ¢,=41.775,¢,=27.390,c3=4287.2, andc,=50.605.

PHYSICAL REVIEW B 66, 205309 (2002

250 T T T T T T
InAs 300 K

FIG. 1. Energy dispersioB(k) of the conduction band of InAs
at room temperature, in comparison to the parabolic dispersion with
the band-edge effective masy, .

electric constant,=15.15/* and our background slab is
600 nm thick.

Before examining electron states at the surface, we ana-
lyze the energy dispersion of the conduction band in the
bulk. Figure 1 shows the dispersi@(k) in comparison to
the parabolic dispersion with the band-edge effective mass
m¢ . The dispersiorEc(k) has been calculated by using the
band gapEg=0.3543 eV? the spin—orbit splittingA,
=0.381 eV/® andmg =0.02195m,.*’ The band gaft g de-
pends uponT remarkably, and the aboveg value is forT
=295 K. With increase iik, the dispersiorEc(k) begins to
deviate downward from the parabolic dispersion conspicu-
ously, and changes into a linearlike increase. This noticeable
deviation implies a high nonparabolicity. These two disper-
sions are employed in our calculations of electron states at
the surface.

Hereafter, we investigate the evolution of electron states
at the surface in an accumulation-layer formation process.
Figures Za) and 2b) exhibit the variation of the carrier-

We employ a standard iteration scheme to obtain a selfeensity distributionn(z) and the effective one-electron po-

consistent solution of Eq$4), (5), and(9)—(11).

We can decomposa(z) into contributions of the con-
stituent subbands. The componenfz), namely, the contri-
bution of subbang to n(z) is given by the summand on the
r.h.s. of Eq.(9). By integratingn;(2) in z, we can obtain the
areal carrier density of subbanés

szirdK K @
mJo  exdB{E(K,j)—u}]+1

IIl. RESULTS AND DISCUSSION

tential V(z) in the formation process, respectively. The accu-
mulated carrier densitis is varied from 0 to 1.6 in units of
10*2 cm~2. EachNg value is assigned to a pair of a full
curve and a broken one. The full curves and the broken ones
are obtained by using the NP dispersBg(k) and the P one
with m§ in Fig. 1, respectively. With increase Mg, a peak
appears and grows in the carrier-density distributiga).
This indicates a gradual formation of an accumulation layer.
The carrier density(z) approaches its bulk valug,(=1.3

x 10' cm™3) well below the surface. Whil&Ng is small,
there is only a small difference im(z) between the NP and

P dispersions. With increase Ny, however, the peak for the

By means of the theoretical framework in Sec. Il, we NP dispersion begins to become higher and closer to the
investigate the evolution of electron states at a narrow-gapurface than that for the P dispersion. This implies that the
semiconductor surface in an accumulation-layer formatioraccumulated carriers are more localized in a nearer neighbor-
process. As described in Sec. I, hydrogen adsorption on amood of the surface in the NP dispersion. The variation of
n-type InAs (110 surface induces a gradual formation of a V(z) corresponds to that af(z). The value ofV(z) is mea-
carrier-accumulation layer at the surface. Our calculationsured from its value well inside the material. At smalig

are concerned with this case. The donor densjyand the
temperatureT are taken to bay=1.3x10"°cm > and T

values, there exists only a small differenceMi(z) between
the NP and P dispersions. With increaséNig, however, the

=300 K, respectively, corresponding to the HREELS mea-potential curve for the NP dispersion begins to deviate from
surement in Ref. 10. We employ the value of the static dithat for the P dispersion to the surface. The peak(n)
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FIG. 2. Evolution of(a) the carrier-density distribution(z) and
(b) the effective one-electron potenti®l(z) in the accumulation-
layer formation process. Each pair of a full curve and a broken one
corresponds to a value of the accumulated carrier dehkityand
the full curves and the broken ones are for the nonparabolic con-
duction band and the parabolic one, respectively.

arises from a screening effect of the carriers on the positively
charged surface. As displayed in Fig. 1, the NP dispersion
curve departs downward from the P dispersion curve. This
leads to a shorter screening length in the NP dispersion, and
consequently a more localization of the carriers in closer

E(K,}) (meV)

proximity to the surface. This situation can be understood 180 | "N =1.6x10"2 cm™?

within the P-dispersion framework as well, namely, by re- 0 1 2 3

calling that the P dispersion with a larger effective mass, K (108cm™)

whose curve lies lower in energy, results in a shorter _ ) _ )
Thomas—Fermi screening length. FIG. 3. Energy dispersiofE(K,j) of the subbandg at Ng

. . R 2 —2 2 —2 2 —2
Next, we examine subbands that constitute the carrier=0-1<10"cm 2 (@, 0.8x10" cm 2 (b), and 1.6<10'* cm™ 2 (©).

accumulation layer. Figure 3 shows the energy dispersioﬁhe full curve and the broken one for each subbprepresent the
E(K,j) of the subbands at Ng=0.1x 1012 cm~2 (a), 0.8 dispersion for the nonparabolic conduction band and that for the

_ _ . arabolic one, respectively. The horizontal li and u, locate
X 10° C”.‘ : (b), and 1.6 10 cm? (c). The capitalk on phe Fermi levels ?or the ):mnparabolic andnsgp}aboli/épconduction
the abscissa denotes the surface-parallel wave number. T nds, respectively
subbands are numbered p{=1, 2, 3,..) in order of increas- ' '
ing energy. Full curves and broken ones exhibit the results
for the NP and P conduction bands, respectively. The horicontributions of the constituent subbands Biz=0.1
zontal linesu,, and i, display the Fermi levels for the NP X 10'2 cm™? (a), 0.8< 10" cm 2 (b), and 1.6<10" cm™?
and P conduction bands, respectively. Figure 4 shows thég). The panelga)—(c) in this figure correspond to those in
decomposition of the carrier-density distributiofz) into  Fig. 3, respectively. The density, signifies the component
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0.5 . v , r - with a small peak. There is a small differenceb(K,j) and
@ @) 12 2 n;j(z) between the NP and P conduction bands. With an in-
§ 04} Ns=0.1x10""cm™ . crease inNg to 0.8<10* cm™2, the bottom of the lowest
- 03 subband drops significantly below, and the bottom of the
= Uk second lowest subband becomes close {eee Fig. 8)].
g, ool I The dispersion of the lowest subband for the NP conduction
= / band departs conspicuously from that for the P conduction
= o ~{No band. The lowest subband with its bottom belgconsti-
L tutes the main part of the grown peaknz), and the sub-
0 L T S T bands withj =2 and 3 form a tail part im(z) extending into

a deeper regiofsee Fig. 4b)]. With a further increase iNg

to 1.6 102 cm™2, the lowest subband sinks further in en-

6 L — ergy, and its dispersion for the NP conduction band departs

(b) greatly from that for the P conduction bafsee Fig. &)].

N.=0.8%10'2 cm21 Simultaneously, the bottom of the second lowest subband
s also falls belowu, and there appears a noticeable departure

in dispersion in this subband as well. By comparing Figs.

4(a)—4(c), we can follow the variation in the carrier-density

distribution of each subband. The lowest subband ofL

has a one-peak profile, and the density compone() of

j>1 shows an oscillation with—1 nodes. As the positive

surface-charge density due to surface states becomes larger

_ with increase ifNg, the carriers in each subband begin to be

attracted to the surface, and the peaknfz) becomes
0 A A T sharper and higher. With an increaseNg, it becomes more
0 10 20 30 40 50 60 70 evident that the density curve of the lowest subband for the
z(nm) NP conduction band deviates from that for the P conduction
band to the surface with its peak growth, which results in a
L I(c)l T more localization of the accumulated carriers in closer vicin-
—~ 12 | ity to the surface.
“-’E f NS=1.6><10120m'2 Figure 5a) exhibits theNg dependence of the subband
O 10Hf 1 bottomse;. The horizontal linesu,, and u, indicate the
- i Fermi levels for the NP and P conduction bands, respec-
= 8 tively. A vertical arrow labeledkg T shows an energy sepa-
N 6 ration corresponding to room temperatdre 300 K. Figure
7 5(b) displays theNg dependence of the areal carrier density
N a4l N; of subband. The densityN; can be obtained by integrat-
c ing n;(2) in z. In Fig. 5@ or 5(b), filled circles connected by
2 s 1 full lines and open circles combined with broken lines rep-
resent the results for the NP and P conduction bands, respec-
0 i NV Y . . . . .
0 10 20 30 40 50 60 70 tively. To understand the behavior in Fig. 5, we pay special
z(nm) attention to the lowest subband in Figstb@ and 3c).

Though there is a great difference in dispersion between the
FIG. 4. Decomposition of the carrier-density distributio(z) NP and P conduction bands, the two.dISperSIQn curves of this
into contributionsn;(z) of the constituent subbangsat Ng=0.1 subband must cross the corresponding Fermi Ievgls nearl'y at
% 10'2 cm 2 (a) o.éx 1022 cm 2 (b), and 1.6< 1012 cm 2 (c). The the sameK value to satisfy the accumulated carrier density
full curve and the broken one forand eachn; indicate the density Ns specified. This explains why thi; value for the NP
for the nonparabolic conduction band and that for the parabolic ongconduction band differs only slightly from that for the P

respectively. The horizontal dotted line {8) designates the bulk conduction band, as shown in Figbh As is consistent with
carrier densityn,. the conduction-band dispersions in Fig. 1, with an increase in

K, the subband energi(K,j=1) for the NP conduction
of subband. As in Fig. 3, full curves and broken ones des- band rises at a slower rate than that for the P conduction
ignate the results for the NP and P conduction bands, respeband. Accordingly, the subband bottom for the NP conduc-
tively. A dotted horizontal line in Fig. @) indicates the bulk tion band must be higher than that for the P conduction band,
carrier densityny,. When Ng is small[see Figs. @) and in order that the two dispersion curves should intersect with
4(a)], even the bottom of the lowest subband is considerablyhe u lines nearly at the sami¢ value. Figure &) clarifies
above the Fermi levek, and the constituent subbands ac-that, with an increase ilNg, the bottoms of a few lowest
commodate a small number of thermally excited carrierssubbands drop below one after another, and the bottom for
These subbands make a comparable contributiom(y  the NP conduction band start to deviate upward from those
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into a linearlike increase. This NP dispersion has been incor-
porated in the local-density-functional formalism. We have
calculated electron states at the surface, and have compared
the results for the NP conduction band with those for the P
one. The evolution of the electron states with increase in the
depleted carrier densit)s can be summarized as follows:

(1) With increase ifNg, the accumulated carriers for the NP
conduction band begin to be more localized in closer
vicinity to the surface than those for the P one. This can

. be ascribed to the fact that the carriers in the NP conduc-

-150 ¢ o] tion band possess a shorter screening length than those in
the P one.

(2) With increase inNg, it becomes more obvious that the
carrier-density curve of the lowest subband for the NP
conduction band deviates from that for the P one to the
surface with its peak growth. This is largely responsible
for the above-mentioned localization of the accumulated
carriers in the nearer neighborhood of the surface.

(3) As the bottoms of a few lowest subbands fall below the
Fermi level one after another with increaseNg, the
nonparabolicity of the conduction band starts to exert a
great and growing influence on the dispersion and the
bottom of each of these subbands. This influence is
greatest in the lowest subband. The subband bottom for
the NP conduction band becomes remarkably higher than
that for the P one, and with increase in the surface-

. . . . parallel wave number, the subband energy rises from the

00 05 10 15 bottom more slowly in the NP conduction band than in

Ng(102em®) the P one.

(4) The areal carrier density of each subband increases lin-

early with Ng. The nonparabolicity has no substantial

influence on this density increase.

FIG. 5. Ng dependence ofa) the subband bottoms; and (b)
the areal carrier densiti; of the constituent subbandsin each
panel, the filled circles connected by full lines and the open circles
combined with broken lines exhibit the results for the nonparabolic
conduction band and those for the parabolic one, respectively.
panel(a), the energy levelg.,, and u, display the Fermi level for
the nonparabolic conduction band and that for the parabolic on
respectively. The vertical arrow markdgTr shows an energy
separation corresponding to room temperature.

The present work forms a numerical basis for quantitative
!Ralculation of the evolution of plasmons often coupled with
olar phonons in the accumulation-layer formation process.
his evolution can be observed by HREELS. Among various
possible intrasubband and intersubband excitations, intrasub-
band excitations in the lowest subband play a major 7dle,
and these excitations are composed of electronic transitions

for the P conduction band in a conspicuous manner. As e>3—r} th? I.OW‘;St S"I'ﬁ’b?gd around lt)h?. Iierrr?l Iet\;]el. As tshown
hibited in Fig. §b), the densityN; of each subband increases €& ('j” ﬁeci g N ”O”F’arg. olicity asf the lmos tprob
linearly with Ng. There can be no substantial difference in houncead etiect on the energy dispersion ot the fowest sub-

N, betueen 1 N and P conducton ands, becausne P T TPLES 1 sectiate feament o e Poreare
values must satisfy the givedg value. P » €SP y ’

is indispensable for quantitative analysis of electronic exci-
tations in the accumulation layer.
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