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Model for electrostatic screening by a semiconductor with free surface carriers
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For free carriers on a semiconductor surface, we model screening with a local but unspecified relationship
between the chemical potential and the density. The carriers can reside either in surface states or in a thin
conducting overlayer. The semiconductor is taken to have a dielectric constant due to polarizable bound charge,
and cases both with and without bulk free carriers are considered. At small and intermediate distances from a
source charge on the surface, the surface potential is similar to a screened Coulomb potential, with a charac-
teristic surface screening length; however, the asymptotic vacuum potential is dipolar and vanishes on the
surface, and the asymptotic surface potential is quadrupolar. This model may be relevant to the short screening
length inferred from surface-vacancy interactions in recent scanning tunneling microscopy experiments on
p-type InP with a(110) surface at a relatively high surface vacancy concentration. Assuming that such vacan-
cies cause occupancy of surface free carrier states, a reasonable value for the surface free carrier density yields
good agreement with the experimentally inferred surface screening length.
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[. INTRODUCTION carrier density. Note that the variation in measured potential
is relatively small, so that a linearized theory should apply.
Reference 1 applied Debye-ekel theory to screening of A possible mechanism for more effective screening by
charge by a semiconductor with a dielectric constant due t@ear-surface free carriers would be for the near-surface hole
polarizable bound charge and bulk free carriers, but withougiensity to exceed the bulk value — haecumulationHow-
surface free carriers. For an isolated charge on the surface,dier, to obtain the surface screening length given in Ref. 4,
established that, at small and intermediate distances, the lifhe near-surface hole density would have to exceed the high-
earized surface potential is a screened Coulomb potentiagst achievable hole density ip-type InP° This argues
with surface screening leng®s equal to the bulk screening against the additional screening being due to near-surface
length R, . That result precisely corresponds to the ansatholes. Moreover, as noted in Ref. 1, photoemisicindi-
RE*P~R, commonly employed to analyze scanning tunnel-cates that substantial hotiepletion(rather than accumula-
ing microscopy(STM) images of space-charge regions sur-tion) occurs in freshly cleaveg-type InR110) following
rounding isolated charges on I1I{¥10) cleavage surfacés. thermal anneals similar to those of Ref. 4. If the samples of
Such a correspondence is not surprising, sifioefor ideal  Ref. 4 were depleted, then the decreased near-surface hole
[1-V (110 cleavage surfaces, the intrinsic surface states argensity argues against additional screening due to near-
either completely filled or completely empty, and thus cannokurface holes. Band-bending consistent with hole depletion
contribute to surface screenifgii) in the dilute defect limit  for p-type InP can be found in Ref. 8.
the bulk charge distribution is almost unperturbed, so that flat Another mechanism for more effective screening by near-
band conditions prevail up to the surface. surface free carriers would be for the fractional concentration
More recently, Ref. 4 used room-temperature STM to dec of positively charged P vacancies to attract a high density
termine the spatial correlations between positively chargedf electrons to the vicinity, thus causingversionnear the
phosphorugP) vacancies at thél10) surface ofp-type InP.  surface. However, the magnitude of the photoemission shift
Here the fractional concentratianof vacancies was signifi- in p-type InP indicates depletion rather than invergidihus
cant —c of order 1% — but, as argued in Ref. 4, it was arguing against this mechanism.
sufficiently low that the pair interactioth(p) could be ac- It thus appears unlikely that bulk free carriers are respon-
curately determined from the logarithm of the pair correla-sible for the short screening length observed in Ref. 4. In the
tion function. Their¢s(p) was then fitted to the empirical present work we assume that, in addition to bulk free carriers
form and polarizable bound charge, surface free carfiegs as-
sociated with a surface bandontribute to the screening.
Ze  exp(—p/REP) et 1 This was suggested in Refs. 4 and 9, but the fo_rma_lism was
not developed. The surface free carrier assumption is consis-
tent with photoemission d&t4 that demonstrates mid-gap
pinning of the surface Fermi level; indeed, such pinning is
With Z=1 andRg*P=R,;,, for moderate distances this fitting often attributed to a partially filled surface balfdSuch an
equation is practically indistinguishable from the central re-assumption has a long history, including Bardeen’s work on
sult derived in Ref. 1Eq. (35)]. However, to fit their data to  the work function of semiconductots.
Eq. (1), the authors of Ref. 4 found that they had to employ  Screening by a bulk semiconductor, thought of as a
the much shorter screening len®®f*P~ iR, . This indicates plasma of free carriers superimposed on a background of
that screening is more effective than predicted using the bulbolarizable bound charge that produces a uniform dielectric
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constant, has already been treated by Ref. 1, assuming an Il. ELECTROSTATIC SCREENING
unspecified but local relationship between the chemical po- BY A CONDUCTING FILM

tential and thebulk carrier density. At high Qensitieg t_his Consider a conducting film with negligible thickness rela-

leads to Thomas-Fermi theotwhere Fermi-Dirac statistics e 15 the resultant screening length and for which the en-
applies and the energy is essentially quantum kinetic emergyerqy to excite electronic states normal to the film is so high
and at low densities this leads to Debyeeel theory  557to be irrelevant. Moreover, consider that no matter the
(where Maxwell-Boltzmann statistics appliedut the rela-  qrigin of the surface free carriers, the extension of their wave

tionship can be more compléX.A generalization of this function normal to the surface is small relative to any dimen-
model, more appropriate at microscopic length scales, is dission along the surface.

cussed in Ref. 13. These works consider screening for fields Just as bulk free carriers are treated assuming a local, but
small enough that the linearized version of the theory apunspecified, relationship between the chemical potential and
plies. the bulk carrier density in three dimensiofig®’so we

In the same spirit as Ref. 12, we will treat the screeningreat surface free carriers assuming a local, but unspecified,
due to surface carriers by assuming an unspecified but locaélationship between the chemical potential and the surface
relationship between the chemical potential andshdace carrier density in two dimensions. For specificity we con-
carrier density. As usual, we consider the linearized theorysider the surface free carriers to be electrons; however, the
We have recently studied the polarizability of conductingscreening length is independent of the sign of the carriers.
nanotubes using this assumptidrfinding very good agree- Therefore, the density of states g;(l?)zgsSdZIZ/(Zw)z,
ment with results obtained from a more microscopic thédry. wheregs=2 is the spin degeneracy, aBds the surface area.
In addition, this work considers the totality of screening of A general reference on two-dimensional electron systems is
charged surface defects by a semiconductor, including bulkRef. 18.
free carriers, bulk bound chard@through the dielectric con- Let ¢4(p) be the potentialtp(r) along the semiconductor
stani, and surface free carriers. Only the long-range propersyrface. Then the electrochemical potential is givenuy
ties of the defecti.e., its charge stajeand the macroscopic =, .—e¢, whereu, is the chemical potential. We takg,
properties of the systg(ue.g., the density of free carr!e)rare .0 asp—, S0 thatie= u. at infinity.
needed to study, at distances that exceed the atomic scale, the
electrostatic screening of the defect by the system. Hence ”}?e
present theory should be appropriate to describe the experi-

In equilibrium, z is a constant, and the equilibrium num-
r density of surface free carriers is given by

ments of Ref. 4. R d2k 1
Section Il presents a model of a two-dimensional conduct-  ng(p)= — = — ,
ing film, which is used to analyze the effect of surface free 27 exp{ BLE(K) —eds(p) — us} +1
carriers alone. Although directed toward free carriers due to  h2K2
surface states, the free carriers could also be due to a thin E(k)= (2

conducting overlayer, such as a metallic monolayer or sub- 2me

monolayer, or a layer of doped semiconductor. In all casesiere m, is electron massif the electrons are treated as
we assume the degree of freedom normal to the plane igressed particles due to their surrounding, thershould be
frozen out. For any external field to penetrate the film, thereplaced by the effective electron mas$). For ¢.=0, Eq.
film thickness must be negligible compared to the length2) yields the position-independent equilibrium number den-
scale associated with the screening. Section Il discussesty ngo)(,us)zns(p)|¢8:0. Corresponding to this is a surface
screening by such a film above a dielectric. Section IV dis¢pgrge density-enl®(u) that is compensated by a positive
cusses screening by a semiconductor with both bulk free anghnic packground charge densityonic=en®(us).

surface free carriers. Section V compares the theory with £or 4 20 and spatially varying, Eq(2) yields the

experiment of Ref. 4. Section VI provides a Summary. The .. . _ (0)~
o . . . osition-dependent number densit =n +eds).
Appendix gives certain calculational details. posit P " U(p) =N (1t edbs)

. . Corresponding to this is a surface charge density

For later reference, note the following screening lengths™ o) ~ h h ; h density i

(two bulk, three surfagethat appear in our discussion: —eng (ust ,d’s)' us, the net surface charge-density in-
duced bydgy is

(i) Ry, = kgol is the bulk screening length associated with
bulk free car_rilers alon&’ . . . o= —enO (et e +en®(zy). &)
(i) Ry=ky ~ is the bulk screening length associated with
both bulk free carriers and bulk dielectfit. We now expand Eq.3) for small ¢, thus linearizing the
(iii) Rs,=ks ' is the surface screening length associatectheory. The relationshipis= u at infinity permits us to re-
with surface free carriers alone. place by us, understood to be evaluated at infinity. This
(iv) Rg=k ! is the surface screening length associatedyields™®
with bot?xsurface free carriers and bulk dielectric. n & an
(v) R$*P is the inferred experimental surface screening o= _ez_Sd)s: —Ks eobs, Ke=— = (4)
length of Ref. 4. dps 0 0 &g dus
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The partial derivativeing/dug in Eq. (4) is evaluated at the T
equilibrium carrier densitylgo), which corresponds tog for
p—o0. Consider now the low- and high-temperature limits: (0,0,29)_

(i) If T<Tg, then Fermi-Dirac statistics hol@rhomas- —q
Fermi theory, so neglecting the effects of interactiofi.,
only kinetic energy is includedang/dus=mg/ wh?; 2d Conducc;ing Film Surface States

(i) If T>Tg, then Maxwell-Boltzmann statistics hold o e ar Semiféfductor P
(Debye-Hickel theory, anddng/dus=ng/KgT.

This film response Eq4) is equivalent to a & wave-
vector-dependent dielectric function,y(ks) =1+ Kkg/2k,
that relates the Fourier transform in the plane of the total
potentialgb(ﬁ,z:O) to the Fourier transform in the plane of
the external(source potential ¢®*(p,z=0). Specifically,
with k, a 2d wave vector, ¢(K,,z=0)= ¢**(k,,z
=0)/e,4(ky). Moreover, details of the surfade.g., confin- q q (p)
ing potential determine the nature of the surface states, andV2¢g,=— —8(r—rg)=— 5 ——38(z—2z5) (z>0).
details of both surface and bulk determine the density of the &o e P ®)
occupied surface states, which is subsumed kgto

For completeness, the remainder of this section would'he electrostatic potentiatpy in the dielectric satisfies
work out the screening for a charge on the surface ofia 2 Laplace’s equation
conducting film. Instead, however, the following section
works out the screening for a charge located on the surface VZhg=0 (z<0). ©®
of a 2d conducting film that itself resides on a semiconductorBy axial symmetry, Eqs(5) and (6) can be solved analyti-
with dielectric constant. Takinge=1 gives screening by cally in terms of zeroth-order Bessel functiahgkp).® The
the 2d conducting film alone. vacuum and dielectric solutions have the fdsee Eq(A3)]

FIG. 1. Source charge geometry for the models used in Sec. Il
(conducting film and dielectrjcand Sec. IV(surface states and
semiconductor

I1l. SCREENING BY A CONDUCTING FILM

q e'e}
AND DIELECTRIC ¢U—47Tsofo dk Jo(kp)[exp( —k|z=2zq])

The response of a dielectric, with dielectric constanto +C,(k)exp—k2)] (z>0), (7)
a source charge located near its surface is well knb\iline
physical picture is: q

(i) If the source charge>0 is in vacuum,above the bq fo dkJ(kp)Dg(k)expkz) (z<0), (8)
dielectric surface, themy polarizes the dielectric. A net

charge —q(e—1)/(¢+1) is induced on the surface. The where C, (k) and Dy(k) are determined by two boundary
bulk polarization charge densitfdue to bound charges  conditions on the=0 plane. First, continuity of the tangen-

everywhere zero. Spread over distant surfaces is a chardgi@l component of the electric field yields continuity of the

4w

equal to that on the near surface, but of opposite sign. electrostatic potential across the interface, or
(i) If the source charge is within thdielectric,a charge
—q(1—1/¢) is induced in its vicinity, due to polarization. ®u(p.20)= bd(p,20) (z=0), 9

The bulk polarization charge density is everywhere zerowe denote the surface potential I, so ¢s(p)=o,(p.z
Whereqs a charge(1l— 1/s)>Q is spread over all surfaces; =0)= ¢4(p,z=0). Second, the discontinuity of the normal
hence if the source charge is near the surface, the surfaggmponent of thé vector is proportional to the surface free

charge on the near surface is positive. charge densityr of Eq. (4), via
We now discuss electrostatic screening of a source charge
in vacuum above a dielectric covered with a conducting film dp, dpg 1
or, equivalently, surface free carriers. Both polarization Ty Te, T POl Ks,s (z=0). (10

charge and free carriers on the film contribute to the screen- _
ing. We consider the following geometry, shown in Fig. 1. From Egs.(9) and(10), C,(k) andDy(k) are given by
The dielectric, of dielectric constamt, occupies the re-

gion z<0, whereas the conducting film occupies the surface k50+ (e— DKk

(z=0 plang. Vacuum occupies the regia®>0. The source Colk)=~— (e+1)k+ kSO exp(—kz), 1D
chargeq is placed on thez axis, at positionry=(0,02,),
wherezy=0. 2k

Dy(k)= (12

_ _ (e+1)k+Kq exp—kzo).
A. Electrostatic potentials 0

When the source charggis atr, the electrostatic poten- From Egs.(11) and (12), if ks /e is small (either large di-
tial ¢, in vacuum satisfies electric constant, or low density of surface free carjiers
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then the conducting film can be neglectedkgg/s is large,  This inverse cube variation ip is characteristic of a quad-

then the metallic properties dominate, and the metal filnfupole. We now compares(p) of Eq. (18) with the quadru-
screeng) completely, as in the vacuum-ideal conducting case?olar potential due to a charge distributipg(r)

[Dy(k)—0,¢4—0].
Now let the source charge be in the plane of the film _ 119 QXX
(zo—0%). The solutions forg, and ¢4 then follow from QT 4meq 2 0 (5

Egs. (7) and (8) in the limit z,—0". At large distances
above the sourc@zks0>1 and p=0, whereJ(kp)=J(0)
=1], ¢, can be obtained analytically. In the integral Eg),
at largez the term exptkz) causes only smak values 10 Employing the tracelessness of tigg ; tensor, and axial
have non-negligible contributions. Then from E¢8) and  symmetry, we find that

(11), the asymptotic vacuum potential is

1
q * 2k 1 291 Qux= ny: -5Q
_ i L 2
P 47780f0 dk exp—k2) kSO daeg kSO z°

where Qi'j:f dr(3Xin_5i'j|’2)po(r). (19)

__ 4
e+ 1)kE
Thus, although the asymptotic vacuum potentiglof (13) is
(zk,>1, 2o=0, p=0). (13 dipolar, the asymptotic surface potential of Eq. (18) is

L . , . ) quadrupolat. An asymptotic quadrupolar response along the
This is a dipole potentiala dipole along the axis, centered g rface has also been obtained in the extreme quantum limit

(20

at the origin), with dipole moment of the two-dimensional electron gas with no dielectric above
2q or below?! Related work was done in Ref. 22. Settiag
p=—. (14) =1 gives the response of a freel Zonducting surface.
kso Reference 23 considers a 2lectron gas in the quantum
limit, confined to thez=0 plane and separating two semi-
On the surface, Eq8) yields infinite regions of dielectric constants ande,. The authors

q . employ a hydrodynamic-like theory, using a continuity equa-
_ dkIn(ko)D (K 72=0). 15 tion and an equation of motion with a force density due to
Ps(p) 47Teofo b(kp)Dalk) ) (19 the quantum self-pressure and the external electric (takl
sum of these two terms is proportional to the gradient of the
electrochemical potential The response to an external
charge density.,(k,,z) is expressed in terms of the num-

Equation(15) has an analytical solutiéh

Ps(p)= A : 1- z(ksp)[Ho(ksp) ber density, linearized about the equilibrium valog An
dmeget+lp 2 expression is obtained fop due to a chargey fixed atz
=24, which in general cannot be evaluated analytically. For
—No(ksp)]} (z=2,=0), (16) z=272,=0, g,=1, ande,=¢, Ref. 23 gives ap that agrees
with our Eq.(16). However, they do not evaluate;, asymp-
where totically, so that the dipole moment and quadrupole moment

are not obtained. This approach yielks in the quantum
kso limit only (T<Tg), whereas the present approach applies for
ks:8+1- 17 any T. Note that Ref. 23 considers a charged sheet, whereas
the present work assumes an overall neutral surface.

In Eq. (16), Hy is the zeroth-order Struve function, aNg is
the zeroth order Neumann’s functiéhFrom Egs.(16) and IV. SCREENING BY A SEMICONDUCTOR
(17), the characteristic lengtR,=k_* for radial variations WITH BULK AND SURFACE FREE CARRIERS

of ¢ depends on both bulk dielectric and surface carrier \ye now consider the additional contribution of bulk free

properties. For small and intermedigie ¢s(p) can be ap-  carriers to surface screening. The source of these bulk free
proximated by a screened Coulomb potential, with screening riers is a uniform bulk charge density right up to the

_1 . .
lengthks ~. The potential due to a freed2conducting sur-  gyrface! However, the results derived here apply more gen-

face is obtained by taking=1 in Egs.(16) and(17). erally (that is, to weak depletion or accumulatiamder two
conditions:(i) the near-surface free carrier density, taken to
B. Asymptotic behavior of the surface potential be a fitting parameter, is employed, rather than the bulk free

carrier density deep within the bulkij) the screening length
of the near-surface region is much shorter than the spatial
scale over which the bulk carrier concentration varies.
For an isolated surface char¢eg., a semiconductor sur-
q 2 1 : . . . .
—— —— (z=2,=0; pks>1). face defedt we first obtain the electrostatic potentials in
4meg e+ 1 K2)8 vacuum and in bulk ¢, and ¢y, for =0, in the geometry
(18 of Fig. 1). We then study the surface charge distribution and

For largep ¢4(p) of (16) is not a screened Coulomb
potential, but rather has the forieee Eq(A4)]

ds(p)=
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the total charge induced on the surface. The total surface charge densit{" is the sum ofo2°u"®
from polarized bulk dielectric molecules and @f from sur-
A. Screening of a charge above the surface face free carriers. It is given by
The surface free carriers have no effect on the electro- ib, I
static equations for vacuum or bulk semiconductor. Thus, for o= 80[ _ ey TTh (z=0). (28)
vacuum, Eq(5) still applies, whereas for a bulk semiconduc- 0z 9z
tor Using Egs.(7), (25), (26), and(27), this yields
1 2. 1.2
V== —piree (2<0). @) 9~ (e~ DVkTH kgt ks,
€08 o, =—5—| dkJy(kp)k — exp(—kzp).
. N . . 2mJo k+ & K2+ K2+ Kq
Assuming a local relationship between the chemical potential 0 29)

and the bulk carrier density, the effective bulk free charge

density is From Eg.(29), the total surface chargéxclusive of the

source charge, if,—0) qs=27[5dp pa'(p) is

ang,
=—e’— ¢y, 22
Piree™ =€ G, P 22 v (e (6= DVIPH+KG + kg,
wheren, is the bulk electron number density apg is the Gs= _qfo dppfo dkJo(kp) K Kt e VKTt ke
corresponding chemical potential. From E¢{&l) and (22), 0
the bulk screening lengtky ! is given by Xexp —kzy). (30
e on. K2 We have not evaluated E(B0) analytically, except for a few
Ki= — 2= (23)  limiting cases:
o€ Jpp & (i) If kpzo<1 and ks is comparable tok,, then g
(This serves to define boty, andky,.) Then, employing Eq. =—q(s—1)/(s+1), as in the vacuum-dielectric cake.
(23) in EqQ. (22), ¢, must satisfy [See Eq(A1l1).]
) ) (i) If kyzp<1 and ks,Zo>1, thengs=—q, ie., the
Vipp—kpp=0 (2<0). (24 sourceq is completely screened by the surface free carriers.
The solution for the potential in vacuum is given by Eg), (iii) If kpzo>1, then Eq.(30) can be evaluated analyti-

with a newC, (k). The solution for the potential in the bulk Cally for ks, comparable wittk;, giving [see Eq(A15)]
semiconductor, rather than E@®), has the form
(e—1)+a Ks,

G=—q————. a=. (31)

q ceta ’ kb

dreg

f dkDy(k)Jo(kp)expzyk3+ ki) (z<0)
0
(25) If a>¢, thengs=—q, and the surface free carriers domi-

_ _ N nate the screening. k<<e, thenqs=—q(1—1/e), and the
with Dy(k) in place ofDy(k). The boundary conditions at pylk free carriers dominate the screening.

bp=

z=0 are given by Egs(9) and (10), with ¢, of Eq. (25) In all cases, on moving into the bulk, the residual charge
instead ofy of Eq. (8). Instead of Eq(11) and (12), we  Q=q+q, is screened by the bulk; the total charge induced
now have in the bulk is —Q. Of that, the bulk free charge iseQ,

whereas the bulk polarization charge is{(1)Q.

k=& K+ kp— ks,

C,(k)= K+ e \/mg+ Ke exp —kz), (26) B. Screening of a source charge on the surface
0
If gis on the semiconductor surface, the solutionsdor
o (k) 2k oKz - andcg&fo[:%w froTtEqu(7);{>(25)’t(?6)’ anctij.(?), in thfe Iimi:h
p(kK)= 5 exp(—kzg). z,—0". The solution for¢,, at large distances from the
k+e vk +kytkg, surface ¢k, ,zks <1), and forp=0, can be obtained ana-
Equations(26) and (27) show that, for arbitrary values f,  !Ytically, as in Sec. Ill. From Eqgs(7) and (24), the

ko, and ks, all three types of semiconductor response—asymptotic vacuum potential is
dielectric (bulk bound charge bulk free carrier, and surface

free carrier—contribute. If botk, and ks are small(i.e., ¢U=4 a focdkexp(—kz)%

low densities of both bulk free carriers and surface free car- Te0J0 #8T Re

riers, the dielectric properties dominat®. If ky> kso, 1 2q

screening by the bulk free carriers dominateskdf> ek, = Ameg M? (zks,<1,p=0). (32
screening by the surface free carriers dominates, and Egs.

(26) and (27) reduce to Eqs(11) and(12). From Eq.(32), ¢, is a dipole potential, with dipole moment
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FIG. 2. Numerically integrated surface potential of E84) in
two limits: kgo<kyp andkgo>ky, .

29

~ ekptks, (33

p

As kp—0, Eg.(33) goes to Eq.14), as expected. A&y,
—0, Eq.(33) goes to 2)/ek,=2qR,/e, as expected.

The surface potentiap is obtained from Eqgs(25) and
(27) on settingz=z3=0. Then

q [’

4meg)o

(39

bs dkJo(kp)

k+eJk?+kg+ks,
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V. APPLICATION TO EXPERIMENT

The model discussed in Sec. Il should be appropriate to
screening by surface free carriers: the conducting film corre-
sponds to mobile surface states and the dielectric corre-
sponds to a depleted near-surface regiomp type. For the
theory to be self-consistenRs=1.1 nm must exceed the
characteristic atomic length=0.587 nm, as it does. Each
unit cell contains one anion and one cation and occupies an
areaA,=(0.587x 10 °)?/2=2.4x 10" m?, with corre-
sponding density of 410" m 2. Hence, atc=1% the
density of the surface vacancies is O0Ag#4.1
X 10 m~2. The mean vacancy separation of about 10 lat-
tice constant$5 nm) should give small vacancy wave func-
tion overlap, a narrow energy band, and an effective mass
m* satisfyingm* >m,. This is relevant to the statistics of
the surface free carriers:

If Fermi-Dirac statistics applyThomas-Fermi theojy
the screening lengtRs= kgl is given by Eqs(17) and (4)
with dng/dus=m*/mwh?2. SettingRs=R*P=1.1 nm yields
m*=0.13m,, in conflict with the narrow energy-band re-
quirementm* >m,. Therefore, if there are surface free car-
riers they likely are not described by Fermi-Dirac statistics.

If Maxwell-Boltzmann statistics apply(Debye-Hickel
theory), the screening lengtR,=k_ * is given by(17) and
(4) with ang/ous=ng/k,T. A surface charge density @i
=1.7x10% m~? then reproduces the experimental value of
R$*P~1.1 nm. This corresponds to 0.4% per surface cell, or
roughly 0.4 per phosphorus vacan@yased on the=1%
quoted in Ref. 4

Let us assume that the effective free carrier density
=0.4N, even at the lower surface defect densities of Ref. 2

Note thatks —0 gives the correct limit when there are no Sinceks~ns~N,, andN, is down by a factor of 100 for the

surface free carriersHowever, in general Eq34) must be
numerically integrated to determine the effect dtso. Fig-

ure 2 showsgg for two values ofkso: kso=0.1kb and kSo

low-density experimentss at low densities is down by a
factor of 100, making it about 1/10 of the observed low-
density valué and about 1/30 of the value observed in Ref.
4. Hence the low-density experiments had no need for sur-

=10ky . The two curves are clearly separated over the entirg;ce free carriers to provide screening because in that case

interval %kg1<p< kgl, with a nearly constant shift for all

p.
For largep, ¢, of Eq. (34) has the asymptotic forrfsee
Eqg. (A9)]

qa 2 q
4meg kZp® kso)z'
e+ —
Ko

Like Eq. (18), this is quadrupolar. However, E¢35) does

¢s(p)= (39

not yield Eq.(18) in the k,— 0 limit because the expansion

of Eq. (34) that yields Eq(35) holds only fork,p>1. Com-
paring ¢ of Eq. (35) with ¢q of Eq.(19), the components of
the Q; ; tensor are

4q

= 36
“ (skptke)? (39

1
Qux= ny: - EQ

For small and intermediate, numerical evaluaticit of Eq.
(34) yields an exponential-like behavior faf.

bulk screening dominates.

We now apply the screening theory of Sec. (Which
includes surface free carriers and dielectric, but no bulk free
carrierg to the inferred interaction of Ref. 4. Figure 3 com-
pares the interactiod = e using ¢ of Eq. (16), with both
the original inferred results and the empirical(fij, where in
Eg. (1) we takee=12.6, Z=1, and Rg&=R$*P=1.1 nm.
There is good agreement over much of the range of interest.
It is unnecessary to apply the more complex theory of Sec.
IV to the data, because the surface carriers dominate. On the
other hand, for intermediate concentrations, such cas
=0.1%, bulk and surface carriers would contribute nearly
equally, and the theory of Sec. IV would have to be applied.

It is possible that the distance scale over which the dielec-
tric theory becomes valifl.e., in the absence of free carriers,
no screening at short distances, and screening by large
distancep is larger than we have assumed. However, that
would give significantlyless screening at short distances
than is observed in Ref. 4. For microscopic calculations of
the spatial dependence of dielectric screening in bulk, with-
out free charge carriers, see Refs. 25—27. For a treatment that
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APPENDIX

1. Potentials for source above surface

o
=
I

The potentialg{") due toq localized atro can be ex-
panded in terms of the zeroth-order Bessel functidfi as

0.057

experiment aqa ([~

~mec ), Akbkp)exa—Kz=z|). (A1)

interaction energy (eV)

<

The total potentiakp, of Eq. (4) is the sum of¢{") and a
p (nm) 4 6 term qﬁﬁz) that satisfies Laplace’s equation, due to charge in
the regionz<0. To expand®'? in terms of Jo(kp), we
FIG. 3. Surface vacancy int_eractiqn energy=e¢s: experi-  separate in the variablesp and z writing ¢1(;2)
mentallresultsU due to the empirical fit Eq(1) and U due to the =f§d kC,(K)R(k,p)Z(k,z). By standard method<€ we ob-
theoretical result EQ(16). tain differential equations foR(k,p) andZ(k,p), whose so-

lutions areR(k,p)=Jo(kp) andZ(k,p)~exp(—k|Z). Thus
is more phenomenological but much simpler analytically, see (kip)=Jo(ke) (k:p) P(K2)

Ref. 28.

q

dreg

6P= 1 [ “dke, (K Io(kp)exp —Klz).  (A2)
0

VI. SUMMARY

Assuming a local relationship between the chemical po-l N€ above form is also general 50"{"'0” fg (with C,
tential and the carrier density, we have studied electrostatic” Ca), Sinc€dq als(%sat|sf|?§) Laplace’s equation.
screening of a point charge by a semi-infinite semiconductor Summing overg,;” and ¢ yields
with both bulk and surface free carriers, when the applied

field is small enough that the theory can be linearized. The _a (- CUle

surface free carriers can be due to surface states or to a thin ¢v_47780 0 dkJo(kp)[expl —k|z—2q])
conducting overlayer. The model is applicable only on spa-

tial scales longer than an atomic distance, and only for static +Cy(k)exp—kz)] (z>0). (A3)

screening. We also have presented results applicable to
screening of a point charge aboti@ vacuum and on the
semiconductor surface.

The screening depends on all the semiconductor proper- (i) The largep behavior of the surface potential in the
ties, i.e., on the values af, k,, andks : (i) if both kg and  dielectric-conducting film casevherek,=0) for largep is

K I the dielectri - - larizgoPtained from the large behavior, in Eq(15), of the term
p are small, the dielectric properties dominate, and po arlzaHO(ksp) ~No(kep). We haveé?

tion provides the screeningjj) if kSo is large, the screening
in the i i icinity of th fad@j) if k
occurs in the immediate vicinity of the surfad@ij) i S 1( 5 r(3/2) 3 )

2. Surface potentials at large radial distances

<ekp, the bulk free carriers dominate screening within a  Hy(kep) — Ng(kgp)~—

JEE— + e —
few R, of the surface. m\ ksp  T(=112) (kgp)?
For a source charge on the surface, the asymptotic
vacuum potential is dipolar, vanishing at the surface. The :E i_ (kep>1)
asymptotic surface potential is quadrupolar. Exponential-like m\ Ksp  (kep)® P '
behavior of the surface potential, from Sec. IV, can only be
obtained in the small and intermedigseregions. We have (A4)

compared our surface potentidly with the inferred form Employing Eq.(A4) in Eq. (15) yields Eq.(17).

brit of Ref. 4. To reproduce .the experimen_tal results, screen- (i) The asymptotic behavior ab, is obtained as follows.
ing by the surface free carriers must dominate. Substitution ofkp=x in Eq(33) yields
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with R. Resta. W.M.S. acknowledges support from the De-Addition and subtraction of the—-oe limit of the integrand
partment of EnergyGrant NO. DE-FG03-96ER455%8 in Eq. (A5), 1/(e+1), gives
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. = (e—1)xyx?+ (kpzo) 2+ Xx(Kyzo)
f dxJo(X gs=—g lim 6’f dx > >
s 0 20 e VXt (Kpzg) =+ X+ (Kpzg) &

[ ex— &\ (k)2 (Keyp) X B (A10)
o DX x+e VX7 + (kop)?+ (Kspp) | e

bs=

47780 6+1p

(A6) (i) If kpzo<<1 and if a=kg/ky, of Eq. (30) is of order
Using [odx Jy(x)=1, and dividing the numerator and the unity, we may neglect the termg&yzo)? andx(k,zo) « in the
denominator of the integrand of the second term in &) integrand of Eq(A10). Then, substitutingc= 6"y yields g
by ekyp (k, is nonzer, we obtain

¢S:41 ill =—Mlimfd Y exp—yo)
TEQ € P ds e+1 5/00 y\/)72+_1 y
2112k
| i) | o Ae—D - ze1 a=0(1) (AL1)
= — —, = y a: .
X 1+f deO(x) kop )r:p 7 K > . e+1 be0
S
et ) |+
&
bp bP b If «<1, so that kpzg) @ cannot be neglected, an analyti-

(A7) cal evaluation of Eq.(A10) can be performed only for
On multiplying the integrand of EqA7) by exp(- &), tak- (knZo) @ =ks,Zo>1. Then Eq(A10) becomes
ing the limit 5—~0, and expanding the integrand to second

order inx/(kpp) we obtain 5
(e —1)x“+x(kpzg)a exp—Xx)

=—d lim 5’f dx
4=~ (e + L)X+ (KpZo)a Pt 923

8'—0
1 2 1 ) © (A12)
O~ dmegerip| 1TIM fo dxJ(x)
Due to the term exp(x), for ksozo>1 the a(kbzo):ksozo
x 1/ x\2 term dominates the contributions to the intedil2). Thus,
a— —+ = _) gs becomes
«expl — ox) 0P 2 kP
+1 X +1 x \2 |’
Tekon 2lkp qim o [
A=-am o | X e
a=1+Kks /(ekp). (A8) 8'—0
kb20<1! akb20>1. (A13)

By further expanssion i we obtain

_ 1 2 ] °° (i) If kyzo>1, an analytical evaluation of EGA10) can
bs~ Ameg e+l p 1_2210 0 dxJo(x)exp( — oX) be performed forks zo>1 and & of order unity. We then
neglectx in the Vx?+ (kypZo)? terms, and we negleatin the
le+tl 1 (A9) denominator of the integrand of EGA10). Thus we rewrite
X| 1+ ——— X
;2 82 (kbp)2 Eq (A10), SO
Terms proportionally(x)exp(— &)x have been omitted, be-
cause they disappear upon integrafibrntegration of Eq. 4= —q lim 5,J dx(a—l)x+ ax exp(—Xx)
(A9) gives Eq.(34).2° This result holds only fok,p>1. s S0 eta 2+ g283
(A14)
3. Total surface chargeqg
The total surface charge of E@9) can be evaluated ana- Integration of Eq.(A14) gives
lytically only for a few limiting cases. To reverse the order of
integration in Eq. (29), we multiply the integrand by
exp(—pd) and take the limit>— 0. Then, changing variables _ (e-D+a AL5
QS_ ct+a ( )

to x=kz, andz,6= 6", we obtain
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