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Positron affinity in semiconductors: Theoretical and experimental studies
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G. Brauer, W. Anwand, and E.-M. Nicht
Forschungszentrum Rossendorf, Postfach 510119, D-01314 Dresden, Germany

P. G. Coleman
School of Physics, University of East Anglia, Norwich NR4 7TJ, United Kingdom

N. Wagner
Fachbereich Physik, Martin-Luther-Universita¨t Halle-Wittenberg, Friedemann-Bach-Platz 6, D-06108 Halle/Saale, Germany

~Received 14 May 1998!

Knowledge of the positron affinityA1 , a basic bulk characteristic of materials, is important to the under-
standing of positron trapping at interfaces and at precipitates. Theoretical calculations ofA1 for 3C, 4H, and
6H polytypes of SiC, based on various approaches to electron-positron correlations within the local-density
approximation and the generalized gradient approximation for positrons, are compared with experimental
values obtained via work-function measurements. The disagreement between theoretical and experimental
values ofA1 is discussed in terms of difficulties in the precise measurement of the positron work function and
the possible inadequacy of contemporary approaches to electron-positron correlation in semiconductors.
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I. INTRODUCTION

Positrons can serve as a very efficient and sensitive p
of the electronic and atomic structure of condensed ma
Over the last two decades the development of positron s
troscopies of the solid state has become very dynamic, w
both theory and experiment contributing to this process. T
slow-positron beam technique1,2 is now a well-established
tool for the study of defect depth distributions close to t
surface of materials.2 Re-emitted positron spectroscop
~RPS! can be used to study the re-emission of positrons
planted into a sample.3 From the energy spectrum of suc
positrons some fundamental, energy-related properties o
system studied can be derived.3,4 Recently, we have use
RPS to measure the positron work functionf1 , and hence
an ‘‘experimental’’ value ofA1 , for 6H and 3C polytypes of
SiC.5,6 Using a standardab initio calculational method we
determined theoretical values forA1 for both polytypes,7

allowing a direct comparison of experimental and theoret
values for a semiconducting system. The disagreement
tween experiment and theory prompted the present work
3C-, 4H-, and 6H-SiC.

The electron-positron correlation energy utilized in mo
contemporary calculations originates from the calculations
Arponen and Pajanne,8 who theoretically determined chara
teristics of electron-positron interactions for an ideal case
one positron placed in a homogeneous electron gas~i.e., for
a vanishing positron density!. Later Lantto9 performed cal-
culations for a few nonzero ratios of the positron and el
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tron density. Results of these numerical calculations8,9 of the
electron-positron correlation energy and the electron
hancement factor were parametrized by Boron´ski and
Nieminen,10 who obtained an analytical formula suitable f
use in standard electron structure calculational schemes
which positrons can be incorporated within the framework
the local density approximation10–12 ~LDA !. It is usual to
assume a vanishing positron density, which simplifies
theory considerably.

The electron enhancement factor and the positron co
lation energy based on homogeneous electron-gas result
appropriate for metallic systems only, where positrons
well screened due to the delocalized electrons in the cond
tion band. For systems with a band gap, where the posi
screening is incomplete, some corrections have to be
cluded. Puskaet al.13 introduced two different models fo
semiconducting and insulating materials. In rare-gas sol
the situation is even more complicated, as the LDA bre
down, and an approximation based on polarizability of ato
has to be applied.14 Recently, an approach to the electro
positron correlations based on the generalized grad
approximation15 ~GGA! has been formulated.16 We have ap-
plied all these models to the 3C, 4H, and 6H polytypes
SiC to test their ability to reproduce both the positron affin
A1 and the positron lifetimet obtained in experiment.

In Sec. II theoretical principles and methods are d
scribed. Section III describes the experimental method,
in Secs. IV and V the results are presented and discusse
1948 ©1999 The American Physical Society
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II. THEORETICAL METHODS AND CONCEPTS

A. Electronic structure and positron state calculations

To calculate the electronic structure of the systems s
ied, the linear muffin-tin orbital~LMTO! method17 within
the atomic sphere approximation has been employed. De
of calculations are described elsewhere.7 Electron exchange
correlation effects are treated in a standard way within
LDA for electrons18 using the von Barth and Hedin form o
the exchange-correlation potential.19 It is well known that the
LDA systematically underestimates the size of band gap
semiconductors and insulators.18 For calculations ofA1 the
energetics are important~see below!, and one has to be care
ful when experimental and theoretical values are compa

Positrons may be included into calculations in the follo
ing way. Suppose that the positron density is vanishing in
whole system, so that the electronic structure is not in
enced by the presence of a positron. Under such condit
we can independently calculate the electronic structure
then solve a Schro¨dinger-like equation to obtain the positro
states and energies~for a thermalized positron it is appropr
ate to consider that a state with the lowest energy is
ground state!. This scheme, used in all our calculations,
called the zero positron density approximation, and is ex
for a periodic~bulk! system without positron traps~i.e., in
which a positron is delocalized!.

Within the approach adopted the positron potentialV1

can be written as a sum of two terms;11

V1~r !52VCoul~r !1Vcorr~r ! , ~1!

whereVCoul(r ) is the Coulomb potential for electrons, an
Vcorr(r ) is the correlation potential. Both terms depend
the electron densityn2(r ) and in this sense we are using a
LDA theory ~except the GGA and rare-gas solid models; s
below!.

If the material contains some defects, which can act
positron traps, the positron density is not negligible in so
parts of the system, and the two-component density fu
tional theory should be used.10 Surprisingly, the zero posi
tron density approximation works reasonably even for s
cases, and we refer to Refs. 10, 11, and 20 for further
cussion.

To calculate the positron annihilation ratel ~the inverse
of the positron lifetimet) the well-known formula11

l5t215pr e
2cE n2~r ! n1~r ! g~r ! dr ~2!

is used, wheren1(r ) is the positron density,g(r ) is the
enhancement factor,r e is the classical electron radius, andc
is the speed of light.

B. Positron affinity

Let us consider a solid consisting of two phases. From
energy point of view, positrons ‘‘prefer’’ one of these phas
~as they are not the same!, i.e., the ‘‘affinity’’ of positrons to
one of these phases is larger. This notion of the posit
affinity, A1 , was introduced in Ref. 21 and further deve
oped in Ref. 22. Sometimes, however,A1 is understood in
terms of ‘‘attractivity’’ to positrons of different atoms insid
materials containing more than one atomic component, o
d-
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other words, preferential positron occupation
annihilation.23 In what follows we shall use only the firs
meaning of theA1 mentioned above.

The positron affinity is defined by the simple relation22

A15m21m1 , ~3!

where m2 and m1 are the electron and positron chemic
potentials, respectively.m1 may be identified with the low-
est positron energy. Butm2 is determined from the electro
band filling ~in the case of semiconductorsm2 is taken to be
at the position of the top of the valence band!. Both m2 and
m1 are defined with respect to the same zero energy le
~the so called ‘‘crystal zero’’; see a detailed discussion
Ref. 22!. A1 as defined in Eq.~3! can be related to the
electron and positron work functions (f2 and f1) by the
equation22

f21f11A150 . ~4!

This can be easily proved if we consider relations betwe
respective chemical potentials and work functionsf6

52m67D, whereD is the surface dipole barrier~we use
the same sign conventions as in Ref. 22!.

These two independent definitions ofA1 correspond to
the two ways in which this quantity can be obtained. Usua
Eq. ~3! is used by theoreticians to calculateA1 as the dipole
barrierD is not accessible within standard calculational ele
tron structure methods. Experimentalists prefer Eq.~4! as
electron and positron work functions are measurable qua
ties. For completeness, we should notice the relation betw
A1 and the positronium formation potential,11,24 which can
also be used, in principle, in a measurement ofA1 .

A1 is a bulk material property. Nevertheless, its practi
usage concerns material surfaces and interfaces. If two
tinct materials (A andB) are in contact, the electron chem
cal potentials align mutually and, therefore, the differen
between theA1 values is equal to the difference betwe
positron levels in these two materials:21,22

DA1
A,B5A1

A 2A1
B . ~5!

If B is a precipitate, the relationDA1
A,B.0 represents a nec

essary condition for positron trapping in this precipitate.
To our knowledge, all calculations ofA1 to date have

been performed using the LMTO method, and for elemen
metals the results agree very well with experimental data
documented in recent reviews.11,12 On the other hand, there
has been no systematic comparison for semiconductors
experimental values off1 have not been available for thi
type of material~except perhaps diamond25 which is, how-
ever, usually treated as an insulator!.

C. Positron correlation potential

Comparison of calculated and experimental values ofA1

for a semiconducting system provides a serious test
electron-positron correlation theory. In this section we sh
discuss various theoretical approaches to electron-pos
correlations, corresponding correlation potentials, and
hancement factors. Most of the present calculations in me
are done utilizing the results of Arponen and Pajanne8 for the
electron-positron correlation energy, parametrized by Bor´-
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1950 PRB 59J. KURIPLACH et al.
ski and Nieminen;10,26 we shall refer to these as BN calcul
tions, and the corresponding correlation potential will be
noted asVBN . TheA1 values calculated using this potenti
agree well with experiment, at least for elemen
metals.11,12,22In the work described in Ref. 10, an interpol
tion formula for the electron enhancement factor is a
given:

gBN~r s!5111.23r s10.8295r s
3/221.26r s

2

10.3286r s
5/21r s

3/6. ~6!

Here isr s5A3 3/(4pn2) the electron density parameter. Th
enhancement, however, is not consistent withVBN , asgBN
comes from a parametrization of the results of Lantto,9 who
used an approach to electron-positron correlations in a
mogeneous electron gas qualitatively different to that of
ponen and Pajanne8 ~see below!.

Due to incomplete positron screening in systems wit
band gap, the electron-positron correlation energy and
enhancement factor have to be modified. Puskaet al.13 intro-
duced two distinct electron enhancement factors which
able to reproduce experimental positron lifetimes for se
conductors and insulators. We shall call the correspond
physical models the ‘‘semiconductor model’’~SM! and the
‘‘insulator model’’ ~IM !, as in Ref. 13. The idea of the SM i
that a positron in a semiconducting material is screened e
trostatically~as in a dielectric material described by the sta
dielectric constant«). The derivation13 leads to the modifi-
cation of the last term in Eq.~6! which is multiplied by the
factor (121/«); the resulting enhancement will be denot
by gSM . The enhancement factor within the IM is express
as a linear function of atomic polarizability, and thus to t
dielectric constant through the Clausius-Mossotti formu
i.e.,

g IM 511A1B V ~«21!/~«12! . ~7!

The values of the two adjustable parametersA50.684 and
B50.0240a0

23 were found by comparing calculated an
measured lifetimes for selected systems;11–13 V is the vol-
ume per atom anda0 is the Bohr radius.

The correlation potentialsVSM andVIM can be easily ob-
tained using the general scaling relation for the positron c
relation potentialVcorr ,11,13,27

Vcorr}~l2l IPM !1/3 , ~8!

wherel IPM is the annihilation rate within the IPM@i.e., with
no enhancement (g IPM51)#. Then if lSM,IM ,BN
5l IPM gSM,IM ,BN ,

VSM,IM 5VBN S gSM,IM 21

gBN21 D 1/3

. ~9!

For rare-gas solids the following form of the correlatio
potential was adopted~using atomic units!:

VRGSM~r !52
a

2~r 21r 1
2!2 ~10!

~RGSM means ‘‘rare-gas solid model’’!. a is the atomic po-
larizability, r is the distance from the nucleus andr 1 is a
model parameter fixed at value 1.7a0 to obtain good
-
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agreement with experiment.14 VRGSMdoes not depend on th
electron density and its radial dependence stems from
polarization of the atom by positrons,28 which is an appro-
priate approach for rare-gas solids. To test the validity of t
approximation for the SiC system, we use an average va
of the atomic polarizability for Si and C atoms derived fro
the static dielectric constant, using the Clausius-Mossotti
lation.

The application of the GGA to electron-positro
correlations16 leads to a unified treatment of metals and s
tems with a band gap. The spirit of this approach consist
reducing the LDA enhancement factorgLDA according to the
inhomogeneity of the electron density~measured by its gra
dient! at the positron site. A new form ofgLDA , consistent
with the correlation potentialVBN , has been found to be

gLDA~r s!5111.23r s20.0742r s
21r s

3/6 ~11!

~cf. Ref. 29!. The corresponding enhancement within t
GGA is then16

gGGA511~gLDA21!exp~2be! . ~12!

Hereb, a model parameter which is adjusted so that
lifetimes calculated within this approach agree well with e
periment for several selected systems, is found to have
value 0.22.16 e, proportional tou¹n2u2/n2

2 , characterizes the
gradient of the electron densityn2 .16 The resulting electron-
positron correlation potential is given by the formula

VGGA5VBN exp~2be/3!, ~13!

which can be derived using Eq.~9! if gBN is replaced by
gLDA andgSM,IM by gGGA .

III. EXPERIMENTAL METHODS

To obtain experimental values ofA1 the two quantities
f2 andf1 must be measured@see Eq.~4!#.

A. Properties related to electronic structure

The distance from the top of the valence band to vacu
(f2) for all SiC polytypes has been determined using
experimental electron affinityx2 and energy-band gapEg ,
which have been measured via the contact voltage retar
potential method7,30 and photoacoustic spectroscopy,31 re-
spectively. Thenf25x21Eg .

The experimental setup for contact potential measu
ments is described in Ref. 30. As shown there, the con
potential appears between the metal~tungsten!-vacuum sur-
face, considered as a reference, and the SiC-vacuum sur
both surfaces being placed in an ultrahigh vacuum at a
tance of 1.0 mm from each other. According to that, qua
macroscopic space-charge effects are important for ther
dynamic equilibrium only. In this case the Schottky barr
~related to maximum band bending! has to be overcome
when an electron is excited from the metal into the cond
tion band of SiC. Hence we adopt the Schottky model,32 and
the electron affinity for 4H-SiC can be derived using t
simple relationx25eUCP1fW , whereUCP is the contact
potential andfW @5 4.50 eV~Ref. 30!# is the electron work
function for tungsten. Both quantities are true bulk propert
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from which dipol effects~microscopic interface dipols giving
rise to change the band bending and Fermi level pinning! are
excluded.

The basic mechanism of the photoacoustic effect is
optical absorption takes place in a sample when illumina
by intensity modulated light. The sample is thus heated
termittently by nonradiative electronic transitions. This pe
odic heating as photoacoustic response generates ine
~thermoacoustic effect! and elastic ~thermoelastic effect!
strains which can be detected by lead-zirconium-titan
~PZT! transducers.

The optical arrangement consists of 300-W xenon lam
interference filters~a full width at half maximum of 10 nm!,
a light chopper, and an open photoacoustic cell. This cell
been made of 4H-SiC sample and PZT transducer, both
tached opposite to a thin alumina disc with a hard-sett
conductive carbon cement. The light transmission throu
the sample for energies smaller than the indirect 4H-SiC
ergy gap produces low-frequency stress-strain signals in
Al-support which are proportional to the exciting light inte
sity ~photoacoustic saturation31!. The signal from the trans
ducer is fed into a charge preamplifier, whose output goe
a narrow bandpass filter and then into a dual phase loc
amplifier.

In the range of photoacoustic saturation the signal int
sity can be regarded as independent of the absorption c
ficient. In this case the normalized intensity is consta
However, when the light energy is greater than the fun
mental energy gap of the semiconductor deposit, the refl
tion in the range of energies above the gap gives directly
interband transition energies via dips in the saturation int
sity.

B. Positron work function

Current measurements of the positron work function
based on the following facts:~i! if f1 is negative, positrons
entering a sample studied and diffusing back to its surf
can escape the sample; and~ii ! the maximum kinetic energy
of such re-emitted positrons is equal to2f1 . In practice, a
variable retarding potential is applied to the sample to ob
the energy spectrum of re-emitted positrons. The posit
work function is then determined from an analysis of th
spectrum.

Our measurements of the positron work function ha
been carried out on the magnetic-transport positron bea
Norwich.33 Count rates of gamma rays resulting from t
annihilation of positrons in the sample are measured a
function of sample potential. First, the zero potentialV0 is
determined, being the highest sample potential at which
re-emitted positrons are returned to the sample. Second
potentialVB is determined, being the lowest energy at whi
all thermalized and re-emitted positrons are returned to
sample surface. Thenf15VB2V0.

IV. RESULTS AND DISCUSSION

A. Properties related to electron structure

In Fig. 1 the photoacoustic spectrum of the 4H-SiC po
type is presented. The two broad absorption structure
2.07 and 3.27 eV result from optically excited energy lev
at
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which decay into two channels reducing the photoacou
cally saturated signal through radiative transitions. Bo
shallower-sloped structures are a result of indirect interb
transitions. The major dip at 3.27 eV corresponds
G6v –K2c transition of the 4H-SiC polytype@3.2 eV ~Ref.
34!#. The 2.07-eV dip is due to transitions atG15v –X1c @100#
of 3C-SiC. Because of the shallow slope and energ
involved,35 the influence of active dopants can be exclud
The shift from 2.35 eV~Ref. 6! to lower energy is caused b
a surface effect with fewer bonding neighbors. We thus
tice a polytype change from hexagonal 4H modification
the cubic 3C-SiC one in a thin layer deposit~approximately
5 nm can be deduced from the intensity attenuation!.

This interpretation is further supported by the curre
voltage characteristics in the retarding potential measu
ment for our sample which reaches saturation current a
unexpected bias ofUCP522.62 eV ~see Fig. 2!. For the
3C-SiC/4H-SiC semiconductor heterostructure the~more co-
valent! 3C wave functions leak into the gap of the 4H su
strate. Therefore, the measured bias voltage has to be
rected for dipole effects from22.62 eV to @22.62 eV1

FIG. 1. Photoacoustic spectrum measured for the 4H-
sample. Two vertical arrows mark the dips discussed in the tex

FIG. 2. Residual/saturation current-voltage measurements
two-electrode tube~cathode: W; anode 4H-SiC! under ultrahigh-
vacuum conditions (1029 Torr!. The vertical arrow marks the po
sition of UCP ~see the text!.
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TABLE I. Experimental values of electron affinities (x2), positron work functions (f1), electron band
gaps (Eg ; theoretical values are given in brackets!, distances from the top of the valence band to the vacu
level (f2), and experimental value of positron affinity (A1) for three SiC polytypes. Experimental errors a
indicated below the symbolsx2 , Eg , andf2 , and in parentheses after the tabulated values off1 andA1 .
All values are in units of eV.

x2 Eg f2

Polytype (60.05! (60.2! (60.25! f1 A1

3C 3.83 2.35@1.50# 6.18 22.35 ~0.20! 23.83 ~0.45!
4H 3.08 3.27@2.57# 6.35 22.17 ~0.25! 24.18 ~0.50!
6H 3.34 3.17@2.28# 6.51 22.10 ~0.20! 24.41 ~0.45!
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ental
Eg~4H!–Eg~3C!#521.42 eV. This correction follows from
the Schottky model,32 aligning the vacuum potential of th
two polytypes involved. For this model we assume perfec
matching lattices and no defects at the interface, wh
is—at least in the former—a tenable assumption for po
types with the difference of only~Si-C! double layers in their
stacking sequences.

The measured values ofx2 , Eg , and resultingf2’s for
all polytypes studied are presented in Table I~values for 3C
and 6H were taken from Refs. 6 and 7, respectively!. We
note that the differences inf2’s among polytypes studied lie
near the limit of experimental uncertainties.

In Fig. 3 the calculated density of states~DOS! is shown
for all three SiC polytypes studied. The DOS curves exh
clear differences; nevertheless, common features pre
This reflects the fact that the crystal structure of all SiC po
types have similarities—namely, that the first coordinat
sphere of any chosen atom is tetrahedral. The valence b
consists of two subbands. The subband located lower in
ergy is predominantly ofs character, with both Si and Cs
states contributing. In the second subband Cp states domi-
nate~Si s-like states can also be observed at lower energi!.
The bottom of the conduction band is mainly ofs character.
Theoretical energy-band gaps can be deduced from the D
curves presented. Their values are given in Table I~in brack-
ets! together with their experimental counterparts. One c
clearly see that theory~LDA ! underestimates appreciab
this quantity~by about 30%!, as we have already mentione
above.

B. Positron work function

In Fig. 4 the measured integral spectra of re-emitted p
itron intensities for the three SiC polytypes studied are p
ted. We comment here that the observed spectra certainl
dominated by work-function emission from the SiC surfa
Three following arguments support this conclusion:~a! the
sharpness of the energy spectra at low energies,~b! the per-
sistence of re-emission to relatively high incident positr
energies, and~c! the great reduction in re-emitted intensi
from defected SiC samples.5 The extraction of the positron
work functions f1 from these spectra is, however, n
straightforward, due to epithermal positron emission. T
occurs even for incident positron energies as high as 5 k
the presence of the epithermal component requires eva
tion of VB by extrapolation. The result for 4H-SiC will b
affected by the thin overlayer of 3C polytype~see Sec.
IV A !, but reference to the bilayer results of Ref. 3 sugge
y
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that the additional experimental uncertainty associated w
the presence of this layer is only;0.05 eV.

Results forf1 are listed in Table I. Although the esti
mated positron work functions do not differ significant
within the limits of present experimental errors, a tenden
of increase~of magnitude! is seen when going from 6H to 3C
polytype. This conclusion is supported by the fact that at
same time the opposite tendency appears in the experim
values for the electron work function.

FIG. 3. Density of states for~a! 3C-, ~b! 4H-, and~c! 6H-SiC
polytypes.
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C. Positron affinity

The measured values off2 and f1 are substituted into
Eq. ~4! to obtain the values forA1 shown in Table I. Differ-
ences between the three values are rather small, as expe
The values ofA1 calculated using five different forms o
electron-positron correlation potential discussed in Sec.
are shown in Table II. The comparison of experimental a
theoretical values ofA1 is visualized in Fig. 5.

An important feature of the theoretical values ofA1 is
that there are only very small differences among polyty
investigated. Thus positrons do not seem to be sensitiv
details of the crystal structure of SiC polytypes. Likewis
the dependence of the calculatedA1 on the form chosen to
describe the electron-positron correlations is generally sli
indicating that the scaling of the positron correlation pote
tial VBN @see Eqs.~9! and ~13!# has only a small influence.

We see that there is an obvious discrepancy betw
theory and experiment. The best agreement occurs in
case of the insulator model; from the theoretical point
view this is quite unsatisfactory, as the IM is based on
phenomenological approach to the electron-positron corr
tions and does not provide any explanation of the particu
values ofA and B parameters entering the model~see Sec.
II C!. One could probably find values ofA andB which lead
to a better accordance with experiment, but the underly
physics remains hidden. In this respect we should note
important point. Three of the five models studied~IM, GGA,
and RGSM! contain adjustable parameters which have b

FIG. 4. Integral spectra of re-emitted positrons for 4H, 3C, a
6H polytypes. The horizontal bars on the left indicate the exten
the epithermal positron distributions.

TABLE II. Calculated values of positron affinity (A1) for three
SiC polytypes. Various theoretical approaches to electron-posi
correlations are used~see the text!. All values are in units of eV.

Polytype BN SM IM GGA RGSM

3C 26.07 25.88 24.84 25.61 28.60
4H 25.95 25.76 24.73 25.49 28.51
6H 25.98 25.79 24.76 25.52 28.54
ted.

C
d

s
to
,

t,
-

n
he
f
a
a-
r

g
ne

n

found by fitting to experimental positron lifetimes for s
lected systems~with the exception of the RGSM, where en
ergy properties are fitted!. This means that these models a
often tuned up to yield ‘‘good’’ lifetimes, not considerin
other positron-related properties.

In Table III we list calculated positron lifetimes in 6H
SiC for all theoretical models examined~except the RGSM,
where it is not possible to calculate the lifetime!. We can see
that the GGA gives very good agreement with the expe
mental value36 ~also given in Table III!. In the case of the IM
the agreement is worse, and the other two models~BN and
SM! correspond fairly well to experiment. For example, t
GGA approach gives a bulk positron lifetime of 139 ps, w
the parameterb set to 0.22. The corresponding value ofA1

is 25.52 eV~see Table II!. Increasing theb to 1.00 leads to
an unsatisfactorily high positron lifetime of 189 ps, but t
value ofA1 changes to24.15 eV, in much better agreeme
with the experimental value. We can state, therefore, that
need at least a better phenomenological description of
electron-positron interaction in which both lifetime andA1

can be fitted. However, a model describing the physics of
problem would be even more desirable.

A closer inspection leads to the conclusion that there
two sources of the observed disagreement between th
and experiment. First, it is a well-known deficiency of th
LDA for semiconductors that the position of the electr
Fermi level may be incorrectly positioned. The error can
approximated by the deviation of the calculated and m
sured band gaps, which is about 0.8 eV. This is just a ro
estimate, however, as beyond LDA electronic structure te
nique may shift the position of the valence band in bo
directions, but we believe the above number is a good m

d
f

FIG. 5. Comparison of experimental and theoretical values
the positron affinity for all SiC polytypes studied.

n

TABLE III. Comparison of experimental and theoretical valu
of the positron lifetime (t) for the 6H-SiC polytype. In the case o
the RGSM, no enhancement is available to calculate the lifetim

expt. ~Ref. 36! BN SM IM GGA

t ~ps! 140 136 142 157 139
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sure of the energy error introduced by the LDA~for the
energy region of interest!. Second, even if this error is con
sidered, the electron-positron correlation energy in SiC po
types studied is probably lower~in magnitude! than is sup-
posed in current theoretical approaches~except perhaps
rather phenomenological insulator model!.

It has yet to be confirmed that this effect is a comm
feature for semiconducting and insulating materials wh
positrons are not completely screened. Nevertheless, a
sion of present approximations to electron-positron inter
tions in systems with a band gap seems to be neces
Recently, a quantum Monte Carlo technique has been
plied to electron-positron correlations in both homogene
and simple nonhomogeneous systems.37,38 It might be pos-
sible to apply such a technique to real systems~including
semiconductors!, notwithstanding very large computation
demands.

V. CONCLUSIONS

We have discussed theoretical and experimental asp
of the positron affinity in semiconducting materials, and ha
presented results of theoretical and experimental studie
this quantity in three polytypes of SiC. To our knowledg
SiC is the first semiconductor where a direct comparison
the experimental positron affinity with its theoretical cou
terpart has been done. The experimental positron affinity
SiC has been determined owing to a negative positron w
function which can be measured using re-emitted posit
spectroscopy. In this respect we should mention that,
cently, appreciable positron re-emission has been obse
for GaN, probably indicating a negative positron work fun
tion for this material as well.39

The positron affinity of SiC has been obtained experim
tally via the electron and positron work functions. Wh
.
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measuring the electron work function, both photoacous
and contact potential experiments must be carefully in
preted, as we have observed a thin 3C-SiC layer on the
face of our 4H-SiC specimen. On the other hand, posit
work-function measurements for SiC require careful tre
ment of the contribution of epithermal positrons to the sp
trum of re-emitted positrons.

In general, there are rather small differences in values
the positron affinities among SiC polytypes studied both
experiment and theory. However, all approaches to
electron-positron correlations we have used in calculati
yield values of the positron affinity which lie below the e
perimental value. We have debated the possible origins
this discrepancy, concluding that both electron- and positr
related parts of the problem exist. That is, the electron Fe
level might be misplaced due to the inadequate descriptio
semiconductors within the LDA. In order to clarify this poin
we intend to perform self-consistent, self-interactio
corrected electronic structure calculations18,40 for SiC. Our
estimates of a possible error of the electron Fermi lev
however, show that possible shortcomings in the LDA a
proach cannot be fully responsible for the apparent disag
ment between theoretical and experimental values of the
itron affinity for all SiC polytypes studied. Electron-positro
correlations thus need further investigation; quantum Mo
Carlo techniques could represent a possible way tow
achieving this goal.
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