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Highly tunable valence-band offset at the„111… Si/Si homojunction
via a CaF monolayer saturated with H
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The possibility of modifying the band lineup at semiconductor heterojunctions by deposition of intralayers
of different materials is becoming a tool in ‘‘band engineering.’’ It was found that CaF2, when inserted
between Si~111! anda-Si, generates a huge band offset. We present first-principles calculations for a similar
system, wherea-Si is replaced by crystalline Si, and the dangling bonds are saturated with H, in two different
structural morphologies, with an abrupt interface configuration. We vary the width of the Si bulk layer and
relax the positions of the interface atoms. Our results indicate the strong sensitivity of the offset to the interface
geometry: the potential lineup varies by as much as 1.5 eV as the interface atoms are relaxed to their equilib-
rium positions or the interface morphology is changed.@S0163-1829~97!02424-7#
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I. INTRODUCTION

The control of band lineups at semiconductors heteroju
tions is one of the most interesting challenges in interf
physics and is greatly stimulated by the important tech
logical applications that would arise from a full theoretic
understanding of the charge readjustment at the interface
gion. In this context, intralayer deposition has been propo
as an additional degree of freedom in band offset tuning
order to modify the discontinuity at heterojunctions,1–5 as
well as to create an artificial misalignment at semiconduc
homojunctions.6–8Dell’Orto et al.9 used syncrotron radiation
photoemission spectroscopy in order to determine
valence-band offset induced at a Si~111!-(a-Si! homojunc-
tion by deposition of a CaF2 intralayer: they find a very large
effect, the misalignment being of 0.35 eV.

The CaF2/Si~111! isolated interface has been the object
several previous investigations. The small lattice misma
~0.6%!, which allows the pseudomorphic growth of CaF2
films on Si substrates, has stimulated great theoretical10–12

and experimental13–16 interest for this ionic/covalent inter
face, also proposed as a good candidate for microelectr
and optoelectronic devices.17

Stimulated by the experimental results, we perform
full-potential linearized augmented plane-wave~FLAPW!
calculations for several superlattices~SL’s!, in which a cal-
cium fluoride monolayer is inserted in a bulk Si crystal no
mally to the@111# direction, focusing on the dependence
the valence-band offset~VBO! on the interface morphology
Experimental evidence~see Ref. 9 and references there!
indicates that a dissociation reaction transforms CaF2 in a
CaF monolayer and that intermixing processes during
interface formation can be completely ruled out. On the ba
of previous work,11,12we also know that the CaF layer grow
by forming a strong Si-Ca bond with the Si~111! substrate.
550163-1829/97/55~24!/16318~6!/$10.00
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Unfortunately, there is no experimental or theoretical c
about the microscopic morphology of the F-Si junction
the other side of the intralayer. Despite the small lattice m
match, an ideal~i.e., crystalline and defect-free! junction
must be ruled out on the basis of bond-counting argume
at the real junction, dangling bonds must be saturated
some kinds of defects and/or reconstruction. The only ex
ing measurement refers to the case where the intralayer j
to amorphousSi, and furthermore nothing is known abo
the dependence of the measured effect upon growth co
tions. Given the above, guessing a microscopic morphol
that is accurately representative of the experiment is a v
hard, if not impossible, task: the aim of this work is therefo
different. We content ourselves with speculating about a f
simple morphologies, each of them being compatible w
the interface chemistry, but none of them being indeed tru
able as a realistic one. We will demonstrate that the~largely
arbitrary! choice of the microscopic morphology has hu
effects on the calculated band offset in this system. Our s
cific choice in this work is to replace thea-Si overlayer of
the real experiment with a crystalline~111! overlayer, and to
saturate its dangling bonds with H atoms. We therefore c
sidered abrupt interface configurations of the type Si-Ca
H-Si: our computational structure is indeed a Si/CaFH
superlattice.

We first start with ‘‘ideal’’ geometries, obtained using th
very similar Si and CaF2 bond lengths. We then allow fo
structural relaxation~which turns out to be as large as 20
of the bulk bond lengths! and compare the results obtained
the two cases. We consider two different structural arran
ments, which differ noticeably in the morphology of the
layers grown on top of the CaF intralayer. We find that
these systems the VBO is strongly affected by the interf
morphology and may vary by as much as 1.5 eV. The
perimental figure of Ref. 9 is within our variation range. W
16 318 © 1997 The American Physical Society



uld

ip

-

o
o-

a

-
tio
p
e

o

e
ee
low
f
e

se
el
u
F
O
w

d
n

a
th
s
e
th
in
f

io
di
d
fe
d
t

e-

gy

by
ed
al
at-

as

e is
at
no-

ob-

the

on
m

ro-

55 16 319HIGHLY TUNABLE VALENCE-BAND OFFSET AT THE . . .
suggest that variation of the growth conditions sho
strongly affect the measured band offset.

This paper is organized as follows: after a brief descr
tion of some computational details~Sec. II!, we discuss re-
sults concerning the structural properties~Sec. III! and the
valence-band offset~Sec. IV! of the various interfaces con
sidered. Finally, in Sec. V we draw our conclusions.

II. TECHNICAL DETAILS

The electronic properties of the structures have been
tained using the density functional formalism, within the l
cal density approximation~LDA !. We used the all-electron
FLAPW method,18 with the exchange and correlation as p
rametrized by Hedin and Lundqvist.19 Angular momenta up
to lmax56 in the muffin-tin spheres (RCa52.4 a.u.,
RSi5RF52.0 a.u., andRH50.9 a.u.! and plane waves with
wave vector up toKmax53.0 a.u. were used in the calcula
tions, leading to about 1000 basis functions. The integra
over the Brillouin zone has been performed using three s
cial k points for the hexagonal Brillouin zone of th
supercell.20

Atomic relaxations have been calculated making use
theab initio atomic forces, where the Pulay contribution~ac-
counting for the incompleteness of the basis set! is included
in the Hellmann-Feynman forces.21,22

III. STRUCTURAL PROPERTIES

Several structural models have been suggested for th
CaF2 interface,

10 but many recent experimental works agr
on the fact that CaF is adsorbed on Si on threefold hol
sites (T4/H3),14,15,23with strong and limited interactions o
Si with Ca and F, respectively. According to this model, w
considered two types of interfaces~shown in Fig. 1 and de-
noted by typeA and typeB), represented by unit cells with
22 and 18 atoms with hexagonal symmetry. In both ca
each unit cell contains two CaF dipole layers, opposit
directed; owing to this geometry, it is possible to unambig
ously define two Si bulk regions, delimited by Ca and
atoms, respectively, which allow us to evaluate the VB
Concerning the dimensions of the supercells used,
checked it by performing calculations for a typeB larger cell
~with 24 atoms per unit cell! and found that both the 22- an
18-atom cells are thick enough to recover bulk conditio
half-way from the interface.

The positions of Ca atoms bound to the silicon substr
and forming an ordered CaF monolayer are common to
two typesA andB of interface. However, the two structure
differ, except for in the total number of Si atoms, for th
positions in the layers above the CaF: the Si atoms of
second layer~indicated by arrows in Fig. 1 and denoted
the following by SiII

ov) of the typeA interface are on top o
Ca, whereas they are above F in the typeB interface. This
leads to a 120° rotation of the Si hexagons in the reg
between the two symmetric interfaces and, therefore, to
ferent distances of the overlayer Si atoms from the Ca an
atoms. Since the mismatch is small, we started, as a re
ence structure, from an unrelaxed structure where all the
tances are set equal to the bulk Si interatomic distance. In
unrelaxed typeA unit cell, the distance SiII

ov-Ca is 3.13 Å and
-

b-

-

n
e-

f

Si/

s
y
-

.
e

s

te
e

e

n
f-
F
r-
is-
he

the distance SiII
ov-F is 3.23 Å, whereas in a typeB unit cell

the distance SiII
ov-Ca is 3.84 Å and the distance SiII

ov-F is 2.35
Å. Then we allow for relaxation of the atomic positions b
longing to the following layers: Ca, F, SiI

sub, SiII
sub, SiI

ov ,
SiII

ov ~see Fig. 1!. Atoms were displaced only along the@111#
ordering axis~or, equivalently, along thez direction of Fig.
1!, until the calculated atomic forces vanish. Total ener
results indicate that the structural configuration of a typeA
unit cell is favored, by'0.2 eV/atom, against a typeB unit
cell, both in the unrelaxed and relaxed cases.

The most important structural parameters obtained
structural minimization are reported in Table I. The relax
geometries turn out to be radically different from the ide
ones: for example, the distances between the Si surface
oms ~SiI

sub and SiII
sub) and the Ca atom is increased by

much as 20%. Therefore, even though the CaF2 and the Si
crystals are almost perfectly matched, the abrupt interfac
not stable within the ideal lattice structure. In fact, wh
probably happens at the interface is the formation of a mo
layer of CaSi2, as proposed by experimental14 and
theoretical11 results obtained for the Si/CaF2 interface. This
is in perfect agreement with our results: the distances
tained in this work, 3.20 Å for SiI

sub-Ca and 2.98 Å for
SiII

sub-Ca, are similar to the SiCa bond length in CaSi2 ~3.03–
3.06 Å!. Furthermore, the calculated distance (dz52.64 Å!
along the growth direction between the Ca atom and
center of the outer Si double layer~i.e., SiI

suband SiII
sub) is in

reasonable agreement with experimental results (dz52.71
Å!, obtained by x-ray reflectivity and transmission electr
microscopy.15 Further confidence in our results comes fro
the calculated relaxed CaF bond length~2.44 Å!, which is
slightly bigger than the bulk CaF2 distance~2.36 Å!, as con-

FIG. 1. Unit cell of the unrelaxed structures considered, p
jected on a vertical plane along the@111# direction: ~a! typeA and
~b! typeB.
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TABLE I. Structural parameters for the systems considered~values in Å!.

Distance TypeA TypeB

Unrelaxed Relaxed Unrelaxed Relaxed
Sibulk-Sibulk 2.35 2.35 2.35 2.35
SiI

sub-Ca 2.71 3.20 2.71 3.20
SiII

sub-Ca 2.35 2.98 2.35 2.98
Ca-F 2.35 2.44 2.35 2.44
Ca-H 2.36 2.73 2.36 2.73
SiI

ov-H 1.54 1.57 1.54 1.57
Ca-SiII

ov 3.13 3.80 3.84 3.86
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firmed by the experimental results of Lucas, Wong, a
Loretto,15 who attribute the longer bond length in CaF to t
different Ca valence state (11 in CaF and12 in CaF2). To
the best of our knowledge, there are no experimental d
regarding the Si overlayer, since it grows experimentally
amorphous Si.

IV. VALENCE-BAND OFFSET

The VBO was obtained using a widely adopted method
all-electron calculations,24–26which closely parallels the rea
x-ray photoelectron spectroscopy~XPS! experiments.9,27The
procedure is based on atomic core levels~in particular the Si
1s core levels! as reference energies. Previous theoret
results for different systems28 showed that this method give
VBO values extremely close~within 0.04 eV! to those ob-
tained following the method proposed by Balderes
et al.29,3 and largely used inab initio calculations, based on
the macroscopic average of the electrostatic potential. S
we are dealing with an intralayer between two slabs of
same semiconductor, the difference between the Si core-l
energies on the two sides of the interface~sufficiently far
from the CaF monolayer to recover Si bulk conditions! gives
directly the VBO. In order to illustrate this procedure, w
show in Figs. 2~a! and 2~b! the core levels for the typeA
unrelaxed and relaxed interfaces, respectively, and we h
indicated how the potential lineup is estimated in the t
cases. We define the VBO referring to the valence-band
of the Si overlayer so that the VBO will be positive if th
valence-band maximum in the Si substrate is at a hig
energy than in the Si overlayer.

The VBO’s calculated for all the structures considered
reported in Table II. We checked that convergence of
VBO as a function of the cell dimension was reached:
evaluated the VBO for smaller and larger supercells~from 18
to 24 atoms! and found equal values to those shown in Ta
II within 0.02 eV. Our results clearly show the strong sen
tivity of the VBO to the interface morphology, which mod
fies the charge readjustment and by such means domin
the potential lineup. Let us first discuss the results obtai
for the unrelaxed structures. We plot in Fig. 3~a! the macro-
scopic averages3 of the charge density,n% (z), for typeA ~dot-
ted line! and typeB ~solid line! unrelaxed interfaces, in a
region around the interface. The two quantities seem to h
an almost identical profile. This similarity, however, is com
pletely overruled by the solution of the Poisson equation:
resulting VBO’s,DVA

unr510.08 eV andDVB
unr520.57 eV,
d
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differ by as much as 0.65 eV~see Table II!. Here and in the
following the superscript unr~rel! refers to unrelaxed~re-
laxed! structures.

In order to explain the strong dependence of the poten
lineup on the interface morphology, we report in Fig. 3~b!
the difference between the macroscopic averages of
charge density@Dn% (z)5n% A

unr(z)2n% B
unr(z)#, plotted in the first

half of the unit cell. In a typeB unit cell, the F atoms show
a small charge depletion; at the same time, the Si bonds
on top the interface~i.e., between SiI

ov and SiII
ov in Fig. 1!

show a charge accumulation. The reason for this behavio

FIG. 2. 1s Si core level energies in the unrelaxed@panel~a!# and
relaxed@panel~b!# typeA unit cell. The energy scale~in eV! refers
to an arbitrary zero.
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the presence in a typeB cell of F-SiII
ov bonds along thec

axis. These bonds mix filled F and empty Si states, draw
charge away from the F layers. The lineup is related to
dipole moment of the charge profile through the relationsh3

DV5
4p

A E zn~z!dz, ~1!

whereA is the unit-cell basis area. It is therefore immed
ately clear that the very small charge transfer far from
interface, shown in Fig. 3~b!, can produce an appreciab
change of the VBO. In fact, the band-offset problem is dom
nated by very tiny charge transfers.

Let us examine now how atomic relaxation affects t
potential lineup. We note from Table II that the VBO valu
obtained with the interface atoms in their equilibrium po
tions differ quite substantially~by as much as 0.87 and 1.2
eV in typeA and typeB interfaces, respectively!. In the type
B case, atomic relaxation leads to a VBO (DVB

rel510.67
eV!, which even has a reverse sign with respect to its va
for the unrelaxed case (DVB

unr520.57 eV!. This can be ex-
plained through a simple electrostatic model, which cons
ers the different atomic planes perpendicular to the gro
direction as charged planes. We introduce the Born effec
charges (e* ), defined as the dipoles linearly induced by un
tary displacements of a single ion in an otherwise perf
crystal, and related to the total macroscopic polarization
duced by a zone-center phonon with zero electric fi
boundary conditions. An atomic plane, containing the atom
speciesM , and positioned atzM , will correspond to an av-
erage effective surface charge densitysM5eM* /A.

Now, at the interface we have successive planes of Si-
F-H-Si, so that we should consider effective charge dens
for all of the atomic species involved. However, the S
bond is strongly covalent and essentially nonpolar. One
then reasonably assume that both the effective charges
and of its neighboring Si vanish: the substrate and intrala
atoms are mostly responsible for the VBO variation un
atomic displacements. We therefore consider our interf
region as three parallel charged planes located atzSi

I
sub, zCa,

and zF , with charge densitiessSi
I
sub, sCa, andsF , respec-

tively. As a result, we will have two competing double laye
or, equivalently, two dipolar distributions: the first one, d
rected from the substrate to the overlayer@i.e., from the
SiI

sub (2) to the Ca~1! atom# and the second one, wit
opposite sign@i.e., from the F (2) to the Ca~1! atom#. Each
of these two double layers will give rise to a potential d
continuityDV54psd/«, whered is the distance along th
growth direction between the oppositely charged planes
« the static dielectric constant of the material. We can the
fore express the VBO as the sum of two different dipo
distributions. In particular, if we denoted15zCa2zSi

I
sub,

TABLE II. Valence-band offset~in eV! for the unrelaxed
(DVunr) and the relaxed (DVrel) structures considered.

TypeA TypeB

DVunr DVrel DVunr DVrel

10.08 10.95 20.57 10.67
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d25zF2zCa, and with «1 and «2 the two static dielectric
constants involved, we will obtain

DV5
4p

A S 1
eSi*

«1
d12

eF*

«2
d2D , ~2!

where we have assumed thateCa* 52eF*2eSi* .
The sign of the VBO is therefore dependent not only

the effective charges involved, but also ond1 and d2 and,
hence, on the interface morphology. For example, in a t
B unrelaxed structure, the Ca1-F2 dipole layer prevails
upon the Ca1-Si2 one, whereas in the relaxed one, the si
ation is opposite, due to the much larger Ca1-Si2 distance.
In fact, from Table I, it is possible to note that going from th
unrelaxed to the relaxed structure, the Ca-F distance rem
almost unchanged ('8% difference! while the SiI

sub-Ca dis-
tance increases by as much as 20%.

In order to check the validity of this simple model, w
have performed FLAPW calculations for some typeB unit
cells, in which only one atom of the interface region h
been displaced with respect to its equilibrium position. T
relevant structural parameters are reported in Table III. N
that the displacement of an atom by a quantityu leads to a

FIG. 3. ~a! Macroscopic average of the valence charge den
for the unrelaxed structures, plotted in the first half of the unit c
the dashed~solid! line indicates a typeA (B) unit cell. ~b! Differ-

ence of the charge density macroscopic average@n% A(z)2n% B(z)# for
the unrelaxed structures. Notice the magnified scale.



e
f the

16 322 55S. PICOZZI, S. MASSIDDA, A. CONTINENZA, AND R. RESTA
TABLE III. Structural parameters~in Å! and valence-band offset~in eV! for the structures obtained by th
displacement of one of the interface atoms from its equilibrium position, compared with the VBO o
equilibrium structure.

d1 5 zCa2zSi
I
sub u1 d25zF2zCa u2 DV

Equilibrium 2.307 1.021 10.67
F atom 2.307 1.099 10.078 10.28
displacement
Ca atom 2.385 10.078 0.943 20.078 11.14
displacement
SiI

sub atom 2.229 20.078 1.021 10.57
displacement
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distanced between the two charged planes,d5deq1u. By
convention, a positiveu always increases the distance b
tween the charged planes@for example, a positiveu1 in-
creases the distanced1 between the SiI

sub (2) and the Ca
~1! charged planes, whereas a negativeu2 decreases the
distanced2 between the Ca~1! and the F (2) charged
planes#.

According to our simple electrostatic model, a decreas
d1 leads to a smaller contribution of the Si-Ca dipole lay
and, hence, to smaller VBO@see the structure in which the S
(2) atom is displaced#. Analogously, an increase ofd2 leads
to a smaller offset, as shown by the structure in which th
atom is displaced. Therefore, when the Ca atom is displa
toward the F atom~so thatd1 increases,d2 decreases!, the
changes of the two competing dipoles sum up and the of
raises consequently.

We now denote the potential lineups for the equilibriu
and displaced positions byDVeq and DVdisp, respectively.
Using Eq.~2! the change of the VBO can be expressed a

D~DEv!5DVdisp2DVeq5
4p

A S 1
eSi*

«1
u12

eF*

«2
u2D . ~3!

From Eq.~3!, we could therefore derive the value of th
Born effective charges (eSi

I
sub* , eCa* , andeF* ), provided that

the values of the dielectric constants are known. The va
of «1 and«2 to be considered are not the bulk ones of Si
CaF2, but they are a sort of local average between the
electric constants involved.5 As a first approximation, we
have considered an average dielectric constant«ave:

1

«ave
5
1

2S 1

«Si
expt1

1

«CaF2
expt D ~4!

so that «15«25«ave. Using the experimental value
«Si
exp'12 and«CaF2

expt'7.35,9 we find «ave59.2. If we substi-

tute in Eq.~3!, «15«25«ave, u1 andu2 as reported in Table
III, we find eF*520.8 and eSi

I
sub* 520.2, so that

eCa* 52(eF*1eSi
I
sub* )51. The F dynamical charge looks ther

fore close to the nominal charge state of the ion: this is q
reasonable for a strongly ionic bond.

Let us now compare our results with the available exp
mental results of Dell’Ortoet al.9 obtained from XPS mea
surements for an (a-Si!-Si~111! homojunction with a CaF
-
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intralayer (DVexp520.35 eV!. They found that the over-
layer valence-band maximum is at lower binding ener
with respect to the substrate one~and therefore a negativ
VBO, according to our convention!, leading to an electro-
static dipole directed from the overlayer to the substra
This seems to be at variance with several structures con
ered in this work~see Table II!: one has to bear in mind tha
the interface formation is dominated by kinetics, and t
minimum-energy ideal structure most often is not the o
that really grows. Furthermore, the experimental system
fers substantially from the model structures considered in
present work: the Si overlayer is constituted by amorph
Si, while we considered a perfect Si@111# ordered crystal at
both sides of the homojunction~whose dangling bonds at th
F side are saturated with H!. The H content of the experi
mental amorphous overlayer and the detailed interface m
phology are, of course, not known. We also recall that am
phous Si experimentally grown on the CaF intralayer co
contain a variety of different types of atomic coordinatio
and bond lengths, all affecting the final VBO value. As a
ready pointed out, our results show that the charge redi
bution at the interface~and hence the band lineup! is cru-
cially dependent on the interface morphology. Therefore,
disagreement between the experimental (DVexpt520.35 eV!
and theoretical~see Table II! VBO values is not surprising
and certainly due to the differences between the experime
and the simulated structures: we should remark that the
perimental paper emphasizes the unpredictability of the
tailed interface morphology, given the growth temperature
500 °C–600 °C. A meaningful comparison between the
and experiment would thus require a precise knowledge
the interface morphology for this kind of very polar syste

V. CONCLUSIONS

FLAPW calculations performed for Si/CaFH/Si superla
tices with different structural ordering~type A and typeB)
and bond lengths~unrelaxed and relaxed structures! show
that the VBO, related to the charge readjustment at the in
face, is strongly dependent on the interface morphology
particular, for the unrelaxed structures, the interaction
tween the F and overlayer Si~and H! atoms in typeB inter-
faces determines a charge flow from the F to the inner S
bonds that is responsible for the appreciable change of
VBO. Moreover, our calculations show that the clean relax
Si-Ca-F-H-Si interface has a dipole moment oriented fr
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the Si substrate toward the overlayer, resulting in high
binding energy for core levels belonging to the overlaye
The only experiment to compare with refers to an overlay
of amorphous Si, whose H content is unknown but presu
ably small, and indicates a dipole oriented in the oppos
direction. The discrepancy is certainly related to the real i
r
.
r
-
e
-

terface morphology, which is probably very complex an
contains a variety of different structural orderings and atom
distances, leading to a potential lineup varying within a ver
large range~about 1.5 eV!. Our theoretical range brackets the
only available experimental figure.9 We predict a strong de-
pendence of the measured effect on growth conditions.
.
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