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As a follow up to our finding that CuCl/Si superlattices exhibit metallicity at the interfaces and possibly
superconductivity, we explore other semiconductor superlattices for the same properties and present here our
results for ZnS/Si and GaP/Si superlattices. As found for the CuCl/Si superlattices, both the ZnS/Si and GaP/Si
superlattices exhibit two-dimensional metallicity at their interfaces, as shown by their band structures, Fermi
surfaces, and charge-density distributions. Furthermore, to gauge any possible superconductivity, the
McMillan-Hopfield electron-phonon coupling constant, X, is calculated using the rigid muffin-tin approxima-
tion. Electron-phonon coupling is observed mostly at the interfaces but it is not strong enough to cause
superconductivity at a finite temperature as estimated using the McMillan formula for T'.. This contrasts greatly

Interface two-dimensional metallicity but lack of superconductivity in heterobonded

with the CuCl/Si superlattices, in which electron-phonon coupling is

superconductivity.
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I. INTRODUCTION

Heterostructures and interfaces are currently intensively
studied topics in condensed-matter physics, motivated by
their intriguing physics and also as part of the enormous
effort in searching for novel device applications materials.
Advances in experimental techniques such as synthesis and
epitaxial growth, which have a long history since the 1970s,’
nowadays enable the study of heterostructures and interfaces
at the atomic scale.>? In its early stages, this research was
mostly on semiconductors which combined direct and indi-
rect band-gap III-V and group IV semiconductors. Current
studies on heterostructures are not restricted to semiconduc-
tors but also include perovskite oxides and combinations or
superlattices of metal-semiconductors, exhibiting a rich vari-
ety of properties such as ferroelectricity, high mobility, and
superconductivity at two-dimensional (2D) interfaces.’™

In 1985, shortly before the discovery of superconductivity
in the cuprates, Mattes and Foiles® (MF) reported nearly
ideal diamagnetism between 60 and 150 K in CuCl grown
epitaxially on Si (I111). These results followed the great
attraction that CuCl drew from the physics community in
the late 1970s due to possible superconductivity under
pressure,”® which would be a sign of excitonic
superconductivity’ proposed by Little!® and Ginzburg!! in
the early 1960s. Mattes'? later suggested that the CuCl/Si
results could be understood as a manifestation of an exci-
tonic mechanism of superconductivity,'>!# which can be re-
alized in a dielectric-metal-dielectric sandwich structure.
Those results were neither reproduced nor confirmed there-
after. However, the MF results called for a more thorough
understanding of the properties of the CuCl/Si system. Pre-
liminary ab initio calculation results in 1986 by Yu and
Freeman!> showed that 2D interface metallicity was plau-
sible. Recently, we reported 2D interface metallicity and pos-
sible phonon-mediated superconductivity (7,=0.03-4.4 K)
in CuCl/Si superlattices.!® These results lead naturally to the
question of how do other similar semiconductor superlattices
behave regarding those properties.
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strong enough to indicate
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To answer this question, ZnS and GaP interfaces with Si
were investigated and their properties are reported here.
These have similar lattice constants to those of Si and CuCl.
On the other hand, while CuCl is a strongly ionic (I-VII)
compound, ZnS and GaP are II-VI and III-V semiconductors,
respectively, which would have different polarity at the in-
terface from CuCl and Si. Results on the electronic structure
of ZnS/Si and GaP/Si [111] superlattices are presented,
clearly showing 2D interface metallicity. Further, to investi-
gate any possible superconductivity, the electron-phonon
coupling constant, A, is calculated within the crude rigid
muffin-tin approximation (RMTA) (Ref. 17) and T, is esti-
mated using the McMillan formula.'8

For all calculations, full structural optimization was per-
formed, i.e., of the volume and internal coordinates, using
the highly precise full-potential linearized augmented plane
wave (FLAPW) (Refs. 19 and 20) method within the local-
density approximation (LDA) to the exchange-correlation
potential parametrized by Hedin and Lundqvist.?! Now, ZnS
and GaP crystallize in the zinc-blende structure with lattice
constants 5.40 and 5.45 A, respectively. We considered the
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FIG. 1. Schematic drawing of ZnS/Si superlattice of (a) n=2
and (b) n=3 cases. GaP/Si superlattices have the same structure.
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FIG. 2. (Color online) ZnS/Si
superlattice. Band structure of (a)
n=2 and (b) n=3 and correspond-
ing Fermi-surface plots of (c) n
=2 and (d) n=3, respectively. La-

[111] growth direction of the superlattices A,/Siy, (A=GaP,
ZnS) with n=2,3 layers. A schematic model for the ZnS/Si
superlattices is sketched in Fig. 1. We used muffin-tin (MT)
radii of 2.15 a.u. (for Zn and Ga) and 2.00 a.u. (for S, P, and
Si), and spherical harmonics with €=8 inside the MT
spheres. The cutoff energy of the plane-wave basis was 12.96
Ry and that of the potential representation was 207.36 Ry.
The improved tetrahedron method*? was used for k point
summations, with 119 points employed in the irreducible
wedge of the Brillouin zone.

II. STRUCTURE AND LAYER-LAYER DISTANCES

The optimized lattice constants (a) and c¢/a ratios of the
superlattices are shown in Table I. The numbers in parenthe-
ses are the relative changes (in percent) with respect to those
of the bulk zinc-blende structures of ZnS and GaP. Here, the

bel & (e) indicates hole (electron)
band for each case. High symme-
try points I', M, and K are shown
in the Fermi-surface plots. Circled
regions indicate where two inter-
face bands anticross.

lattice constants are converted to those of the conventional
zinc-blende structure for a better comparison. The c/a ratio
without relaxation would be v6 X n for n layers of ZnS or
GaP, to which the c¢/a ratios of the relaxed structure are
compared. In general, the changes in lattice constants and
c/a ratios are small. This is not so for the interlayer dis-
tances. The comparison of layer-by-layer distances (in per-
cent) before and after relaxation is summarized for ZnS/Si
and GaP/Si in Tables II and III, respectively. Percentage
changes of less than 4% are not listed except for the
Ga[3]-P[3] layer in the n=3 GaP/Si superlattice. In the n
=2 superlattices, both ZnS/Si and GaP/Si exhibit large
changes in the layer-by-layer distance at the interfaces; the
cation-Si distance increases while the anion-Si distance de-
creases. Moreover, the cation-anion distances in the ZnS or
GaP region are considerably reduced. In the n=3 case, simi-
lar trends are observed in layer-by-layer distances but the
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FIG. 3. (Color online) GaP/Si
superlattices. Band structure of (a)
n=2 and (b) n=3 and correspond-
ing Fermi-surface plots of (c) n
=2 and (d) n=3, respectively. La-

bels Al and h2 (e) indicate hole
(electron) band for each case.
High symmetry points I, M, and
K are shown in the Fermi-surface
plots. Circled regions indicate
where two interface  bands
anticross.
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TABLE 1. Optimized lattice constant (a) and c/a ratio for the
superlattices. The lattice constants are converted to those of the
zinc-blende structure. Numbers in parentheses are the relative
changes (in %) of a and c/a with respect to those of zinc-blende
structure without relaxation.

n=2 n=3
a
Superlattice (A) cla (A) cla
GaP/Si 5.41(=0.7) 4.89(-0.2) 5.40(-=0.9) 7.35(0.0)
ZnS/Si 5.40(0.0) 4.79 (=2.2) 5.40(0.0) 7.30 (-0.7)

changes in the ZnS/Si superlattice are much larger than those
in the GaP/Si.

III. TWO-DIMENSIONAL INTERFACE METALLICITY

Two dimensional interface metallicity is found in all su-
perlattices. Plots of the band structures and Fermi surfaces
are shown in Fig. 2 for ZnS/Si and in Fig. 3 for GaP/Si, with
the electronlike and holelike bands indicated. The character
of the electronlike band is mostly anion(sp)-Si(p) while that
of the holelike band is cation(d)-Si(p). The dispersion of the
bands looks quite similar at first glance but there are some
noticeable differences: in the ZnS/Si case, both electronlike
and holelike bands have dips along M-K which are not
present in the GaP/Si case. The two anticrossings (circled)
along K-I" line fall above and below Ej in the ZnS/Si case
while they are both above Ej in the GaP/Si case. This dif-
ference introduces six small hole pockets between I" and K in
the Fermi surface of the ZnS/Si superlattice, which are not
present in the GaP/Si superlattices.

In the GaP/Si case there are two anticrossings (circled)
very close to E that, along the I'-M and L-A lines, are not
present in the ZnS/Si case. This results in an additional hole-
like band (labeled as 42) both for the n=2 and n=3 cases.
Another difference is that in the ZnS/Si case, the electronlike
band does not cut the I'-M line. In other words, it is above
Er along M-L, whereas in the GaP/Si case an electronlike
band cuts I'-M and is below E along M-L. This difference
results in a different number of electronic sheets in the Fermi
surface: the electron pockets consist of two sheets with six-

TABLE II. Percentage change in layer distances before and after
relaxation for ZnS/Si superlattice. Changes of less than 4% are not
listed here.

n=2 n=3
Change Change
Layer (%) Layer (%)
Si[5]-S[2] -26.97 Si[7]-S[3] -28.75
Zn[2]-S[1] -25.06 Zn[3]-S[2] -17.15
Zn[1]-Si[4] 10.28 Zn[2]-S[1] —-14.26
Zn[1]-Si[6] 20.41
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FIG. 4. (Color online) Charge-density contour plots of (a) n=2
and (b) n=3 ZnS/Si superlattices around Ej within an energy slice
of 0.075 eV. The starting density is 5.0 X 10 e/bohr’ and subse-
quent lines increase by a factor of 1.15.

fold symmetry in the ZnS/Si superlattice while in the GaP/Si
superlattice they consist of a single sheet around M. In the
band plots, band interactions are highlighted with circles at
several points. An analysis on the symmetry of the wave
functions as a function of k shows that all these are anticross-
ings. The splittings in the n=3 cases are smaller than those in
the n=2 cases. Above all, the 2D character is clearly dis-
played in the shape of the Fermi surfaces and is additionally
evidenced in the charge-density plots.

For states in the vicinity of E, within a slice of 0.075 eV,
the charge densities are shown in Figs. 4 and 5 for the ZnS/Si
and GaP/Si superlattices, respectively, for both the n=2 and
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FIG. 5. (Color online) Charge-density contour plots of (a) n=2
and (b) n=3 GaP/Si superlattices around E within an energy slice
of 0.075 eV. The starting density is 1.0X 10~ ¢/bohr’ and subse-
quent lines increase by a factor of 1.15.
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FIG. 6. (Color online) pDOS around the Fermi energy for the
n=3 ZnS/Si superlattice for the interface atoms (Si[6], Zn[1], S[3],
and Si[7]). (a) Si[6], (b) Zn[1], (c) S[3], and (d) Si[7]. The s orbitals
are shown in black dashed lines; the p orbitals by a (red) solid line
and shaded. The Fermi energy is indicated by the vertical dotted
line.

n=3 cases. The highest concentration of charge is at the
interfaces, with the charge in GaP/Si being more spread out
in the ¢ direction from the interfaces than in ZnS/Si. How-
ever, the charge-density plots in both cases exhibit qualita-
tively similar trends, i.e., the interfaces can be thought as a
metallic slab sandwiched by dielectric layers (the ZnS or
GaP regions). The interface metallicity is also well demon-
strated in the partial density of states (pDOS) plots in Figs. 6
and 7, where the pDOS of the interface atoms is plotted near
the Fermi energy. The p-type interfaces have more localized
features than the n-type interfaces, as seen in the pDOS plots
and the charge-density plots. The character of the interface
states is mostly p states hybridized with s states.

For a quantitative analysis of the interface charge, relative
changes (in percent) of the MT charge with respect to their
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FIG. 7. (Color online) pDOS around the Fermi energy for the
n=3 GaP/Si superlattice for the interface atoms (Si[6], Ga[1], P[3],
and Si[7]). (a) Si[6], (b) Ga[1], (c) P[3], and (d) Si[7]. The s orbitals
are shown in black dashed lines; the p orbitals by a (red) solid line
and shaded. The Fermi energy is indicated by the vertical dotted
line.
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TABLE 1II. Percentage change in layer distances before and
after relaxation for GaP/Si superlattice. Changes of less than 4% are

not listed here.

n=2 n=3
Change Change
Layer (%) Layer (%)
Si[5]-P[2] -26.89 Si[7]-P[3] -5.85
Ga[2]-P[1] -24.98 Ga[3]-P[3] 2.02
Ga[1]-Si[4] 10.40 P[2]-Ga[3] 491
Ga[1]-Si[6] 5.36

bulk counterparts are listed in Tables IV and V for the ZnS/Si
and the GaP/Si superlattices, respectively. The interface Si
atoms lose charge while the interface Zn/Ga and S/P gain
charge. The changes in the ZnS/Si superlattices are generally
larger than in the GaP/Si superlattices. If one assumes the
two-electron-per-bond counting rule, the Si-Zn (Si-Ga) bond
lacks 2/4 (1/4) electron per bond while the Si-S (Si-P) bond
has an excess of 2/4 (1/4) electron. This simple counting rule
explains the p-type character of the Si-Zn (Si-Ga) interfaces
and the n-type character of the Si-S (Si-P) interfaces. The
larger charge imbalance in the ZnS/Si superlattice compared
to GaP/Si, due to the larger polarity mismatch with Si atoms,
yields larger changes in MT charge as well as stronger con-
finement of the conducting electrons at the interfaces.

IV. SUPERCONDUCTIVITY

To explore superconductivity, first the
McMillan-Hopfield'®?? electron-phonon coupling constant,
Neps is calculated within the crude RMTA.'7 The average
phonon frequency is estimated by (w?)">=0.69(® ), where
p is the weighted average of @, for Si and ZnS (GaP). The
experimental Debye temperatures taken for the calculations
are 625,%* 440,%° and 445 K (Ref. 26) for Si, ZnS, and GaP,
respectively. The average (®p), the estimated \.,, and the
Coulomb pseudopotential, w*, are given in Table VI, with u*
evaluated using the simple formula by Bennemann and
Garland.”’” Then T, is estimated using the McMillan
formula.'® The electron-phonon coupling is seen to be stron-
gest at the interfaces; however, as can be easily verified, the
resulting 7,’s are less than 107> K. Therefore, in ZnS/Si and
GaP/Si superlattices, superconductivity within the electron-
phonon mediation scheme is unlikely.

TABLE IV. Relative change (in %) of the orbital-resolved MT
charge of the interface atoms in ZnS/Si superlattices with respect to
bulk Si and ZnS.

n=2 S )4 d n=3 N P d
Si[4] 7.83 =951 Si[6] 8.18 -11.81
Zo[1] 2851 1693 —-0.66 Zn[1] 2625 1176 —-0.63
S[2] 433 -2.93 S[3] 446  -2.88
Sif5] 1162 —17.38 Si[7] 1195 —17.68
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TABLE V. Relative change (in %) of the orbital-resolved MT
charge of the interface atoms in GaP/Si superlattices with respect to
bulk Si and GaP.
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TABLE VI. Average Debye temperature ({(@p)), calculated
electron-phonon coupling constant (\), and Coulomb pseudopoten-
tial (u*) for ZnS/Si and GaP/Si superlattices.

n=2 s D d n=3 s p d
Si[4] 455 -2.13 Si[6] 475 -2.82

Ga[l] 7.56 838 -0.18 Ga[l] 7.34 793 -0.18
P[2] 204 =351 P[3] 2.14  -3.46

Si[5] 327 -11.28 Si[7] 339 -11.02

V. DISCUSSION

In summary, we presented a study of the heterobonded
semiconductor superlattices, ZnS/Si and GaP/Si. All super-
lattices clearly exhibit 2D metallicity at the interfaces, as
shown by the band structures, Fermi surfaces, charge-density
plots, and pDOS. What is remarkable is that there is interface
metallicity while their bulk counterparts (Si, GaP, and ZnS)
are all insulating, with band gaps of 1.17, 2.32, and 3.91 eV,
respectively. Note that the CuCl/Si and LaAlO;/SrTiO5 su-
perlattices also exhibit metallicity at the interfaces,>*!0
whereas the bulk materials are insulators. What is common
in all these superlattices is that the polarity mismatch results
in interface 2D metallicity. The possibility of phonon-
mediated superconductivity of the ZnS/Si and GaP/Si super-
lattices was investigated using the crude RMTA method. The
largest electron-phonon coupling in all these superlattices is
at the interfaces. However, whereas the CuCl/Si superlattices

ZnS/Si GaP/Si
n=2 n=3 n=2 n=3
(Op) 588 588 589 589
A 0.075 0.098 0.043 0.042
w 0.04 0.028 0.029 0.023

were found to be possible superconductors within the BCS
electron-phonon-mediated scheme (with T, between 0.3 and
4 K), the RMTA calculation suggests no superconductivity in
the ZnS/Si and GaP/Si cases. Nevertheless, with the exciton
mechanism in mind, an intriguing and potentially important
2D metallicity is found at the interfaces of these valence
mismatched semiconductors. Moreover, the interface metal-
lic regions separated by semiconducting bulk regions can be
viewed as a dielectric-metal-dielectric sandwich structure—
the geometry proposed by Ginzburg!? for exciton-mediated
superconductivity.
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