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Optical properties of twinning superlattices in diamond-type and zinc-blende-type semiconductors
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The optical properties (interband and intraband absorption) of a recently proposed structure—
twinning superlattices —in diamond-type and zinc-blende-type semiconductors are calculated and dis-

cussed. The conduction-band intraband absorption is found to be rather weak, but the intraband absorp-
tion between the valence-band states has rather high values. Direct (phononless) interband absorption in

twinning superlattices based on indirect gap semiconductors like germanium is also found to be allowed.

I. INTRODUCTION

Traditionally, two types of superlattices have been
grown, based on periodic modulation of either the ma-
terial composition or doping. Formation of the miniband
spectrum in both types is usually interpreted as a conse-
quence of a periodic potential experienced by electrons.
Alternatively, miniband formation may be viewed as due
to periodic electron scattering in such structures. We
have recently proposed another type of superlattice —the
twinning superlattice. Structurally, it is a periodic array
of twinning boundaries in a semiconductor that is other-
wise homogeneous; i.e., no modulation of its composition
or doping is involved. Thus the twinning superlattice
comprises periodic change of orientation of the underly-
ing crystal, or, to give a more microscopic view, of an
atomic stacking sequence along the superlattice axis. For
twinning superlattices based on zinc-blende-type semi-
conductors, there are two possible crystal orientations,
one rotated by 180' with respect to the other about the
[111]axis, if the interface is to remain perfect. The sim-
plest form of such a superlattice would therefore include
n and m atomic bilayers of oppositely oriented material
per period, constituting an (n, m) twinning superlattice.
Certainly, more complicated structures of a period, e.g.,
(n, m, p, q), may also exist. We also note that, related to
them, polytypic superlattices ' may be interpreted as a
special class of twinning superlattices in diamondjzinc-
blende crystals, but the latter are more general and could
also be envisaged in various other crystal systems, provid-
ed they allow for twinning.

Twinning, as well as more complex structures derived
from it (i.e., stacking faults), are commonly found in both
natural minerals and artificially grown crystals (in the
latter case they are usually considered as undesired de-
fects). Although not much research effort has been put
into fabrication of high-quality structures of these types,
some promising progress has been made. In particular, a
high-quality, possibly large area, single twin boundary in
silicon has been grown by depositing a submonolayer of
boron during the molecular-beam-epitaxy growth.
Another interesting finding is reported in Refs. 6 and 7,
where free-standing CiaAs quantum wire whiskers were
found to have the structure of somewhat irregular twin-

ning superlattices, their periods being quite small, in the
nanometer range, just as the wire diameters themselves.
While single twins are commonly found in more macro-
scopic whiskers, small diameter wires grown in Refs. 6
and 7 seem to promote multiple twinning. Also interest-
ing is the occurrence of a large number of twinning
lamelae in bulk zinc-blende CdTe when alloyed with
(rocksalt) MnTe. With individual lamelae thickness in
the micron range no quantization effects are expected
here, but the structure may be of use in nonlinear optics.
In view of all these reports, fabrication of a twinning su-
perlattice structure may seem quite feasible in the near
future.

A detailed account of the electronic properties of twin-
ning superlattices is given in our previous paper. ' Here
we shall only briefly recapitulate their essentials relevant
for optical properties. To understand how the electron
scattering comes about despite lack of modulation of the
potential, the effective mass, or the lattice type, we note
that both the in-plane structure of the wave functions and
the dispersion along the [111]direction are generally not
invariant under the 180' rotation. In terms of electron
wave-function propagation, therefore, a twin behaves as a
junction of two essentially diferent materials. To give a
more detailed description, we recall that the I and two
out of the eight I. bulk Brillouin zone points are project-
ed onto I, while all the six X and six "tilted" L points (in
pairs, one of each kind) project onto six M points of the
hexagonal interface Brillouin zone (shown, e.g., in Fig. 1

of Ref. 10). Therefore, I and M are the most important

k~~ points of the interface Brillouin zone to govern the
electronic and optical properties of twinning superlat-
tices. The symmetry mismatch gives rise to interface
mixing/coupling of the corresponding bulk crystal states
which project onto these points of the interface Brillouin
zone. The magnitude of the effect is much larger at I
than at the I point. Also, mixing of different bulk states
is enhanced if their energies are close to each other (for
instance, it is much stronger in Ge- than in Si-based twin-
ning superlattices). In any case, the strength of the re-
sulting scattering is high enough to generate a prominent
miniband structure of twinning superlattices.

In this paper we calculate optical properties of twin-
ning superlattices, i.e., intersubband and interband ab-
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sorption arising from single-photon direct (phononless)
transitions. With the miniband structure appearing in
both the conduction and valence bands, intersubband
transitions within each band should be possible, just as
they are in conventional superlattices. Furthermore, in-
terband transitions, involving minibands of the conduc-
tion and valence bands, should also be possible as direct
transitions, provided that the relevant miniband extrema
occur at the same point of the superlattice Brillouin zone.
Since the valence-band states are at its center, the
conduction-band states that arrive there by folding would
become optically active even in superlattices based on
indirect-gap semiconductors.

II. THE METHOD

The method used in our calculations is an empirical
pseudopotential-based layer method. " It uses the bulk
band-structure data to find properties of more complex
(micro)structures. Basically, we first calculate the com-
plex band structure and eigenfunctions of both the propa-
gating and evanescent states of the two bulk semiconduc-
tors on either side of the interface. The in-plane (g~~)

Fourier components of the eigenfunctions are then
matched at the interface(s) and then the functions pro-
pagated along the layers. The wave-function propagation
and matching is performed using the S-matrix approach,
which guarantees high stability against the evanescent
states. "Once the S matrix of the superlattice period d is
found, it is recast into the transfer ( T) matrix, and the
Bloch theorem applied, ' as TV=exp(ik, d)%, where k,
is the wave vector in the superlattice growth direction.
Thus, this method does not belong to the class of super-
cell methods. All the results obtained within it are sub-
ject to interpretation via the bulk band-structure con-
cepts. Yet, along with the advantage of simplicity, such a
calculation does reveal all the band-structure-related
properties of twinning superlattices arising from band
mixing and bulk Brillouin zone folding. Furthermore, in
case of single twinning boundaries and stacking faults,
the results obtained from this method show good quanti-
tative comparison to those obtained by more elaborate
self-consistent calculations. ' '

A point to note here, of relevance for calculation of op-
tical properties, is that different superlattice state wave
functions, calculated as described above, are not required
to be orthogonal because all are right eigenvectors of a
complex non-Hermitian eigenvalue problem. In fact they
should be orthogonal (as is also obvious for physical
reasons), because of the special structure of the T matrix,
but in practice the numerical errors present will induce
some amount of nonorthogonality. This is different from
what one obtains within the supercell approach. Because
the wave functions there are found as eigenvectors of the
supercell Hamiltonian, they are forced (by the diagonali-
zation routine) to be orthogonal in spite of any numerical
errors present therein. The degree of orthogonality of
wave functions encountered in our calculations was gen-
erally quite good, overlap between different states usually
amounted to well below l%%uo, and only occasionally went
somewhat out of this range. However, to avoid spurious

results the pairs of wave functions to be used in the tran-
sition matrix element calculation were first Lowdin or-
thogonalized. This property ensures that the matrix ele-
ments between two states, say 1 and 2, i.e., p, z and p2„
are exactly equal.

In order to calculate the optical absorption in twinning
superlattices we tabulate for all the relevant minibands
their dispersion E(k~~, k, ). We are interested here in ab-
sorption for only a limited range of photon energies, from
about the threshold value for any particular type of ab-
sorption to a few hundred meV above. This limits the
range of states within the superlattice Brillouin zone to
be considered. While k, spans the whole superlattice
Brillouin zone, because the miniband widths are not very
large, the range of k~~ values of interest is much smaller,
they typically occupy areas in the interface Brillouin
zone, positioned at M and I points, which are two orders
of magnitude smaller than the interface Brillouin zone it-
self. Within these restricted volumes of the superlattice
Brillouin zone energies for each miniband and the transi-
tion matrix elements are tabulated in 80—1SO points of
the k space, and in calculating the absorption interpola-
tion is used for k points in between this coarse grid.
While the number of grid points used in the calculation
of matrix elements and energies may seem large as com-
pared to what is necessary in conventional superlattices,
this is not so in twinning superlattices: due to the k-
dependent band mixing effects, the matrix elements tend
to vary by more than an order of magnitude, and for the
same reason the separation of miniband energies, and
hence the joint density of states, varies significantly as k~~

varies.
The absorption coeKcient is calculated from
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where mo and e are the free electron mass and charge, c
speed of light, n the refraction index, co the dielectric per-
mittivity of vacuum, hen the photon energy, p& the light
polarization dependent momentum matrix element be-
tween the states having the same k vector in minibands i
and f, with energies E; and EI, f,& is the difFerence of
Fermi-Dirac functions for these two states, which de-
pends on the Fermi level Ez. In real calculations the 5
function is replaced by a Lorentzian of a suitable half-
width y, for both the computational convenience and
modeling the linewidth broadening effects like electron
scattering. For this latter reason we have chosen y=5
meV, a typica1 value used in calcu1ations of optica1 prop-
erties of semiconductor quantum wells.

In the case of interband absorption no doping of the
superlattice needs to be assumed, because the valence
band is completely filled with electrons. In the case of in-
tersubband absorption, the superlattice has to be n doped
(p doped) for transitions between the conduction-band
(valence-band) states to occur, and the doping level has to
be related to the Fermi energy E~.
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III. RESULTS AND DISCUSSION

Numerical calculations of the miniband structure have
been performed using the empirical pseudopotential form
factors from Refs. 15, 16, and 17 for Si, Ge, and GaAs,
respectively. In the pseudopotential layer method we
used a total of 19 in-plane Fourier components (g~~ values)
in interface matching, corresponding to a total of 59
three-dimensional reciprocal lattice vectors, up to and in-
cluding the (222) star. Intersubband transitions in the
conduction band are calculated without the spin-orbit in-
teraction included. There is a rather slight inAuence of
the spin-orbit interaction on conduction-band states in
twinning superlattices. The most important one is the re-
moval of zero energy gaps between pairs of adjacent mini-
bands' that exist for any k~~ value without, and remain
only at the I point with the spin-orbit interaction. How-
ever, the amount of the spin-orbit-induced splitting of
zero energy gaps is not very large, typically a couple of
meV close to the M point, and an order of magnitude less
than that close to the I point. This is much less than
other features of the electronic structures (changes in
miniband and minigap widths as k~~ varies), and this split-
ting can hardly inhuence the absorption line shape, ex-
cept at extremely small photon energies. There is also no
significant inhuence of the spin-orbit coupling on matrix
elements themselves (this was checked for). Intersubband
transitions in the valence band, and interband transitions,
however, were treated with the spin-orbit interaction in-
cluded, because of its essential inhuence on valence-band
wave functions.

The absorption coefficient was calculated for intersub-
band transitions (within the conduction and valence
bands) in Si- and Ge-based superlattices, and for inter-
band transitions in Ge- an GaAs-based superlattices.
Cases of light polarization both along the superlattice
axis (z), or in-plane (x,y) were consi'dered. In the latter
case the absorption arising from transitions between
minibands at any one of equivalent M points is not isotro-
pic in the x-y plane, but becomes isotropic when contri-
butions from all six M points are added together.

A. Intersubband transitions

The miniband structure within the conduction band
for some of the superlattices considered here is given in
detail in our previous paper. ' However, all these data
are given here in the compressed form as insets in the
figures displaying the calculated absorption. With the
miniband structure calculated we first find the Fermi lev-
el (entering the absorption coefficient) so as to correspond
to a desired doping level, i.e., electron or hole density and
temperature. In all the calculations presented below the
doping (n or p type) is assumed to be 10' cm, and tem-
perature is set at T =77 or 300 K. At this doping level
the Fermi energy is below the lowest allowed miniband
energy available, and it remains so until the doping
reaches (3—5)X10' cm, or even larger values at 300
K. This means that, as doping level varies, the state
filling follows in a proportional, not saturating, manner,
and the absorption profiles should scale linearly with the

doping level. In Si-based superlattices the only important
minibands are those at the M point. It is found that only
the first miniband is populated at 77 K, and at 300 K a
small fraction ( ~ 10%) of the electron density goes into
the second miniband. In Ge-based superlattices the situa-
tion is more complicated. Here we have two groups of
minibands, at M and I points, both of which stem from
L valleys and therefore have energies in the same range.
At the I point there is an interface state and the lowest
miniband it generates is somewhat below the bulk
conduction-band edge. There is no interface state at the
exact M point (and the lowest miniband edge there is
above the conduction-band edge), but it appears when k~~

moves slightly inwards of the interface Brillouin zone (by
approximately 13% of the I -M line length), and the
lowest miniband edge here is lower than at the exact M
point, although it is still slightly higher than the one at
the I point. Due to a small transverse and large longitu-
dinal effective mass of the L valley, the density of states
for I minibands is considerably lower than that for M
minibands. It happens then that at 77 K almost all of the
electrons reside in the lowest I miniband, but at 300 K
they take advantage of a larger density of states offered
by M minibands, and about 70% of the electron density
goes here. The increase of temperature thus transforms
Ge-based twinning superlattice from a quasi-direct-gap
into an indirect-gap material.

The calculated absorption profiles arising from inter-
subband transitions within the conduction band for a few
twinning superlattices based on Si and Ge are given in
Figs. 1(a)—(d) and Figs. 2(a) and 2(b), respectively. The
insets in them display the miniband structure at point(s)
of the interface Brillouin zone where miniband energies
are lowest. In both Si- and Ge-based superlattices this is
at a point slightly away from M along the I -M line [at
k~~=0. 87k~~(M)], and in Ge at the I" point as well. Also
denoted along the absorption lines are the transitions re-
sponsible for various features in them.

When compared with values of optical absorption ob-
tainable in conventional quantum wells or superlattices,
including those based on indirect-band-gap materials, '

where absorption coefficients of the order of 10 cm ' are
typical for electron density as used here, the intersubband
absorption within the conduction band in twinning super-
lattices is clearly rather low, which is mainly due to the
comparatively low values of transition matrix elements.

An intuitive understanding of why this is so may be ob-
tained by making a digression to the nearly-free-electron
picture of miniband formation in superlattices. Consider-
ing first a fictitious superlattice of period n, "made" by
taking n unit cells of a homogeneous bulk crystal to con-
stitute one period (supercell) of such a superlattice. One
knows that the "miniband" dispersion here is just the
bulk dispersion folded in the shrunken first Brillouin zone
of the fictitious superlattice, and the wave functions in
the two cases are identical except for the difference in in-
terpretation of what is the periodic part of the Bloch
function and what is its phase. That vertical transitions
between different "minibands" in this case are forbidden
follows, within the supercell picture, not because they
would be skewed (not k conserving) in the unfolded repre-



52 OPTICAL PROPERTIES OF TWINNING SUPERLATTICES IN. . . 14 081

sentation, but rather because the transition matrix ele-
ment calculated within the supercell is equal to zero.
This is due to cancellation of contributions from volumes
of single unit cells constituting a supercell, brought about
by assigning part of the bulk Bloch function phase to the
supercell periodic part of the Block function. Now, con-
sider a real but very "weak" superlattice, such that the
introduced periodic modulation of a potential or struc-
ture composition opens small 6nite gaps at the superlat-
tice Brillouin zone edges, separating comparatively broad
allowed minibands. The nearly free electron model indi-
cates that the superlattice wave functions are not very
different from the folded bulk wave functions, except for
states close to miniband gaps. While the transition ma-
trix elements between various minibands will now gen-
erally have nonzero values, they cannot be large, since
nothing much has changed physically. The situation in
"weak" superlattices is thus quite different from that in a
system of weakly coupled multiple quantum wells, known
to offer substantial values of transition matrix elements

(e.g., the dipole matrix elements of the order of —,
' of well

dimensions are usual, and enable large absorption, as
stated above). The expectation that similar values should
be obtained in any superlattice is quite misleading: what
matters, somewhat vaguely speaking, is how much the
wave functions of superlattice states (provided they be-
long to the same band) deviate from pure folded bulk
wave functions.

The rather broad miniband structure of various twin-
ning superlattices considered here (insets in Figs. 1 and 2)
is much more similar to the weak superlattice case, than
to almost dispersionless states in multiple quantum wells,
and the above discussion should thus be applicable.
Indeed, in Si-based superlattices where the states in the
vicinity of the M point are important, the transition ma-
trix elements between such states (and the absorption) are
not large because X„X3,and I. states in Si are widely
spaced and do not allow for large mixing. Additionally,
by comparing the results for (n, mAn) and (n, n) super-
lattices [Figs. 1(a)—1(d)] one can see that the former
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FIG. 1. The absorption coefficient arising from intersubband transitions within the conduction band in Si-based twinning superlat-
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plane (x,y) polarization. The insets in all the figures display the energy range of the minibands in the corresponding superlattices at
the point close to the M point of the interface Brillouin zone, where these energies are lowest (energies are measured from the
conduction-band edge at that point). As k~I varies the miniband and minigap widths will also vary. In the case of symmetric (n, n) su-

perlattices the adjacent minibands joined by zero energy gaps are slightly displaced horizontally, to be distinguishable.



5214 082 Z. IKONIC, G. P. SRIVASTAVA, AND J. C. INKSON

140—
2-

E 12O—
V

~ 100—
Q

8O—

0.3

6o—0
~~
L 40—
0
lA

2O—
05

0 0. 1 0.2 0 ' 3 0.4
photon energy (eV)

1 20—

E 1OO—
V

80—I0
6o-

0 40—
0 20—
lO

0
0 0. 1

I

2

0.2 0.3 0 ' 4
photon energy (eV)

. 2. Same as Fig. 1, but for Ge-based twinning superlat-
tices: (a) Ge(6,6) and (b) Gey7, . e m'

insets is given at both the I and M points.

~ ~

rix elements as wellin rat er ig vh h' h values of transition matrix
a . T ical largest(especta y c o

'
ll lose to miniband extrema. yp'

s /m )areofvalues o e raf th transition matrix elements p f
r of 10 eV in Si-based superlattices, a few

'
timesthe order of 10 e in i-

roximately 0.3 eV10 eV at the I point in Ge, and approx'
~ ~

i s 1(a)—1(d) considering the
ore sim le case of Si-based superlattices first, that in-

c tern erature ten s o
f favorable matrix-t mi ht exist because o avofeatures t a 'g

This is obvious-nt —density-of-states combinations.element — ensi y-
'1 ble electron distribution,due to smearing of the avai a e e ely ue

absor tion is actually somewhat

the fact t at eh th increase of temperature while sti
minibands remain almost emp yemt}moderate so t at upper m'

~ ~ ~

nds to o ulate ig er sh' h states of the first miniband, i.e.,
st d the miniband gap, and there-states closer to its top an e m'

or
'

p
'

ll The case of Ge superlattices is
~ ~

the temperature here
ore active o tica y.

n more interesting. Changing e e

t- a one (in the above-mentioned sense that ma-
'orit of the electron population resi es

'

Since the two groups of minibands
have very different optical properties, t is resu
large dependence o t e af h absorption in Ge-based twinning
superlattice s on tern erature.

also find the miniband struc-I the valence band we 4o
ture, examples o w icf h' h are given in Figs. 3(a) and

show a rather sharp increase in absorption at very low
ner ies. j.nis arisesTh' 'ses due to transitions from

saet t s close to the lowest mini an top o
ottom. With a finite gap c-the next lowest miniband bottom. i

ouldn the two mini an s, i'b d th's is exactly where one wou
f the nearly free electronexpect sigi nificant mixing rom e n

e transition matrixmodel, and hence comparatively large
~n + 1 transitions, close to minigaps,

would also contribute to low-energy absorption u
1 the lowest miniband that isnot since it is on y e

1 o ulated. ) The symmetric (n, n} superla-significantly popu ate .
lack this feature: statestices having zero energy gaps, ac is

to ive larger matrix elements, and states c ose oto give a
h' h

'
rgy and therefore unpopulat-minigap s are too nign in energy
w-ener absorption. In theed, to given any amount of low-energy a

f Ge-based twinning superlattices miniban s acase o e- ase
because their ener-th 1" and M points are important, be

. Yet Figs. 2(a) and 2(b) revealies are in the same range. et, igs.
'r o ti-the M oint account for most of their op i-that states at t e poin

cal activity. Actua y,11 states at t e poin ar
urel bulk L like, because valley mixing is no prom-

inent at this point, an
too remote from L does not help. t e

h d b a smallever valley mixing is ve y gr stron (en ance y
n X valleys in Ge, w ic issepa ration between the L an y ', ' 's

rejected not only in peculiar miniband
'

pdis ersion, u

0.1

0.0

hh interface state
a~)

O -0.1—

-0.4
Si

-0.5
0 k d

0. 1

0.0 =

I
-0. 1

LU

-0.2

hh interface state

-0.3 =

-0.4
0

so+ Ih

k d

Ge (6,6)

'
n in the valence band of (a)FIG. 3. The miniband dispersion in a

S (6,6) and (b) Ge(6,6) tw ginnin superlattices at the I point.
ter of various branches is also denote . way

the exact I point anticrossings wit ni e g
ings.



52 OPTICAL PROPERTIES OF TWINNING SUPERLATTICES IN. . . 14 083

1400

'E 1200

1000

o 800

c 6000
~~
~ 400

200

Si(6,6)
II

I I

I I

I

I1 2
I

I I

I

If gl

Ig II

II II

I I
l

'I g
ll I

P / I

3

8 i2o.o—
vb edge 3Y

-0.5- 10 11
(hh) (Ih, so)(so, ih)

1-4 1-6
0

0

L.

O. I 0.2 0.3
photon energy (eV)

1000

800
O0

600
C0

400
L0

200
C$

Ge (6,6)
I

1 2
I

I

I

I

I

I

I

I

1-3

-O. &
-4'

5
4

(hh) (Ih, so)

'0 0. 1 0.2 0.3
photon energy (eV)

FIG. 4. The absorption coefficient arising from intersubband
transitions within the valence band in (a)Si(6,6) and (b)Ge(6, 6)
twinning superlattices. The hole density is p =10' cm . The
notation is the same as in Fig. 1, except that the miniband ener-
gies in the inset are measured from the valence-band top.

The topmost miniband, which is heavy-hole-like, origi-
nates from the interface bound state (positioned above
the valence-band top), and others are propagating state
minibands, similar to those existing in conventional su-
perlattices. While the wave functions of heavy-hole (hh)
minibands have rather pure heavy-hole character, light-
hole (lh) and split-off minibands have somewhat mixed
character (especially in Si) even at the exact I point,
though one of the states (lh or so) predominates. Off the
I point state mixing is much more prominent, and in-
stead of the miniband crossings seen in Figs. 3(a) and 3(b)
one has anticrossing with finite gaps in between, as in
conventional superlattices. Furthermore, instead of zero
energy gaps at I, finite gaps open for finite k~~, measuring
fractions of meV to a few meV, depending on the mini-
band pair and value of k~~. As the superlattice period in-
creases, the lowest pair of minibands would become in-
creasingly narrow, and finally collapse into the interface
bound state, which is 45 meV above the valence-band top
in Si, and 27 meV in Ge (in the case of GaAs it amounts
to 19 meV). For comparison, we note that the value we
obtained for Si is between 19 and 100 meV predicted by
the self-consistent calculations of Refs. 13 and 14, respec-
tively.

In Figs. 4(a) and 4(b), we give the absorption arising on
inter-valence-subband transitions in p-doped Si(6,6) and
Ge(6, 6) superlattices. The hole density is taken to be
p = 10' cm, where only the topmost pair of minibands

happens to be significantly populated (even at T=300
K). Considerably larger values of the absorption
coefficient, in about the same range of photon energies,
are found than in the case of conduction-band transitions.
This is a consequence of the fact that hole states are more
intensively scattered/mixed at twinning interfaces (note
the larger gaps between minibands than is the case for the
conduction band), and mixing is more prominent because
of two or three degenerate or nearly degenerate hole
states present, which all results in larger transition matrix
elements. Unlike the case of conduction intersubband
transitions, those in the valence band provide values of
absorption that are comparable to what one has in con-
ventional quantum wells (e.g., Ref. 19), and are thus of
possible technical importance.

In any case, technically significant or not, the intersub-
band transitions in both the conduction and valence
bands should be experimentally observable, because the
absorption they provide significantly exceeds the values
of free-carrier absorption in bulk (in various IV and III-
V semiconductors with the doping density as used here
and the same range of photon energies, p-doped samples
have the absorption coefficient of the order 10 cm ', and
n-doped of the order 5 cm ', e.g., Ref. 20).

B. Interband transitions

It has been established that folding efFects may give rise
to direct (phononless) interband optical transitions in su-
perlattices made of indirect-gap materials, e.g., Si/GeSi.
I:t is interesting to explore this feature in Ge-based twin-
ning superlattices, where I. points projected onto I may
fold so that minibands they generate become direct in the
superlattice Brillouin zone, and direct transitions between
the valence-band minibands and I.-derived minibands be-
come allowed. Preliminary work on interband transitions
in Ge twinning superlattices has been presented recent-
ly. ' The calculated interband absorption in the Ge(6, 6)
superlattice is given in Fig. 5(a). Values of the absorption
coefficient are not large when compared to those in
direct-band-gap materials like GaAs, but are still an or-
der of magnitude higher than indirect, phonon-assisted
absorption in bulk Ge at T =77—300 K (e.g. , Ref. 22)
(however, no attempt was made here to optimize the
twinning superlattice in this respect, and it may be that
some mWn case would offer somewhat larger absorp-
tion). For comparison, we note that in quasidirect
Si/GeSi superlattices similar values of direct interband
absorption have been found.

In accordance with the previous discussion, one may
see that folding alone cannot provide direct absorption in
indirect-gap semiconductors. The important issue is
again the deviation of superlattice wave functions from
folded bulk wave functions. Finite values of transition
matrix elements in folded direct- (quasi-direct-) gap su-
perlattices are really brought about by states mixing, i.e.,
modulation of bulk wave functions that make up the su-
perlattice wave function (including the appearance of
evanescent states), and these effects are usually not strong
enough to make a quasi-direct-gap superlattice behave
like a truly direct-gap superlattice or bulk. Looking in
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FIG. 5. The absorption due to interband direct transitions in

(a)Ge(6,6) and (b)Ge(8, 8) twinning superlattices. The notation
in (a) is the same as in Fig. 1, except that there is no tempera-
ture dependence now. In (b) thick lines display the exact calcu-
lation, and thin lines show the results obtained within the axial
approximation.

the structure of absorption in Fig. 5(a), one can see that
there are two types of transitions that are really impor-
tant. Those between the lowest pairs of minibands in
both the conduction and valence bands have significant
values of matrix elements because they are both
interface-related minibands and thus have a good overlap
(the bulk wave functions make the lowest conduction
miniband, although purely I. in character, are evanes-
cent, modulated states, and thus escape the strict k-
conservation rule}. Also important are transitions be-
tween the lowest pair of hole minibands and the fourth
conduction miniband. What gives rise to significant ma-
trix elements here is the fact that this miniband is very
close in energy to the I valley (which is approximately
0.3 eV above the L valley), so I Lmixing now be-comes
significant, ' and it is actually this small I contribution
to the superlattice wave function that makes this mini-
band optically active. In either case the largest values of
the transition matrix elements ( ~p,f~ /mo) are of the or-
der 10 eV, well below those found in direct-gap semi-
conductors.

In Fig. 5(b) we give the absorption due only to evanes-
cent state minibands in the Ge(8, 8) superlattice, in a lim-
ited range of photon energies. Along with the results ob-
tained as described in the previous section, results of the

GaAs (8,8)
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FIG. 6. The absorption coefficient close to threshold in the
GaAs(8, 8) superlattice. The notation is the same as in Fig. 5.

axial approximation are also given for comparison.
These are obtained by using the approximation that the
miniband dispersion around the I point has a circular
symmetry (while in fact it has a sixfold axial symmetry),
and thus the k~~ points are sampled along a single line
only (specifically, along the I -M line). Obviously, the ax-
ial approximation works fine if only the I states are im-
portant, which is the case for valence intersubband tran-
sitions, and direct interband transitions, just as it does in
ordinary (111) grown superlattices, e.g. , GaAs/A1As-
based ones. We note that these transitions exist in Si-
based superlattices as well, but there is no point in calcu-
lating them because the l. valley in Si is 1 eV above X, so
the folded direct transitions here would be completely
screened by the phonon-assisted indirect absorption.

Finally, we give results for interband transitions in the
GaAs(8, 8) twinning superlattice, calculated within the ax-
ial approximation. Due to a very low scattering experi-
enced by I electrons at the twinning boundary, ' the
lowest conduction miniband has a dispersion that is al-
most identical to the folded bulk dispersion, its bottom
being only slightly elevated from the conduction-band
edge in bulk GaAs. In the valence band, however, there
is a heavy-hole-like bound state at the twinning interface,
and it generates the topmost pair of narrow hole mini-
bands in the superlattice. Extrema of both minibands
occur at the center of the superlattice Brillouin zone, and
this is a direct-gap superlattice. In Fig. 6 we give the ab-
sorption arising from interband transitions between these
evanescent hole minibands and the broad conduction
miniband, a rather narrow range of photon energies
where only these states give a contribution. The absorp-
tion coefficient here is quite large, as indeed is expected
because these are truly direct transitions, allowed in bulk
as well. The absorption threshold is somewhat redshift-
ed, since the valence miniband is pushed above the bulk
valence-band top more than is the conduction miniband
bottom shifted above the bulk conduction-band bottom.
However, for photon energies exceeding the band gap the
absorption is lower than in bulk, since the transition ma-
trix elements reach at most one-half of their bulk values,
apparently due to the reduced overlap of piecewise-
evanescent-like wave functions in the valence minibands
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and propagatinglike wave functions in the conduction
miniband. While there are a number of eFects that in
duce the absorption profile, even in bulk, to deviate from
the simplified theoretical predictions, it should still be
possible to detect twinning in GaAs by polarization-
sensitive measurements.

conduction-band intersubband absorption is found to be
rather weak, but the absorption between the valence-
band states may have rather high, possibly technically
significant values. Direct (phononless) interband absorp-
tion in twinning superlattices based on indirect-gap semi-
conductors like Ge is also found to be possible.

IV. CONCLUSION

The optical properties due to direct intersubband and
interband transitions in the recently proposed twinning
superlattices based on Si, Ge, and GaAs, were analyzed
within the empirical pseudopotential framework. The
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