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Optical transitions in small band offset superlattices are studied within
the framework of the nearly free electron approximation, in which the weak
superlattice potential is treated as a perturbation. Interband selection rules
are derived for transitions involving conduction and valence band states
at the superlattice Brillouin zone center and the zone edge. It is found
that a number of new transitions can occur in such small-offset superlat-
tices due to wave function mixing of different subband states. The effect of
the effective mass on the optical transitions is also discussed. The theory
is used to explain the results observed in magneto-optical absorption ex-
periment in ZnSe/Zn;_»Mn;Se small-offset superlattices. Furthermore, the
neatly free electron formulation is found to be in excellent agreement with
rigorous multi-band numerical calculation on superlattices involving small
band offsets.

PACS numbers: 78.66.—w

1. Introduction

Electronic properties of semiconductor superlattices (SLs) are determined
primarily by the differences in the conduction and valence band edges at the inter-
faces between constituent layers. (i.e., the so-called “band offsets”). Studies of SLs
carried out so far have focused primarily on structures with relatively large band
offsets (for a comprehensive discussion of electronic band structure of quantum
wells and superlattices, see Ref. [1]), where electrons and holes are strongly local-
ized by the confining potentials of the wells. Motion of the confined states along the
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~ growth direction is in such structures quantized into fairly narrow “mini-bands”,
which are often treated simply as discrete energy levels. Because of such selective
quantization of motion in the growth direction — as compared to motion in the
layer plane — quantum wells and superlattices described by large band offsets
behave essentially as two-dimensional media.

In contrast, the present paper will focus specifically on SLs in which the
band offset is small in both bands. Our interest in such structures is motivated by
the fact that the analysis of SLs with small offsets will permit us to describe the
physical phenomena which occur in the region where the superlattice just begin to
form. This transition region, where the SL transforms from a 3D to a 2D medium,
may be referred to as the infermediate dimensionality regime.

~ While such a regime of dimensional transition is of considerable fundamen—
tal interest, it is surprising that so far little attention has been devoted to this
subject! [2, 3]. Our objective, then, is to carry out a detailed investigation of the
electronic band structure of SLs with very small offsets in various geometries, with
special attention to optical transitions which result from such band structure. We
will show that, in sharp contrast with large-band-offset SLs, in SLs with small
offsets the energy subbands become very wide and are separated by very narrow
minigaps. Such subbands are localized not by confining potentials, but by interfer-
ence effects among Bragg-reflected electron waves. Using the nearly free electron
(NFE) approximation [4], we will derive analytic expressions for the energies, the
wave functions, and the effective masses at the minigaps of small band-offset SLs.
We will then use these results to discuss the optical properties of such structures,
with emphasis on selection rules and optical transition intensities. As will be seen,
a large number of new optical transitions will emerge when the band offsets are
small due to the wave function mixing of different subbands. Furthermore, transi-
tions which occur at the Brillouin zone center can be readily distinguished in this
regime from those occurring at the zone edges.

The organization of the paper is as follows. In Sec. 2, we identify some of the
real physical systems in which small-offset processes can be observed and studied.
In Sec. 3, we present the NFE approximation by which we approach the problem of
small-band-offset SLs, and we describe the basic properties of their band structure
and wave functions in analytical form. In Sec. 4 we discuss the optical behavior
of small-offset SLs. In Sec. 5 we compare the results calculated with the NFE
approximation (which, being analytical, has the advantages of keeping the physics
in focus) and those calculated numerically using a full 8-band k- p model. These
comparisons are also used to establish the limits of applicability of the analytical
NFE formulation.

2. Small-offset superiattices
2.1. Are small-offset structures realistic?

We begin by defining the small-offset SL. The term “small-band offset” is
relative, and will depend on many parameters, such as the widths of wells and

tSome of the unique properties of small-offset superlattices have been pointed out in Ref. [2]-
Indeed, the present study was largely motivated by the insights and experimental observations
reported in that work.
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barriers, and on the effective masses. This will be discussed quantitatively at the
end of Sec. 3. As a practical guide, however, we will define the offset as small when
it is below about 3% of the energy gap of the barrier material.

To fabricate a small-offset superlattice, one obvious approach is to use two
materials that differ only slightly from one another. GaAs/Gag 9sAlg.g5As and
ZnSe/7Zng.95Cdg 05Se can be safely expected to have very small offsets. Another
procedure is to exploit “bowing” of the energy gap with composition found in
certain ternary jlloys. For example, the energy gap of Znj_,Mn,Se first decreases
with 2, and then increases rapidly to values far exceeding the band gap of ZnSe [5].
Thus there exists a Mn concentration z (z ~ 0.05) where the Zn;_,Mn,Se and
the ZnSe gaps are exactly equal. Since ZnSe/Zn;_.Mn,Se is a common-anion
combination, the valence bands are expected to remain closely aligned, and so
then must be the conduction bands at this specific concentration [2].

A much wider spectrum of small-offset SLs can be fabricated using ternary al-
loys as both constituents. For example, combinations of Cd;_,Zn,Te /Cd1_yMg, Te,
Zny_Mn,Te/Zn;_yMg,Te, or Zny_Mn;Se/Zn;_, Mg, Se with appropriately cho-
sen values of z and y will result in small (or even zero) offset SLs [3]. The point
here is not to list all such possible combinations, but rather to demonstrate that
small-offset SLs can indeed be realized in practice.

We finally note, on intuitive grounds, that SLs with very narrow wells can
also be viewed as small offset SLs even when the absolute value of the band offset
is large. States in such SLs move up in energy as the well width becomes narrower.
In the limit of very narrow wells (say, I < 25 A or so, depending on the effective
mass) the ground states of the SL will be “pushed up” very close to the top of
the well. We shall see that in this situation (which includes the important family
of short-period SLs) the SL will also behave as a “small-offset” system. These
plausible arguments will be demonstrated at the end of Sec. 3.4.

2.2. Tunable band-offset structures

The effect of any parameter on the physical properties of a system can best
be studied by varying that parameter. Thus in the case of small-offset structures,
one could grow a series of GaAs/Gay_yAl,As SLs for different values of z (e.g.,
z = 0.01,0.02,0.03, etc.). The fabrication of specimens with offsets progressing in
such minute steps (on the scale of 5 meV or so) is, however, quite problematic.
Even if we could control = to this degree, it is unlikely that one would be able to
control the geometry of repeated growths to the precision required by this very
fine progression of energies.

It would be ideal to “tune” the offset in the same structure. The unique
properties of diluted magnetic semiconductors (DMSs) provide just such an op-
portunity, since their band gap undergoes enormous Zeeman splittings when an
external magnetic field is applied [6]. For example, the Zn; _Mn,;Se band gap can
be varied by as much as 100 meV in a magnetic field of 5 tesla. This feature can
be directly exploited for varying (“tuning”) the band offset in SLs comprised of
alternating DMS and non-DMS layers, simply by applying a magnetic field. The
phenomenon of such band offset tuning has in fact already been experimentally
observed in many DMS SLs, e.g., in Zn;_,Mn;Se/ZnSe [7], Zn;_,Fe,Se/ZnSe [8]
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and Cd;_,Mn;Te/CdTe [9]. The band-offset in all these structures can be easily
tuned by a magnetic field over several tens of meV.

- 3. Electronic structure of superlattices with small band offsets

3.1. Energy subbands and wave functions: first-order perturbation

We begin by considering a single band of a SL (e.g., the conduction band).

‘The behavior of an electron in this structure is determined by the Schrodinger
equation,

B2 a2 '
HU(E) = (= gy + V() ) $02) = BUQ), ®
where H is the Hamiltonian, m* is the effective mass, £ represents the eigenenergies
of the system, and V() is the periodic superlattice potential with a period L along

the z-direction (i.e., the growth axis of the SL). Such a potential can be expanded
as a complex Fourier series,

V(Z) - Z Vnei(27r/L)nz’ (2)
n=-—oo
where n is an integer, and the Fourier coefficients V;, are given by
L
v, = % / V(z)emi@r/Dnz g (3)
. 0 ;

The most commonly encountered SLs are those with rectangular potential

profiles. If the origin of the z-axis is taken to be the center of one of the wells, we
find from Eq. (3) that

v . ' :
V,? =—_—sin (nwLy/L), (4)

where Ly, is the width of the well, and V is its depth.

A 4
Ty E , E

" Fig. 1. Plot of energy E vs. wave vector k for elections and heavy holes in a bulk

semiconductor (left panel) and in a supeﬂa.ttice with a weak periodic potential (right'
panel).
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In a typical bulk zinc blende semiconductor, a free electron or hole has a
parabolic dispersion relation in any direction, as shown in the left panel of Fig. 1.
When a weak periodic potential is turned on in the z-direction (thus forming a
small-offset SL), the E vs. k, dispersion relation remains essentially the same,
except that there appear small gaps (minigaps) in narrow regions close to the SL
Bragg planes, i.e., corresponding to the SL reciprocal lattice vectors. The disper-
sion curves are then broken into segments belonging to consecutive SL Brillouin
zones, as shown in the right panel in Fig. 1. The dispersion curves in Brillouin
zones other than the first can then be “folded” into the first zone by adding a
reciprocal lattice vector appropriate for the SL. The regions of k with highest
densities of states (i.e., those important in optical transitions) correspond to the
center and to the edges of the Brillouin zone, i.e., to k, = £nw/L of the original
free electron band. We shall, therefore, focus on the energies and wave functions
of states at the zone center and zone edges.

In the NFE approximation, it is assumed that V(z) is small in compari-
son with the kinetic energy term. We can thus treat V(z) as a perturbation. To
first-order, the energy at k = £nn/L has two values, given by [10, 11]

En,:h =T, Ian; (5)

where T}, = h’n?72/(2m*L?). This then results in the formulation of minigaps,
as shown in Fig. 1, the magnitude of the n-th gap being proportional to the n-th
Fourier component of the SL potential {12],

Egn =2|Val. : (6)
Standard perturbation analysis also gives the wave functions associated with the
upper (En, +) and the lower (E, ) energy states, given respectively by [3, 12]

$O0) = V2 cos (2

O () = YA \/-1e"“’" Vaien (mrz Lo )

+0a),
(7

The phase angle 8, in Eq (7) is determined by the relation €%n = V,, /|V,|, which
depends on the geometry of a given superlattice.

For SLs with a rectangular potential profile, we see from Eq. (4) that V, is
a real quantity. Thus the value of 8, must be either 0 or 7/2. The two states asso-
ciated with the n-th gap will then have cos(nwz/L) and sin(nwz/L) dependences.
Which of these corresponds to the higher, and which to the lower-lying state at
the minigaps, will be determined by the specific barrier and well dimensions.

The effective masses associated with the n-th zone edge are given by the
very convenient analytic expressions derived in Appendix B
m*|V,| _ m*Egn (8)

20, 4T, ’ ,

where, as before, the + and — subscripts refer to the higher and lower-lying state.
This means that the effective mass at the n-th minigap is directly proportional to
the width of that minigap. :

* [
mn+ =-m,_ =
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It is easy to see from Eq. (4) that, depending on the relationship of L.
to L, V, can vanish for certain n. In this case, according to Eq. (6), the mini-
gap at k, = xnw/L will also vanish. This result is a consequence of first-order
perturbation theory. Second-order perturbation analysis will show, however, that
the minigaps do not completely vanish at the condition V,, = 0. We have derived
in Appendices A and B the expressions for the minigap widths, wave functions,
and effective masses associated with the V,, = 0 condition. It is noted that the
minigap widths corresponding to V,, = 0 are indeed very small (see Appendix A);
and the magnitudes of the effective masses are, accordingly, much smaller than
the masses associated with minigaps which are open in first-order calculation (i.e.,
when V,, # 0; see Appendix B). The densities of states associated with pointsin the
Brillouin zone corresponding to n for which V;, = 0 are then extremely small, and
optical transitions occurring at these points are expected to be correspondingly
weak.

As stated above, the conditions for which V;, = 0 depends on the SL geom-
etry. Before proceeding further, we identify the specific cases for which V,, = 0
(i.e., which minigaps correspond to weak optical transitions):

(a) When Ly = Ly (Lw/L = 1/2), we see immediately that V;, will vanish (and
thus minigaps will close in first order) for all even values of n;

(b) When Ly, = 2Ly (Lw/L = 1/3) or Ly = 2Ly (Lw/L = 2/3), first-order
minigaps will close for n = 3,6,9..., and higher multiples of 3;

(c) When Ly, = 3Ly (Lw/L = 1/4) or Ly = 3Ly, (Lw/L = 3/4), first-order
‘minigaps will close for n = 4,8,12,... etc.;

(d) When LW/L =1/5,2/5,3/5, or 4/5 the lowest minigap to close will be for
n=2>5,... and so on.

In general, the thinner the well or the barrier, the higher the value of n
for the lowest vanishing minigap. Because of the small density of states at such
minigaps, we will not consider them in the context of optical transitions, restricting
ourselves to these gaps which are open in first-order perturbation analysis. Here
it is important to note that there is no geometry for which the lowest minigap
(n = 1) could go to zero in first-order perturbation, since for that to happen,
Eq. (4) would require that Ly = 0 or Ly = L, a condition under which the SL
itself would disappear.

3.2. Illustrative ezample: L,, = Ly

As a specific illustration of first-order perturbation results, consider a SL
with wells and barriers of equal width, Ly, = Ly, i.e., L = 2L, As already stated,
we choose the origin z = 0 to be at the center of one of the wells. Using Lw = Ly
in Eq. (4), we get

-V/(nm) n=1,59,13,... :

Va=1{ V/(nt) n=3711,15,... . (9)

0 n=24,6,8,10,...
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Fig. 2. Reduced-zone representation of band structure for the conduction band of a
‘superlattice with L = Ly, obtained by first-order perturbation analysis. The SL wave
vector is represented by g. Wave functions corresponding to zone center (¢ = 0) and
zone edge (¢ = 1) states of the superlattice are also indicated. Note that for the case
Ly = Ly the minigaps are closed for all even values of » in the first-order calculation,
as seen explicitly for n = 2.

First-order perturbation analysis thus leads to the vanishing of minigaps when n
is even (via Eq. (4)), while the minigaps for odd n are finite, but get progressively
smaller with increasing n, yielding the picture of the band structure shown in
F1g 2 (where the SL wave vector is denoted by ¢, and the mlnlgap at k, = tnw/L
in the extended zone is denoted by the index n).

We can now determine the wave functions for the finite (odd n) minigaps.
We recall that for a rectangular potential the wave functions are pure sines and
cosines of argument (n7z/L). Their ordering (i.e., whether the upper state will be
cosine-like or sine-like) depends on the sign of V,,, which determines the phase 4,
in Eq. (7). If V, > 0 (i.e., for n = 3,7,11,... as shown in Eq. (9)), 6, = 0, and
Eq. (7) becomes

Yn, = % cos(nrz/L), Y = i\7/-__% sin(nwz/L). (10)

On the other hand, when V,, < 0 (i.e,, for n = 1,5,9,...), 8, = 7/2, yielding

E Y
Yy = 1\/_Z sin(nwz/L), Yo = TEcos(mrz/L). (11)

For even n, (V;, = 0), second-order perturbation must be applied to obtain
Eg ., as discussed in Appendices A and B. For example, it is shown in Appendix A
that the minigap for n = 2 is V2/(4T3), which is extremely small (smaller than
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Fig. 3. Band structure for the same SL as that discussed in Fig. 2, illustrating that the
closed first-order gaps are “opened” by second-order perturbation theory.

the higher-lying minigaps for odd n), but nevertheless finite. The wave functions
for the upper and lower extrema associated with this gap are, respectively, '

= V2 ! = [?-sin TZ
Py 4 = chos(2wz/L), I i (27z/L), - (12)

as shown by Eq. (A16). Figure 3 shows the subband structure with proper order
of the wave functions at the minigaps for the case of Ly, = Ly.

3.8. Wave function mizing: second-order perturbation

Wave functions play a central role in determining the selection rules for op-
tical transitions, since the transition intensity is determined by the wave function
overlap between the initial and the final states. When the band offset is very
‘small, the sin(nrz/L) and cos(nrz/L) functions obtained from first-order pertur-
bation provide a good description for wave functions of the states at the n-th
minigap. However, we will show next that, as the offset increases (although still
satisfying the “smallness” criteria discussed in Sec. 3.4), it will progressively bring
about admixtures from other nearby subband states into the wave function under
consideration.

To discuss such mixing, we start by taking sin(nwz/L) and cos(nwz/L) func-
tions as new basis functions at the n-th minigap. We then include the second-order
contributions to these wave functions by means of second-order perturbation the-
ory. Let us first consider the even parity (cosine) state. Since we have chosen the
center of the well as the origin of the z-axis, the superlattice potential is charac-
terized by inversion symmetry. Thus

{cos(n'mz/L)|V|sin(nmz/L)) = 0, ' (13)
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Le, the wave functions with different parity will not mix. So for the even-parity

state
V2
=A,~=
¢n \/—I—/

[cos(mrz/L)+ Z {cos(n’ wz/j{})lvgfc:s(nwz/L)) cos(n'wz/L):I . (14)
n'#n

Using Eq. (3), we then have

_ o, V2
¢n—Anﬁ

Re (Vin' - Vine
[cos(mrz/L) + Z © Vo 7’:)/2; ( +n)/2) cos(n’vrz/L)} . ~ (15)
n'#n n'

Letting n’ — n/2 = m, where m = £1,4:2,.. ., Eq. (15) becomes

V2 ,
P = A"x_/—f {cos(mrz/[,) + Z Tn cos((n + 2m)7rz/L)} .(16)

m#0 - Tn+2m
Similarly, for the odd parity state, we obtain
V2
Y, = A==
f
x |sin(nwz/L) + Z Msin((n +2m)7z/L)| . (17)
m£0 Tn - Tn+2m

Therefore, as the offset increases, it progressively brings about admixtures from
neighboring subband states of the same parify, as shown by the second term on

the right.
As an example, we refer once again to the case of a rectangular potential
with Ly = Lp. We can now obtain the“vave functions to second order for such a

system, for all minigap extrema. We illustrate this explicitly for states at the zone
center (¢ = 0). For n = 0, we obtain

Ap 2V
o = JL [1 + N cos(27rz/L)J . (18)

where the nornralization factor Ag is {14 2[V/(xTz))2}~1/2.

For n = 2, we obtain

V2 Vv
oy = ﬁAz’-l- [cos(27rz/L) =T + 0T cos(41rz/L)] (19)
and .
V2 : 2V . <
Yo = 7_I_,AZ'_ [sm(27rz/L) "ol sm(47rz/L)] ,‘ (20)
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TABLE I

Wave functions for several lowest conduction subband
states, showing admixtures* from the nearest neighboring

states.
State Wave function
elp 1+ 26 cos(2wz/L)
ely cos(mz/L) + 16, cos(3mz/L)
€2 - sin(rz/L) — 16.sin(37z/L)
e2g sin(2rz/L) — 26 sin(47z/L)
edo cos(2mz/L) — 6c + £6c cos(4mz/L)
e3, | sin(3wz/L)+ Lécsin(wz/L) — 38csin(57z/L)
ed, | cos(3mz/L)— 6. cos(nz/L) + %6 cos(57z/L)

* Admixture parameter §. = V°/(7T%).

where Ag ¢ = {1+ 2[V/(7T5)]? + [4V/(97T3)]*} /2, and
- = {1+ [2V/( )P} 2

It should be noted that, in deriving Egs. (18-20), only admixtures from the
nearest neighboring subbands to the first-order wave functions are included. When
the offset is small (the term “small” will be defined in the next section), admixtures
from the more remote subbands rapldly decreases with energy separation, and
can be neglected. We illustrate this b} Table I, which lists wave functions for
several lowest conduction band states, including the admixtures from the nearest
neighboring states. In the table, we use the following notation. The subband states
are denoted by eN,, where e stands for “electron”, N represents the N-th subband,
and ¢ is the SL wave vector. The parameter 6 is defined as V¢/(nT5), where the
superscript “c” stands for conduction band, and V and T, have been defined
earlier. The wave functions of the corresponding heavy-hole subband states at
g = 0 and ¢ = 1 have the same form as those given in Table I, with 6. replaced by’
8y = VV/(#TY), the superscript “v” denoting heavy-hole valence band parameters.

3.4. Conditions for small band offset

In discussing SLs with small band offsets, the term “small” is relative, and
must be defined more precisely. We do this for SLs with rectangular potentials,
where the Fourier coefficients are always real quantities. By inspection of Egs. (16)
and (17), we note that the following condition must be satisfied for the perturbation
theory to be applicable:

Vm + Vn+m

P < 1. . (21)
This condition will be different for different states, becoming more relaxed as n
increases. Thus, if we define the “small-offset” criterion for low-lying states, it will
be automatically satisfied for all states. -

It is easy to see that the smallest value of the denominator Ty, 49m — Tj, in
Eq. (21) (i.e., that corresponding to the lowest-lying state, n = 0) is T5. At the




Semiconductor Superlattices with Small Band Offsets 577

same time thfe numerator Vi, & Vot decreases with n (see Eq. (4)), so that its
largest value is 2V4. The most stringent form of Eq. (21) is therefore

2%
T3
If Eq. (22) is satisfied, Eq. (21) is automatically satisfied for all n and m.
We will therefore use Eq. (22) as our criterion for defining the offset as

“small”, and we now examine this condition in greater detail. For a rectangular
potential profile

WVi| = ¥|sin (Lw/L)|. (23)

Substituting Eq. (23) into Eq. (22) leads to the following condition:
2V|sin(wLy/L)|
’II’T2

Since Ty = (27h)?/(2m* L?), we then have the small-offset condition expressed in
the compact form

hrd 1 1
m* L2 |sin(wLy/L)|
Now we note that |sin(wLy/L)| has its highest value for L, = Ly, resulting in the
most stringent inequality for small offsets, '

<1 ' (22)

< 1. (24)

V& (25)

h2r3 1
VK I (26)
This can be expressed in units of meV as
: mo\ (100Y° _
V <235 (m—) <T) [meV] = Ver, (27)

where mg is the free electron mass, I is expressed in A, and we label the right-hand-
-side as the critical value, V.

We use Eq. (27) to give a numerical estimate of a “small-offset”. Using 100 A
as a representative SL period, and m* = 0.15my as a typical electron effective mass
for wide-gap II-VI semiconductors, we obtain the V,, in Eq. (27) to be 157 meV.
Taking 25% of that value as sufficient for the perturbation calculation to hold, a
SL with a band offset of 40 meV or less can safely be regarded as a “small-offset”
SL. This is consistent with our “working” hypothesis expressed earlier that the
offset may be regarded as small when it is below about 3% of the energy gap of
the barrier material. We will show later by exact numerical calculations that even
SLs whose offsets significantly exceed this criterion are still satisfactorily described
by the analytic expressions derived via the perturbation approach.

Several additional insights follow from Eq. (25). First, the smaller the effec-
tive mass, or the shorter the SL period, the higher can be the actual value of the
offset V satisfying the perturbation condition. And second, we note that as L.,
departs from L/2 value, |sin(nLy/L)| in the denominator of Eq. (25) will decrease.
Thus the narrower the thickness of either the wells or the barriers, the higher can
be the actual value of V satisfying the small-offset condition. This justifies the
“intuitive” comments made earlier, at the end of Sec. 2.1. :
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TABLE 11
Critical band offset values Vi, for small band-offset SLs.

Ly (in A) | Ly, (in A) [ CB (mc = 0.15mg) | VB (my = 0.6mg)
100 100 38 meV 9 meV
75 75 88 meV 22 meV
50 50 157 meV 39 meV
25 25 527 meV 157 meV
33 67 . 182 meV 45 meV
25 75 222 meV 55 meV
10 90 507 meV 127 meV
67 33 182 meV 45 meV
75 25 222 meV 55 meV
90 10 507 meV 127 meV

We illustrate these features in Table II, which shows the estimates of V¢, for
conduction and valence band offsets obtained from Eq. (25) for several specific SL
geometries. In these estimates we have assumed that the electron effective mass is
0.15my (typical for ZnSe and other wide gap II-VI semiconductors), and that the
heavy-hole mass is five times larger than the electron effective mass — a situation
characteristic of many wide-gap semiconductor compounds [13]. It can be seen
from Table II that, for the case of Ly = Ly, the condition for small-offset rapidly
relaxes as the period of the SL gets smaller. And for any fixed SL period, we find
further that, as noted above, the narrower the wells of the superlattice, the higher
can V be in this regime. Physically, this reflects the fact that the states in a SL
move up in energy as the well width shrinks. In the limit of very narrow wells, the
ground state of the SL will be pushed up very close to the top of the well. One then
expects that this situation will behave as a “small-offset” system. Table IT also
illustrates the effect of shrinking barriers pointed out in the preceding paragraph:
i.e., the thinner the barriers, the larger can be the offsets satisfying Eq. (25) even
for substantial well thicknesses. In this case the interaction between wells will be
large, and thus the subbands broad. This effect of shrinking thicknesses of either
the wells or the barriers can be appreciated from an alternate point of view. Clearly
the superlattice will vanish in the limit as we allow either the well tilickness or
the barrier thickness to approach zero, acquiring in either case bulk-like charac-
teristics. Thus superlattices with ultra-narrow barriers or ultra-thin well widths
must necessarily represent the regime of intermediate dimensionality, to which the
small-offset concepts automatically apply.

3.5. Effect of effective mass differences in SL layers

In the discussions above, we have not taken into account the consequences
of the effective mass difference in the barriers and in the wells. It has been shown
that such mass differences alone can also result in subbands, minigaps, and stand-
ing waves in SLs (the so-called effective-mass SLs) [14]. It can be shown from
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the results of Ref. [14] that the maximum minigap width produced by the mass
difference is

E _ B Am*
iy (28)

where L is the SL period, m¥ and my, are the effective masses in the well and bar-
rier materials, and Am* is the mass difference mj — m?*. Now in semiconductors
the effective mass usually scales with the energy gap, so that Am* will be auto-
matically accompanied by a band offset, i.e., Am* /m}, = V/Eg. This relationship,
together with Eq. (28), gives us the opportunity to compare the effects of Am*
and V. For example, for a SL with Ly = Ly, the first minigap width Eg1is 2V/m
(see Egs. (6) and (9)). We then have

Egme 1 7h% 1 ‘

Eg1 ~ 2myI2 Eg _
Using 100 A as a representative SL period, Eg =2 eV, and m* = 0.15mg, which
are typical values for the II-VI semiconductors, we obtain the ratio of Eg m« over
Eg1 to be 0.4%. This indicates that the effect of the effective mass difference is
exceedingly small compared to that produced by the corresponding band offset.
The effect of the mass difference can therefore be ignored in small-offset SLs, as
we have done in this presentation.

(29)

4. Optical properties of small-offset structures

4.1. Selection rules for optical transitions
4.1.1. Type-I superlatiices without wave function mizing

As a basis of comparison, we first summarize the well-known selection rules
for optical transitions in type-I SLs with large band offsets. In those structures,
subbands at energies below the barriers are strongly localized in the wells by the
confining potentials of the surrounding barriers. These subbands are indexed by
a quantum number (say, N), starting from that closest to the bottom of the well
for conduction electrons, and from the top of the well for the holes. The subbands
corresponding to the same quantum number have the same symmetry (parity),
and this results in the so-called “Dingle rule” [15] for interband optical transitions
(AN = 0), which largely determine the optical properties of type-I superlattices.

In this section we concentrate on interband transitions in small-offset SLs.
We will restrict ourselves to transitions between the conduction band and the
heavy-hole valénce band, because these transitions dominate the interband optical
spectra. Since our primary purpose is to present the special properties character-
izing the small-offset regime, this simplification has the advantage of keeping the
physics in evidence.

To facilitate discussion of these transitions, we again use the designations
eN, and hhN, for the subband states, where ¢ and hh stand for “electron” and
“heavy hole”. For example, ely —hh2; refers to the transition from the first con-
duction subband to the second heavy-hole subband at the zone edge. To obtain
the selection rules for optical transitions, we need to evaluate the wave function
overlap (i|¢¢), where 9; and ¥y are the wave functions associated with the initial
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and the final states, respectively. Since the origin of the potential profile with re-
spect to z is chosen to be at the center of a well, the SL is symmetric in z, and the
wave functions will display a definite parity with respect to the chosen origin. As
we shall see, when we consider wave functions obtained in first-order calculation,
this will result in a nonvanishing overlap integral only if AN = 0.

As a specific example, we consider a type-I superlattice with Ly = Lp. With
the use of the following orthogonality relations:

%/OL cos(nmz/L) cos(mrz/L)dz = bmn, » (30a)
%/OL sin(nwz/L)sin(mnz/L)dz = bpmn, (30b)
%/OL cos(nwz/L)sin(mrz/L)dz = 0, (30c)

it is easy to see from Fig. 3 that the wave function overlap (v;[r) translates into
the AN = 0,Aq = 0 selection rule at both ¢ = 0 and ¢ = 1. This is exactly
the same selection rule which applies to large band offset superlattices, referred
to above (Dingle’s rule) — except that in the familiar case of deep wells one does
not concern oneself with the value of ¢, since the subbands are relatively flat and
narrow. ‘

The ordering of the cos(nwz/L) and sin(nwz/L) states at the n-th minigap
shown in Fig. 3 is specific to Ly = L, geometry. For L, # Ly, the sequence of
sine and cosine functions may be different. However, for type-I SLs, the ordering
will always be the same for the conduction and the valence subbands, and hence
the AN = 0, Agq = 0 selection rule will always apply, as long as we stay in the
first-order approximation.

4.1.2. Type-I superlatiices with wave function mizing

When the band offset is very small, the AN = 0 selection rule applies very
well. However, we have shown in Sec. 3.3 that as the offset increases — although
still satisfying the “smallness” criteria discussed in Sec. 3.4 — it will eventually
bring about admixtures of different subband states. When we calculate the wave
function overlap with such admixtures included, we will find that — in addition
to the AN = 0 selection rules — certain new transitions with AN # 0 will
also be allowed. For instance, we see from Fig. 3 and Table I that for SLs with
Ly, = Ly, transitions hh1—e3 and hh3—el become possible at ¢ = 0, hh2—e3
and hh3—e2 become allowed at ¢ = 1, and so on. To estimate the intensities of
these AN # 0 transitions, we must calculate the actual wave function overlap of
the corresponding initial and final states. For example, the transition intensity for
hhl—e3 at ¢ = 0 is proportional to [P(hh3 — el)|?, where P(hh3 — el) is the
wave-function overlap between the hh3 and the el states at ¢ = 0. Using Eqgs. (18)
and (19), we have

(31)

L . ,
P(hh3 — el) =/ Y§ ¥5,4dz = 454, (\/EV vav ) ,
0

C v
Ty w1y
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Fig. 4. The wave function overlap as a function of band offset for several “forbidden”
(AN # 0) transitions for a superlattice with Ly = Ly, V¥ = V¢, m} = 0.15m,, and
my = 5m}.

where the superscript “c” and “v” refer to the conduction and the valence bands
of the SL, respectively. In Fig. 4, we show the wave-function overlap for several
transitions induced by wave-function mixing for a SL with Ly, = Lp, and V. = W.
It is important to note that the transition probability of the “forbidden” transitions
increases with increasing band offset. The results in Fig. 4 are obtained for VV = V¢
and Ly, = Ly, but our calculations for other combinations of these parameters yield
qualitatively very similar behavior [3].

4.1.8. Type-II superlaitices

We now consider type-II superlattices. For traditional type-II superlattices
with large-band-offsets, there are no simple selection rules because the electrons
and the holes are separated in space. However, we will show that for type-II su-
perlattices with small band offsets, selection rules can be found similar to those
in type-I structures. In fact, until the band offset becomes very large, there is no
qualitative distinction between the type-I and the type-II configurations. This is
another characteristic that is unique to the regime of intermediate dimensionality.

As before, we represent the band offsets for such a system by V¢ and V'V, re-
spectively. The Fourier coefficients correspondlng to the conduction band potentlal
profile may be written, in accord with Eq. (4), a:

V= —:—Wsin (nwLy/L). ' (32)

n

But in a type-II SL (also called the staggered configuration) the layers which act
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as wells for conduction electrons constitute barriers for the holes, and vice versa.
If we pick the origin in the center of one of the conduction band wells, the origin
automatically occurs at the center of a valence band barrier. We can handle this
formally by describing the offset in the valence band as negative (—V"). In this
convention, the Fourier coefficients for the valence band potential profile become
VY= — (_Vv)

n

sin(nwLy /L) = %}r sin (nwLw /L), (33)

where L., represents layers which correspond to conduction band wells (i.e., Ly is
physically the same layer in Eq. (32) and Eq. (33)).

Hence V¢ and VY at the n-th minigap of a type-II superlattice have opposite
signs. Recalling that the phase factor 8, in Eq. (7) is determined by the sign of V;,,
we see immediately that cos(nmz/L) and sin(nwz/L) states will have exactly the
opposite order for the conduction subbands as they do for the valence subbands.
The selection rules for such a SL (to first order, i.e., without wave function mixing)
are therefore

AN =1 (34)

at ¢ = 0 and ¢ = 1. The ground state (N = 1 at ¢ = 0), however, is always an
even function. Thus AN = 0 continues to apply for the ground state transition
(hhl—el at ¢ = 0).

As in type-I SLs, wave functions in type-II SLs can mix states which have
the same parity and wave vector ¢, and are close in energy. This will again result in
many new transitions, not allowed by the AN = 1 rule of Eq. (34) or the AN =0
rule for n = 0.

4.2. Role of effective mass in optical transitions

Consider an interband transition from an initial state |i) to a final state |f).
The transition intensity is then proportional to

I'~ |<¢i|¢f>|2JCV(E)) (35)
where Jey(E) denotes the joint density of states [16],
dk
Jev(E :/ 2-——=6[E.(k) — E,(k) — F], 36
(8) = [ 2o SIEL(h) — B - B} (36)

and [, indicates integration over the Brillouin zone. It can be shown [17] that
Jev(E) 1s proportional to

Jev(E) % (|popys])'?, (37)

where y; represents the reduced mass along the i-th direction. In our case, electrons
moving in the z- and y-directions can be considered “free” and isotropic, so that

Kz = py = constant > 0. ’ (38)

What interests us is p, (which is determined by the SL geometry) and its effect
on Jo,. We write u, in the form

u =( MeMp )
z me+mh 2 ‘ (39)
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where, for interband transition, the masses m. and my, are the minigap masses. For
example, the reduced z-direction mass associated with the transition hh3; —e2 is
determined by curvatures of the miniband extrema for the final and initial states
at the zone edges,

_ me(e21)mn(hh3;)
ps(hh3; — e21) = (me(e21)1+ r}rlzh(hhl?)l))z' (40)

We now discuss the relationship between the effective mass and the optical
transitions. First, we recall that |V,| usually decreases with increasing n, while
T, increases rapidly. Thus, according to Eq. (8), both me and my, will decrease
rapidly as we proceed to higher subbands — and so will the reduced mass p,.
Since the intensity of a particular optical transition is proportional to v/|g.[, tran-
sition intensities will also weaken sharply as n increases, and we will thus limit
our study to low-index subbands. Second, the effective mass is much smaller at
those minigaps which are closed in first-order (for example, the n = 2 minigap
when Ly, = Ly). The reduced mass is then also extremely small at these values
of n (my}, = m*(V/T,)?%; see Eq. (A15)). It follows automatically that transitions
involving such states will be very weak, and will also be ignored in this discus-
sion. Third, we note that me is not necessarily much smaller than my, since for
AN # 0 transitions they can be associated with different minigaps. Thus in some
situations me can be close in size to my (or even larger). An interesting case
here (perhaps the most interesting) involves transitions between electron and hole
states having masses of similar magnitude but of opposite sign. It can be seen
from Eq. (39) that in this case u, exhibits a singularity. As a result, one expects
a dramatic enhancement of the transition intensity. The physical reason behind
the enhancement is that, in such a case, the valence and conduction subbands are
approximately parallel as a function of k,, and hence the joint density of states is
greatly increased.

Small-offset SLs also constitute a powerful laboratory for investigating op-
tical transitions in saddle-point situations. As was already noted in Eq. (38), the
effective masses in the z- and y-directions correspond to free motion, i.e., they
are positive quantities. Hence, if g, > 0, we have what is termed an M critical
point — a true minimum in all directions. If, on the other hand, u, < 0, we have,
instead, a saddle-point — termed M; saddle-point. For example the hhl; —el;
transition involves such a saddle-point: it is readily seen from Fig. 3 that both me
and my, associated with this transition are negative, so that p, < 0. The intensity
of the excitonic absorption associated with such a saddle-point is expected to be
weak because the saddle-point exciton — since it lies at an energy slightly below
that separating the hhl; and e; extrema — automatically occurs within the (wide)
miniband. It is thus a resonant state, instead of a bound state, and is therefore
characterized by a much weaker transition probability [18, 19].

We emphasize that it is the large width of the minibands — a special charac-
teristic of small-offset SLs — that results in such novel and important role which
effective masses play in optical transitions, for two reasons. First, because the
minibands are wide, the subband curvature at the zone center and zone edges
(which defines the minigap masses) becomes a quantity of physical significance in
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these structures. And second, when offsets are small, miniband widths can read-
ily exceed exciton binding energies, resulting in resonant state phenomena (and
thus in suppression of optical transitions) such as that described in the preceding
paragraph.

4.3. Comparison with ezperimental results

Using magneto-optical absorption in ZnSe/Zn;_;Mn;Se small-offset super-
lattices involving a diluted magnetic semiconductor (DMS) Znj_Mn,;Se, Dai et
al. [2] observed a series of transitions between different conduction and valence
subbands, at both the center and at the edge of the SL Brillouin zone. The re-
sults in Ref. [2] illustrate many of the features characteristic of small-offset SLs
discussed above, and we will compare these experimental observations with the

predictions of the NFE analysis.
' We will concentrate on the data observed on a SL referred to as “Sample 2”
in Ref. [2], which had the following parameters: z ~ 0.04, Ly = Lp = 73 A, 10
periods (for additional details, including growth conditions, see Ref. [2]). For Mn
concentration # = 0.04 the resultant band alignments, with strain present, pro-
vide band offsets which at zero magnetic field are less than 4 meV (i.e., less than
0.15% of the total band gap) in both the conduction and the valence bands. Thus
offsets at the DMS/non-DMS interfaces of the SL are practically negligible in the
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Fig. 5. Absorption spectra for a small-offset SL investigated in Ref. [2] for B = 0, 1

and 5 tesla for (a) spin-up orientation, and (b) spin-down orientation. The dashed lines
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absence of a magnetic field. With the application of a magnetic field, however,
large Zeeman splittings of the band edges occur in the DMS layers as a result of
exchange interaction between magnetic moments of the Mn ions and band elec-
trons (as discussed in Sec. 2.2). This in turn generates band offsets which are
continuously tunable over a range of 440 meV in the valence band and +10 meV
in the conduction band about their respective zero-field values, as the magnetic
field is varied from 0 to 5 T for the two spin orientations (see, e.g., Ref. [6]).

Typical absorption spectra for the SL at B = 0,1, and 5 tesla for the oy,
polarization (spin-down transitions) and the g polarization (spin-up transitions)
are shown in Figs. 5a and b, respectively. For consistency with Ref. [2], we use the
following labeling scheme for the transitions. The label mnh, indicates the tran-
sition from n-th heavy-hole subband (h stands for “heavy”) to m-th conduction
subband at the SL Brillouin zone center (¢ = 0) or at the zone edge (¢ = 1). Thus
the shorthand notation for the transition hh3 —e2 occurring at the zone edge
would be 23h;. In addition to the expected AN = 0 transitions, one AN = 1 and
one AN = 2 transitions are also present in Fig. 5. These transitions are allowed
on the basis of the anticipated relaxation of the AN = 0 selection rule as the
offsets increase, causing the wave functions to depart from their purely sinusoidal
standing wave form. We now discuss these additional transitions.

The band structure and the first-order wave functions at minigaps for a
small-offset type-I superlattices with L,, = Lp were shown in Fig. 3. We have
demonstrated that the higher-order wave functions contain admixtures from neigh-
boring subbands of the same parity (see Table I). Due to such wave function
mixing, we should expect the following AN # 0 transitions:

(i) at ¢ = 0: 13hg (hh3g — elg), 31hg (hhlg — €3p);

(11) at q= 1: 231’11 (hh31 e 621), 14h1 (hh41 — 611), 41h1 (hhll — e41),

32h1 (hh21 nd 631).
Here it should be noted that we have limited ourselves to those transitions involv-
ing the first three subbands at ¢ = 0, and the first four at ¢ = 1, since the joint
density of states for transitions involving higher subband states rapidly decreases
with n.

As discussed in preceding sections, the optical transition intensity is deter-
mined by the wave function overlap of the initial and the final states, together
with the joint density of states associated with the transition. Table III lists the
wave function overlap within one SL period for a series of transitions calculated
using the NFE model for Sample 2 for a field of 1 tesla, for spin up subbands. The
valence and conduction band offsets corresponding to such a field are 15 meV and
3 meV, respectively [20]. (Note that the NFE model does not explicitly include the
magnetic field or the exchange interaction, but formulates the problem in terms
of the band offset, regardless of how that offset is produced. In the specific case of
DMS/non-DMS SLs, such as Sample 2 of Ref. [2], the offset arises via the Zeeman
splitting of the band edges in an applied magnetic field, as discussed in Sec. 2.2,
and we then use this band-offset in our NFE model calculation).

Table I1I also gives the calculated reduced masses u, corresponding to these
transitions, which can be used as a measure of the joint density of states according
to Eq. (37). The intensities of these transitions (l;_,;) were estimated from the
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TABLE III

Reduced masses, wave-function overlaps, and
transition intensities for various transitions cal-
culated for the SL of Ref. [2].

Transition | u} (¥ile;) I,
hhlp —elg | +1.0 0.90 1.0
hh2p —e2o | =107 | 0.96 p: <0
hh3, —e3o | +1073 | 0.88 0.03
hh3y —elg | +0.3 0.59 0.24
hhly —e3o | #1073 | 0.59 0.01
hh1; —el; | -0.08 | 0.98 p: <0
hh2; —e2; | +0.06 0.93 0.26
hh3; —e3; | —0.02 | 0.90 s <0
hh3; —e2; | +0.15 | 0.31 0.05
hh2; —e3; | -0.003 | 0.31 pe <0
hh4; —ely | —0.23 0.16 t: <0
hhly —ed4; | +.003 0.16 0.002

*Reduced mass and intensity are normal-
ized to 1.0 for the hhly —elq transition.

product of the square of the wave-function overlap and the square-root of p, (see
Egs. (35) and (37)). These estimated intensities (normalized to the hhly —elg
transition) are also shown in Table III, except for those cases where p, < 0. As
discussed in Sec. 4.2, a negative p, is associated with an M; saddle-point, so that
the intensity of a corresponding transition is expected to be very weak 18, 19].

We begin by considering transitions at the SL Brillouin zone center. From Ta-
ble III, one can see that the 11hg (hh1lo —elo) transition is the strongest, primarily
due to the highest joint density of states. On the other hand, 22hy (hh2y —e2p)
and 33hg (hh3¢ —e3q) transitions should be weak (in spite of the fact that they
are both AN = 0 transitions), due to the much smaller joint density of states
associated with the extremely small minigap for n = 2 at zone center (see Figs. 2
and 3). For this reason we expect all transitions involving states €2 and e3q to be
weak.

Experimentally, it is indeed the case that 11hg is the strongest transition,
while 22hy and 33hg are barely observable. In fact, the 22hy and 33hg transition
lines cannot be reliably identified from Figs. 5a and b. Dai et al. identified these
transitions only after moving them around with magnetic field (see Fig. 13 of
Ref. [2]), and with the additional aid of theoretical calculations [2].

On the other hand, Dai et al. have observed the transition 13hg (hh3o —elo)
to be a strong transition. This is again consistent with theoretical prediction. As
can be seen from Table III, our NFE model predicts the 13hg transition to be the
next to the strongest transition at ¢ = 0. This AN # 0 transition is induced by
wave-function mixing, which is small when the band offsets are small. Thus in the
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ZnSe/Zng 96 Mng.04Se SL described above, this transition was not observed at very
low magnetic fields. The 13hy transition serves very nicely to illustrate the role
of joint density of states in determining transition intensity: the “forbidden” 13h,
transition is much stronger than the “allowed” 22hg or 33h, transitions because
the density of states associated with the ely subband is much higher than that for
either e2y or e3g. .

Another expected AN # 0 transition, 31ho (hhlg —e3y), is experimentally
not observed despite its non-negligible wave function overlap (see Table III), again
because of the small density of states of the €3y state. The peak intensity of this
transition is, therefore, expected to be at most comparable to the 22hy and the
33hg transitions, but it lies closer to the region of high opacity, and is thus totally
obscured.

Next we discuss the transitions at the SL Brillouin zone edge (¢ = 1). Both
11hy (hhl; —el;) and 22hy (hh2; —e2;) transitions were observed. The intensity
of the 11h; transition was found to be much weaker than that of 22h;. This is
because the 11h; is a saddle-point excitonic transition (negative p,, see Table III),
and its intensity should be weak, as discussed in Sec. 4.2. Note that in Table III,
the 11h; transition has the highest wave function overlap of all. Despite this,
the absorption peak is barely noticeable, illustrating the role of the sign of u, in
determining transition intensities.

The most interesting transition observed at ¢ = 1 is the 23h; line, involving
the hh3; and e2; states. This is another wave-function-mixing-induced transition.
The estimated intensity shown in Table IIT indicates that this is a strong transition,
which is indeed the case experimentally. The calculated wave function overlap
between hh3; and e2; states as a function of band offset has been shown in Fig. 4.
Judging by the behavior of the overlap, we would not expect to see this AN =1
transition at very low magnetic fields. This is, however, not the case: the transition
is clearly seen even for B = 0. We suggest that the reason for observing the 23h;
transition at these low fields (i.e., at low offsets) can be explained by examining
the dispersion of the e2 and the hh3 subbands in Fig. 3. As can be seen, these
subbands are essentially parallel to each other at ¢ = 1, which greatly enhances the
joint density of states, thus leading to a stronger absorption than for transitions
involving opposite curvatures of the E vs. k, dispersion. Note that Table III shows
that the reduced mass associated with this transition is exceptionally large, so that
the intensity of this transition should indeed be quite strong.

From the wave-function overlap shown in Table III, one may also expect to
see the 14hy (hh4; —ely) transition. However, the reduced mass associated with
the 14h, transition is again negative, indicating a weak transition based on the
arguments given above. Experimentally, this transition was not observed. Finally,
all the transitions involving €3; and e4; states at ¢ = 1 lie very high in energy
(calculated energies for these transitions are above 2.88 eV). These transitions are
buried in the absorption tail of the buffer layer, and thus were not observed in
experiment.
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5. Comparison of NFE analytical results with numerical calculations

5.1. Eight-band k- p model and numerical calculations

The results presented in preceding sections were obtained in the NFE approx-
imation, which assumes that the band offset of superlattices under consideration
is small, and neglects interactions between bands. The simplicity of this approach
has made it possible to formulate the description of small-offset SLs in analytical
terms, providing valuable insights into the behavior of semiconductor structures
in the regime of intermediate dimensionality. The approach appears to us a prior:
justified for dealing with most wide-gap II-VI and III-V SLs, since the interband
interactions are expected to be small in these materials, allowing one to analyze
the conduction and the valence bands separately.

Nevertheless, it is important to establish the validity of this approach by
demonstrating that the approximations made in the NFE model are indeed jus-
tified. We can do this by comparing the results (specifically, wave functions and
subband energies) obtained by the analytical NFE method with those obtained by
numerical methods from an eight-band k- p model, which accounts for inter-band
interactions, and which is valid for offsets of arbitrary value [21]. In this model, the
band structure of a SL can be conveniently handled in terms of the so-called en-
velope function approzimation [22]. The Schrddinger equation obtained from this
approximation is a set of eight coupled second-order differential equations in the
variable z, with proper boundary conditions at the interfaces. The equations can be
numerically solved using the transfer-matrix method (TMM) algorithm developed
by Ram~Mohan et al. [23]. This model satisfies the criteria stated above, and has
been recognized in the literature for successfully dealing with semiconductor band
structures in general. Comparison of our analytical results with the predictions of
such a general'model will not only provide a test for the applicability of our results
in the small offset limits, but will also serve to establish the range of applicability
of these results, i.e., how large must the offset become for the analytical results
to fail.

In the eight-band k- p model, the interactions between the I'¢ (conduction
band), I's (valence band), and I'7 (spin-orbit-split band) are treated exactly, and
the interactions between these bands and the more remote higher bands are in-
cluded up to order k2. For describing the well layers of the SL, we have chosen
the parameters of ZnSe [2], since this semiconductor is representative of wide-gap
II-VI materials which are of direct interest to our research group. To describe the
barriers, we have chosen the same parameters as those used for the wells except
for the band gap, which was adjusted to introduce the desired amount of band
offset in the conduction and valence bands. The zero-energy point is chosen to lie
at the top of the valence band of the well material, and the band gap of the well
material is taken as 2.803 eV (the energy gap of ZnSe). In the NFE model we use
the effective masses m* = 0.14, and miy = 0.73, which correspond exactly to the
values of m{ and mj, obtained from the eight-band k- p model for ZnSe. Our pur-
pose, however, is not to attempt a rigorously accurate description of ZnSe or any
other specific material, but only to compare the predictions of the NFE and of the
numerical multi-band calculation for identical structures. For the same reason, we
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do not include either the strain or the magnetic parameters given by Ref. [2] in our
8-band model calculation. We only focus on the energy levels and wave functions
for a given band offset value, which allows us to make direct comparisons of the
numerical calculations with the results of the NFE model obtained for the same
value of the offset.

As a test case for comparing the NFE and the 8-band numerical calculations,
we have chosen a type-I SL comprised of 50 A wells and 50 A barriers. At these
dimensions the structure clearly displays all features characteristic of SLs: localiza-
tion of states deep in the well, effects of confinement of subband energies, and sub-
band interactions across barriers. Such dimensions are also typical for structures
used in experiments. The choice of equal well and barrier thicknesses (Ly = L)
corresponds to the situation examined explicitly in previous sections, so that we
can make reference to those results in discussing the numerical calculations.

5.2. Comparison of NFE and TMM results
§5.2.1. Wave functions

Correct calculation of wave functions at subband extrema is crucial, be-
cause this will determine the wave function overlap associated with specific optical
transitions. We therefore give special attention to comparing the wave functions
predicted by the NFE model and by the 8-band model using the transfer-matrix
method.
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Fig. 6. Probability distribution [¥(z)|* as a function of position z (in A) for the
zone-center state elp, calculated by 8-band k- p model (points) and by the NFE model
(solid curve) for several values of the band offset V, as indicated in the figure.
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We begin by examining the progression of [¢(elo)|? for a series of offsets, as
shown in Fig. 6. In this figure — and in those that follow — the continuous curve
represents the NFE calculation, and the 8-band numerical calculation results are
given by points. The electron probability |1|? is plotted as a function of z, with
z = 0 corresponding to the center of one of the wells. The wave function ¥ is
normalized so that |1|? integrates to unity over one SL period.

We see in Fig. 6 that the agreement of |1(elo)|? calculated by both methods
is excellent for offset values up to at least 40 meV. At offset values of 80 meV and
150 meV, the NFE wave functions begins to deviate from the 8-band calculation.
However, the agreement is in general still quite good even at these values of band
offset. We use this occasion to recall that the oscillatory behavior of ¥(ely) as
a function of z is itself a result of admixture from nearby states, arising from
second-order perturbation. The amount of admixture is proportional to V (see
Table I), and Fig. 6 thus serves to illustrate the gradual transformation of the SL
from 3D to a 2D medium: when V = 0, the wave functions revert to their bulk
characteristics, with no localization. '
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Fig. 7. Probability distribution [¥(z)|*> as a function of position z (in A) for the
zone-edge state eli, calculated by 8-band k- p model (points) and by the NFE model
(solid curve) for several values of the band offset V, as indicated in the figure.

We now consider |1(el;)|?, shown as a function of z in Fig. 7. The agreement
between NFE and the 8-band numerical calculation is again excellent, better in
fact tban for the elg state. This is to be expected, since in examining ¥(elp) our
attention was focused on the oscillatory admizture (primarily from the e3q state;
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Fig. 8. Probability distribution |¥(2)|> as a function of position z (in A) for the
zone-edge state e2;, calculated by 8-band k- p model (points) and by the NFE model
(solid curve) for several values of the band offset V, as indicated in the figure.

see Table I) arising from second-order perturbation, while ¢(el;) is dominated by
the first-order contribution (the cos(wz/L) dependence). Here it is interesting to
note that, as V increases, |¥(elo)|? and |¢(el;)|?, become more and more like one
another. This provides insight into an important physical process: as V becomes
larger, the n = 1 subband becomes increasingly narrow and flat, gradually losing
its dependence on ¢. The states elg and el;, which represent the extrema of this
subband at ¢ = 0 and ¢ = 1, must eventually become indistinguishable — and we
indeed see this happening as V becomes large.

We now present the results for the state e2; (see Fig. 8). Note, first, that
[¥(e21)]? varies as sin?(7z/L), i.e., that the parity sequence of the standing waves
predicted by the 8-band model is the same as that of the NFE model, displayed in
Fig. 3. This feature — the agreement of parity between NFE and 8-band models
— survives for all states examined. Returning to Fig. 8, we note the similarity of
the two calculations even when the wave function is deformed by admixtures, as
shown for V = 80 meV in the lower panel.

The comparison of wave functions at higher subbands calculated by NFE
and 8-band model, such as |¢(e20)|?, [¥(e30)|? and |¢(e3;)|?, is similarly good.
Since the agreement of wave functions is actually expected to improve as we test
increasingly higher-lying subbands, we will stop our wave function comparisons for
the conduction band, and will proceed to examine wave functions in the valence
band.
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Fig. 9. Probability distribution [¥(z)|* as a function of position z (in A) for the

zone-edge state hhlj, calculated by 8-band k- p model (points) and by the NFE model
(solid curve) for several values of the band offset V, as indicated in the figure.

_ In Fig. 9 we compare the probability distributions |#(hh1;){? calculated by

NFE and by the 8-band model. The agreement between the two results is once more
rather striking. Although this may appear qualitatively repetitious after discussing
the comparison for the state el; (and it certainly is so in the context of the NFE
approximation), making the comparison with an exact calculation is in this case
necessary because of the special complexities characterizing the heavy-hole band.
The latter band lies close to the light-hole and the I'; bands, and one must therefore
test for the effect of interactions with those bands. The agreement between the NFE
calculation (which does not include these interactions) and the 8-band numerical
calculations (which accounts for them exactly) demonstrates that, at least within
the offset limits tested, heavy holes can be satisfactorily described in terms of the
free-particle model.

5.2.2. Subband energies and minigaps

We calculated the energies at subband extrema (i.e., for ¢ = 0 and ¢ = 1) by
the NFE and the 8-band k- p models for a 50 /50 A superlattice, for offsets of
10 meV in both the conduction and the valence bands. The valence band well is
thus at 0, the conduction well at 2.803 eV, the conduction band barrier at 2.813 eV,
and valence band barrier at —0.010 eV. The.results are presented in Table IV. The
energies were actually calculated to an accuracy of 0.001 meV and were rounded off
to 0.1 meV in the table. The values of the minigaps were rounded off to 0.01 meV.
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Examining Table IV, we note that the agreement between the NFE and the
results obtained from the 8-band model is in general quite good for the lower
states (within 2 meV), but the two calculations begin to depart one from the
other for higher subbands. This is clearly noticeable for subbands e3; and higher
in the conduction band. The fact that the NFE result is systematically higher
than the value calculated from the 8-band model offers an important insight into a
mechanism not previously considered. We ascribe this deviation to nonparabolicity
of the E vs. k relationship, which is very precisely accounted for in the eight-band
model, but is not present in the NFE model.

TABLE IV
Energies (in meV) at subband extrema (¢ = 0 and ¢ = 1) calcu-
lated by NFE and TMM models for a 50 & / 50 A SL with an
offset of 10 meV in both CB and VB.

Subband extremum | TMM calculation* | NFE calculation*
elg Egy +4.8 Ey +4.38
el; Ey +29.7 Eg +28.7
€2; Eg +36.0 Ey +35.1
€20 Ef +113.0 Eg +113.0
e3o Eg +113.3 Ey +113.3
€31 Eg +236.0 EY +247.5
edy Eg +238.0 Eg +249.6

hhl, -4.0 -4.0
hh1, -6.4 -6.0
hh2; -12.7 -12.3
hh2, -24.0 -24.0
hh3, -25.2 -25.2

*The well energy gap, £y, is 2.803 eV.

A feature that clearly emerges from Table IV in both the NFE and the TMM
results is that, when the offsets are small, most of the states lie at energies above
the barriers. This is clearly evident in the case of conduction band, where only
the elo state is in the well, with most of the lowest (N = 1) subband and all
higher subbands above the barrier. The same will be true of the valence band for
smaller offsets than that arbitrarily chosen for calculations in Table IV. It is for
this reason that states in small-offset SLs resemble in many ways above-barrier
states in conventional SLs [24, 25]. In both these cases the states are localized as
standing waves formed by Bragg reflection, rather than by direct confinement in
the SL wells [26]. '

We now consider the minigaps calculated by the two methods, as listed
in Table V. The agreement is excellent, even for the higher subbands, where the
above-mentioned nonparabolicity effects begin to be important. Note also that the
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TABLE V

Minigap widths (in meV) calculated by NFE and TMM mod-
els for a 50 A / 50 A SL with an offset of 10 meV in both

CB and VB.
Minigap between | TMM calculation | NFE calculation
el; and e2; 6.31 6.37
e29 and e3p 0.23 ' 0.23
e3; and e4; 1.99 2.12
edo and ebg 0.06 0.06
hhl; and hh2; 6.30 6.37
hh2y and hh3g 1.24 1.22

lowest minigaps in both bands, (i.e., those between e2; and el; and between hh2;
and hhl;) are very close to one another. This is as it should be since, according
to Egs. (4) and (6), the minigap only depends on the band offset V' (which in this
case is the same in both bands). On the other hand, minigaps between e3o and
€29, and between hh3p and hh2q are closed in first-order calculation for Ly = Ly
(V, = 0 for n = 2). The second-order perturbation result for the minigap, given
by Eq. (A15), depends on both V and m*. It can be seen from Eq. (A15) that the
ratio of E , / Eg, would equal m}, /m¥, which is 5.2 for the parameters used. The
minigap ratios obtained by NFE and the 8-band model are, respectively, 5.26 and
5.50. The agreement of the NFE result with m}, /m¥ is of course not surprising,
but the value obtained from the 8-band model at this sensitive point is significant
in that it confirms the validity of the second-order treatment (which is expected to
be more sensitive to approximations), and of the analytical results arising from it.

As energies increase, so do the subtleties of calculation which enter into the
values of the minigaps. The fact that the two methods predict results which are
very close for E¢ 3 and E¢ 4 serves as further confirmation of the accuracy of the
NFE model and, conversely, allows us to use NFE to identify mechanisms that are
behind the exact numerical results.

6. Concluding remarks

In this paper we have explored physical phenomena which occur when a
semiconductor superlattice just begins to form, i.e., when the quantum wells which
determine the superlattice are very shallow. A distinct feature of this regime of
“Intermediate dimensionality” is that, when band offsets are small, the SL wave
functions are standing waves, localized by Bragg reflections rather than by con-
finement in the wells. o

We have shown that this region is characterized by a large number of novel
optical effects. For example, because of their extremely broad subbands, small-offset
SLs allow us to distinguish between transitions occurring at the center of the Bril-
louin zone (¢ = 0) and at its edges (¢ = 1). Another very striking feature of the
SLs in this regime is that, due to the wave function mixing of different subband
states, the traditional AN = 0 selection rule is relaxed, and many new AN #0
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- transitions will occur. We also discussed the opportunity which these small offset
systems provide of investigating the role of the effective mass (its size, sign, and
topology, such as the saddle-point) in determining the strengths of various optical
transitions.

The theoretical model we used is the nearly free electron model, and the
results are analytical and very simple. The validity of these results has been verified
by comparing them with the numerical calculations from a 8-band k- p model.
These comparisons have shown that our analytical results apply well even at fairly
large band offsets. At the same time, the analytical results — by their transparent
simplicity — provide valuable insights and understanding for SL behavior obtained
via rigorous but complicated numerical calculations.

Appendix A
Formation of minigaps for V,, =0

We have shown in Sec. 3.1 (see Eq. (6)) that first-order perturbation analysis
gives the minigap width of small offset SLs as

Egrn =2|Vy|, (A1)

where V,, is defined by Eq. (3). It is easy to see from Eq. (4) that, depending on
the relationship of L, to L, V, can vanish for certain n. The first-order perturba-
tion minigap will then also vanish, and second-order perturbation theory must be
applied to obtain expressions for minigaps, wave functions, and effective masses at
k, = #nn/L. Before we examine the second-order perturbation approach for such
cases, we will discuss the conditions necessary for V, to vanish for the case of SLs
with a rectangular potential profile. The Fourier coefficients V;, for such SLs are

Vi = —nlﬂ_sin (nwLw/L) for n=123,... (A2)

Setting Vj, = 0 then implies that nLy /L = m, where m and n are integers. Hence
there will exist values of n for which ¥, will vanish whenever L, /L is a ratio of two
integers. For example, V;, will vanish for all even n when Ly = L/2 (Lw = Ly); it
will vanish for » = 3,6,9,... when Ly, = L/3 or Ly = 2L/3; etc.; and in general,
the thinner the well or the barrler the higher will be the value of n for which V
first vanishes.

For those conditions when V,, vanishes, we need to use second-order per-
turbation analysis to obtain the wave functions, minigap widths, and effective
masses. The wave functions will be determined by linear combinations of the basis
functions

1 . 1 .
|n) = 7T exp (inwz/L), | —n) = i exp (—inmz/L) (A3)
in the form
¥ = Aln) + B - n), | (A1)

where A and B are constants. Following degenerate perturbation theory, we find
the system of equations which have to be solved
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(E=E® — Hyp)A - HyyB =0 (A5a)
—Hip A+ (E—E® — Hyp)B =0. (A5b)
The resulting determinant which must be solved is then
OB —Houws
E-—-Ep’ — Hy (—gkk =0, (A6)
—sz/ E—'Ek, ""Hklkl
where
|(n|V|m)|*
Hyx = Z T T, (ATa)
m#tn .
_ [{(=n|VIm)|*
Hk'llcl = Z '—11—,'7'—_—1:'7”——'—, (A.7b) .
m#tn
and _
Mo 3 lVIm) IV =) 479
m#Etn T = Tm

Here Ty = (hsw)?/(2m*L?), where s stands for n or m. It is easy to show that
Hyy = Hyipr, and E,(co) = E,S(,)) = T,. Thus, the solution of Eq. (A6) is

Bnt =T+ Hyx & |Hewl, T (a8)
where E, i and Ej, _ refer to the two energy extrema associated with the n-th
minigap. The wave functions for the “upper” and “lower” energy states at such a
minigap are

: ~ify ta—ifn
Wn,'i' = 2A\jz cos (n7rz/L,+6n)’ ![I"J" = '2_%——-

where the phase factor 8, is determined by €% = Hypi/|Hyps|.

The width of the n-th minigap is thus

Egn = 2|Hi|. (A10)
For the case of a rectangular potential Hy xs is real, so the wave functions are
cos(nwz/L) and sin(nwz/L). Which of these is associated with E, ; and which
with E, _ is determined by the phase factor 6,, and that depends on the SL
geometry (i.e., on Ly /L).

As an example, we first consider a superlattice with wells and barriers of
equal width, Ly = Ly, i.e., L = 2Ly. Equation (9) shows that V,, (and thus the
first-order minigaps) vanish for all even values of n. We will see below, however,
that minigaps for this geometry remain finite for even values of n when calculations’
are carried out to second order.

As an illustration, we derive the wave functions and the minigap width for
n = 2. Essentially, we need only to calculate Hyys, defined by Eq. (A7¢). By using
Eq. (3), it can be shown that

WiVe WV | 2ViVk
Y 1
Lt I o-T  T-T (Al1)

sin(nwz/L+6,), (A9)

Hyp =
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where Vi, = (n{V|n’), and m = (n’ — n)/2 (m is an integer). Inserting Eq. (9) into
(A11) yields

v? [ 2 2 2
Hypr = 1
K= T, +(1x3)2+(3x5)2+(5x7)2+"']
V. 1+2) ! A12
R R sy oSy b (A12)
It can be proven that
: 1 2
142 = —.
+ ; (G — D)@ P~ 8 (A13)
Using this result in Eq. (A12), we finally obtain
& '
Hk-kl — ‘8?2‘ (A14)
The minigap given in Eq. (A10) can thus be expressed as
V2
Ego = 2|Hpp| = 0 (A15)

which is extremely small (smaller than Eg, for n > 2 when V,, does not vanish),
but nevertheless finite.

Finally, the expressions for the wave functions of the two states (E2 4+ =
Ty 4 V2/(8T3)) associated with this gap are as follows (from Eq. (A9)):

vz s
Yo, = ﬁcos(%rz/L), e, = 7

Following the same procedure, one can derive the wave functions and minigap
widths for n = 4,6,8.... Figure 3 shows the subband structure with proper order
of the wave functions at the minigaps for the case of Ly = Lp.

sin(27z/L). ' (A16)

Appendix B
Second order effective masses at subband extrema

Using the reduced Brillouin zone, we note that the £ vs. k£ dependence in
the immediate proximity of each minigap can be approximated by a parabolic
relationship

K k2 ,
E=_— ' B
2my’ (B1)
where m}, is the effective mass associated with the n-th minigap, defined as
" K2
™ = BEaR (B2)

and evaluated at each subband extremum. Thus, m%=1 is related to the curvature
of the E(k) vs. k curve at the n-th minigap. Where the curvature d2E/dk? is
large, the mass is small, while a small curvature (relatively flat extremum) implies
a large mass.
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We have seen earlier that there exist instances when the n-th minigap, Eg »,
vanishes to first order for certain values of n (e.g., for all even n in the case Lw = Ly
examined above). We have shown in Appendix A that in actuality the minigaps at
these values of n are finite, but exceedingly small. We will now analyze the effective
masses characterizing minigaps which are closed in first-order perturbation.

In order to derive the expression for the effective mass (i.e., to determine
the curvature of the subband at a given zone boundary), we must examine points
which are slightly displaced from that zone boundary (i.e., from k = £nw/L). We
represent these points by

= T = T
k="2(144), ¥=-7(1-4), (B3)

where. A is assumed to be a small quantity (i.e., A < 1). Again, the corresponding
wave function will be a linear combination of the two states corresponding to &
and k':

= AP + By (B4)

We now again have to solve the system of equations (A5) and (A6), but using
wave vectors in Eq. (B3). The solution is

1
E= §(E,(c°) + B + Hyp + Hir)

1
5 [(Hiw — How + B = EY? + | Hew ]2, (B5)
where
EQ =T,(1+4)2, BY=T,(1- A4, (B6)
and .
‘ k|V Vik
Ho= 3 (E|Vma)(ma|V k) (B7)

e Zin Ta(l+ A2 - T,

The notation |ma) indicates those states which differ from k = (nw/L)(1 + A) by
+9n/L, +4r/L, +67/L, % . . .
We find similar expressions for Hy/g

K|Vima)(mal|V|k') '
Hyigr = Z ( (B8)
ragen To(14+A4)2—Th,
and for Hyy
k|V|m4)(mA|V k')
Hyp = { . B9
mAZ;f;:n Tn(l + A)Z - ng , ( )
In the above derivation, we have made use of the fact that
1
Ta(l+ A% = §[Tn(l+A)2+Tn(1—A)2]. (B10)

The actual derivation of the above matrix elements is quite tedious, since the
states m.volved are shifted away from the Brillouin zone boundaries (k = nn/L)
by the increment A. The final results for the quantities Hyy, Hrzr, and Hpg
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contain terms involving all orders of A. Since A < 1, we keep terms only up to
order A?. By using (B2) and the relation

d’E _ d’EdA ([ L\®’&E
&~ damae ~\ar) dar (B11)
we get
. m*]Hkk/I m*E,

where we have used Eq. (A10). As in the first-order calculation, the effective mass
is again proportional to the minigap width. But since that width is now very small,
the magnitude of the effective mass is accordingly much smaller than the masses
associated with those minigaps which are open in first-order.
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