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Tailoring infrared optical properties with superlattices of superlattices
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The concept of superlattices of superlattices (SOS's) is introduced to tailor infrared optical prop-
erties in semiconductor devices. SOS structures are constructed by alternating two different su-

perlattices. By describing the separate superlattice sections in terms of their miniband edges and
miniband-edge effective masses, and by using these parameters as input in a nested effective-mass
theory, a transparent connection between the choice of material parameters and device properties is
obtained. As one example of application we use the concept to propose SOS infrared detectors with
more flexibility and potentially better performance compared to photodetectors based on conven-
tional superlattices. In another example the idea is applied to lateral superlattices. It is shown that
the desirable features of the SOS structures are robust against disorder in the layer thicknesses.

I. INTRODUCTION

The utilization of intersubband absorption in quan-
tum wells and superlattices in making fast and efficient
infrared photodetectors (IP's) has recently attracted
much interest. 1 rs Although most studies have
been on GaAs/A1~Gaq ~As heterostructures, ~ ~~

other material systems like In~Gaq eAs/InP,
In Alq As/In Gaq As, ~4 and SiGe/Si (Refs. 15 and
16) have also been investigated. In the original work of
Levine et aL, ~ the IP was based on intersubband transi-
tions between the ground state and first excited state
in GaAs/Al Ga~, As quantum wells with wells wide
enough to contain two bound states. The photoexcited
electron then had to tunnel through the AleGar ~As bar-
rier to escape the well, and quite thin barriers (Ib
95 A.) were necessary in order to obtain a photocur-
rent. With narrow wells only one state is bound in
the well, and the final state in the photoabsorption pro-
cess is in the continuum above the barrier. This gives
broader absorption lines, but the photoelectrons can be
collected without tunneling, and good detectivities can
be achieved. Since in this case the electron transport
does not rely on tunneling, the barriers can also be made
very thick to lower the undesirable dark tunneling cur-
rent from electrons in the quantum-well ground state.
(The electrons are only confined in the growth direction,
and each state in the quantum well thus gives rise to a
2D subband. ) With very thin barriers the coupling be-
tween adjacent wells may be so strong that it is more
appropriate to consider a miniband in the growth direc-
tion than a set of isolated quantum-mell states. Guna-
pala, Levine, and Chand recently demonstrated such
miniband-to-miniband absorption and photoconduction
for the case where the second miniband is above the top
of the barriers, but structures with both minibands below
the barrier have also been considered. 4 5

In this paper we present superlattices of superlattices
(SOS's), which are structures consisting of periodically

alternating superlattices, as an additional way of tailor-
ing electronic and optical properties in infrared devices.
The principle is illustrated in Fig. 1. The basic building
blocks, consisting of single slabs of well material symmet-
rically sandwiched between two slabs of barrier material
[Fig. 1(a)], are put together to make the desired struc-
ture [Fig. 1(b)]. Due to the numerous material param-
eters in such structures it is not unexpected that they
offer fiexibility in tailoring device properties. A major
problem is that although exact transcendental equations
for the single-particle states in SOS are straightforward
to obtain, the connection between the choice of mate-
rial parameters and the positions of the electronic levels
is not transparent. To get a handle on the connection
it is very useful to describe each superlattice section of
the SOS in terms of their miniband structure and associ-
ated miniband-edge effective masses. Just as most of the
properties of regular superlattices can be understood in
terms of position-dependent band edges and band-edge
effective masses, most of the properties of the SOS can
be understood in terms of position-dependent miniband
edges and the associated miniband-edge effective masses.
In fact this nested effective-mass theory offers more than
a qualitative description: in many situations of physical
interest it provides a quantitatively accurate description.

Since our aim is to promote the use of the SOS concept
in device design, we also consider effects from disorder in
layer thicknesses. From calculations of absorption spec-
tra on concrete examples, it is shown that the desirable
features of the SOS structures are robust against this
type of imperfection.

In Sec. II the calculational method is described. In
Sec. III the SOS concept is applied to conventional su-
perlattices to tailor the operating frequency and spectral
width of the device. Lateral superlattices have recently
attracted interest and have been proposed for infrared
devices. In Sec. IV we apply the SOS idea to such su-
perlattices. A short summary and discussion are given
in Sec. V.
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FIG. 1. The basic building blocks A and B (a) put together in a 2x2 SOS structure (b). In (b) the conduction-band edge
profile V, (x) and the lowest minibands of the constituent superlattices are shown. The five lowest miniband edges of the two
superlattices are marked.

II. THEORY

Within the standard effective-mass approximation
electronic states in the vicinity of the conduction-band
edge are described byes

COS(qIIILIII) COS(qbL!I)

1 fm~q IIIm~ qb'j—
~ sin(q L ) sin(qbLg)

2 (mIII qt, mg qII, )

—+ V,(*) y(x) = Ey(x
h d 1 d

2 dxrn(x) dx

Here the effective mass m(x) takes on the values
rnjjg, m~g, rnjIB, and m g according to the position in
the SOS. Correspondingly, V, (x) takes on the values
Eb& y E~& Ep& ~

and E~~ . For the moment we do not
consider the electronic motion in the yz plane, i.e. , per-
pendicular to the growth direction. The boundary con-
ditions at the material interfaces corresponding to the
kinetic operator in Eq. (1) are continuity of P and of
P'/m. s With the use of the standard transfer-matrix
technique, 2e and by imposing Bloch boundary conditions
at the boundary between two SOS unit cells, it is straight-
forward to evaluate the SOS eigenstates.

To utilize the more transparent nested effective-mass
approximation we need the miniband edges and corre-
sponding effective masses for the superlattices in the
SOS. The condition for superlattice eigenstates is

= cos[k, (L + I b)] . (2)

Here k is the miniband wave vector, and q and qj„
which can be both real and imaginary, are connected
with the energy E via E = E~ + h qs/2m~ and E =
Ej, + h q&/2mt, . The miniband edges occur when the
left side of Eq. (2) is +1 or —1. Although these mini-
band edges are easily obtained numerically, approximate
expressions which show dependencies on material param-
eters explicitly are in many cases more useful. An expan-
sion of Eg. (2) in small offsets, V~s =—Ej, —E~ (on the
scale of h /2m, Ls, i = m, b) yields the following approx-
imate expressions for the miniband edges:

Lb L L&(rn L +mj, Ls)
LIII + Lg 6h (L~ + L j,)s

for the lowest miniband edge, and
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I.b h n27r2
E„+= E~+ V,g+L y Lb 2(L + Lb)(m L + mbLb)

n7rG (7nb —m )h 2Voe

mbm (L +Lb) n 7r
(4)

where

(L -Lb
G = 1 —(—1)"cos

I«-+Lb r.
for the miniband edges above (+) and below (—) the
nth miniband gap, respectively. To obtain the expression
for E+ a small effective-mass difFerence (mb —m ) is
assumed in addition to a small ofFset V,p. Similarly the
superlattice effective masses ms' at the miniband edges
are found to be

msL
m L +rnbLb L Lb(mb —7n )

L +Lb 3h (L +Lb)2

(6)

for the lowest miniband edge and

ms/ (mb —rn )
2 27m

+V ff(m + mb)2(I + Lb)2

2h n27r2
(7)

for the edge above (+) and below (—) the nth miniband
gap. For small Vog, i.e. for not too narrow minibands,
the approximate expressions (3)—(7) give the parameters
necessary in the nested effective-mass theory where the
spatially varying superlattice potential inside each super-
lattice section of the SOS has vanished from the efFective-
mass equation.

For large V,p the minibands are narrow, and the ap-
proximate expressions above are less useful, but the no-
tion of position-dependent minibands still is. With nar-
row minibands there will be large energy intervals which
do not correspond to minibands in either of the superlat-
tices made by the building blocks of the SOS. The Saxon-
Hutner conjecture2 states that an energy level which is
forbidden in the infinite one-dimensional lattice formed
of pure type-A localized potentials and in that formed by
pure type-B localized potentials is also forbidden in any
arbitrary substitutional alloy of A and B. This conjec-
ture has only been proved rigorously for equally spaced
b-well potentials, and examples of potentials for which
the conjecture does not hold have been found. 24 We be-
lieve that the conjecture is applicable to the SOS struc-
tures we presently consider. This surmise is based on
numerical checks of the conjecture for a variety of repre-
sentative SOS structures. Even if examples of violations
of the conjecture are found, the number of such states
would probably be small, and their presence would not
change the main picture. Assuming the validity of the
conjecture for the present SOS systems, the position of
the SOS states can be tailored by adjusting the positions
of the minibands in the constituent superlattices, since
energies which correspond to gaps in both superlattices

also correspond to a gap in the SOS. Although the ap-
proximate expressions (3) and (4) for the miniband edges
are inaccurate for large V~p, they still offer guidance in
how the miniband edges depend on material parameters.
This is helpful even if the exact expression (2) must be
solved numerically to obtain accurate miniband edges.

The absorption coefficient n(E) for light polarized
in the x direction for SOS structures is found by
evaluating

47rze2 h
n(E) =

2ih(—1 d d 1
x i

I

—+—
2 qm(x) dx dx m(x) r

x b(Ef —E; —E), (8)

where n is the refractive index and 0 is the sample vol-
ume. The eigenvalues (E; and Ey) and the correspond-
ing wave functions (~i) and ~f)) are found by solving
Eq. (1). The sum over i (f) in Eq. (8) goes over all
states with "total" energies less (larger) than the Fermi
energy E~. This "total" energy is the sum of the en-
ergy found by solving Eq. (1) and the kinetic energy in
the yz plane (h k~~/2m~~). For the inverse parallel efFec-

tive mass 1/m~~ we use a simple weighted average of the
constituent inverse effective masses. For simplicity we
neglect in the following the contribution to the offset po-
tential for nonzero k~~ due to position-dependent effective
masses.

To get an indication of how robust the desirable fea-
tures of the SOS structure are to disorder in the layer
thicknesses, ~s we also consider structures where the layer
widths A are Gaussian distributed, i.e. ,

p() )
(A L)~/2EL-~-

(9)

where L is the average width. The layers with Gaussian
distributed widths are stacked upon one another. This
is known as cumulative disorder. 25 For disordered struc-
tures the periodicity is broken and a finite sample (with
hard-wall sample boundaries) is used for computation.

III. APPLICATION TO CONVENTIONAL
SUPERLATTICES

Recently Gun apala et al. demonstrated an
IP using lattice-matched InQ 53GaQ 47As/InP with a
higher responsivity than for similar GaAs/A1~Gaz ~As
detectors. ~~ To achieve this the well width was chosen so
that the first excited state was close to the top of the
InP barrier, a choice which has been claimed to give par-
ticularly high responsivities. ~~ 27 The fulfillment of this
requirement fixes the well width and thus the operating
frequency ( 160 meV) of the IP. To get other operating
frequencies other In~Gaq As alloys must be chosen for
the well material, but this will introduce strain and new
complications may arise. With a SOS structure, however,
the operating frequency can be tailored using lattice-
matched InQ53GaQ47As and InP only. An example is
shown in Fig. 2(a), where the sections of the superlattices
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with the highest zeroth miniband edge Eo are so wide
that the electrons in the ground state predominantly re-
side in the superlattice sections with the lowest Eo. In the
nested efFective-mass picture their states can be viewed as
quantum-well states. Since high responsivities have been
achieved in conventional quantum-well detectors when
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FIG. 2. (s) A 3x 2 SOS structure made of Ino. 53Gso.47As
(well material) snd Inp (barrier material). The energies of the
four lowest SOS miniband edges, found by solving Eq. (1), are
shown in the upper drawing. The lower drawing shows the
same SOS structure in the nested effective-mass picture with
the lowest miniband edge Eo of the constituent superlattices
marked. Here the displayed values for the SOS miniband
edges are found by solving Eq. (2) with material parameters
found from Eqs. (3) snd (6). (b) The absorption spectra for
the 3x2 SOS structure in (s) for an ordered (solid) and s
disordered structure (dotted) The Ferm. i level E~ has been
set at 145 meV. In the disordered structure the well widths
sre Gaussian distributed with Dt w = 3 A.

the final state of the absorbing transition is energetically
close to the barrier, we have in our SOS example corre-
spondingly selected the well and barrier widths so that
the second SOS miniband is close to the zeroth mini-
band edge of the "barrier" superlattice. For the material
parameters we use m[ 0 sGQp spA$ = 0.04lmo, my„p
0.079mo, Ey„p —E», „G~,,„&,= 242 meV, and the
widths are given in Fig. 2(a). In Fig. 2(a) we also
give the values for the four lowest SQS miniband edges
found by solving the exact efFective-mass equation (1) nu-

merically and by using the simpler nested effective-mass
scheme with superlattice effective masses and miniband
offsets taken from Eqs. (3) and (6). A very good agree-
ment is observed between the exact solution for the usual
efFective-mass approximation and the nested effective-
mass approximation. When the width of the sections of
"barrier" superlattice is increased, the first and second
SOS minibands approach discrete levels. In this limit
the nested effective-mass theory predicts the transition
energy between the ground and first excited quantum-
well state Eo q to be 88.6 meV in near perfect agreement
with the exact value Eo y ——88.2 meV found by solving
Eq. (1).

The absorption spectra for both an ordered and a dis-
ordered SQS structure are shown in Fig. 2(b). The curves
are obtained by grouping the absorbing transitions into
small energy intervals (AE = 1% of Veg, i.e. , 2.5
meV), replacing the absorption strength by a rectangle of
width 6E with the same integrated absorption strength,
and then finally interpolating this histogram. " We have
used the value n = 3.4 for the refractive index. The
Fermi level is set at 145 meV, which corresponds to an
electron density of 6 x 10 cm 3. Since the disordered
system is not periodic, we have considered a structure
consisting of six "barrier"-superlattice sections and five
"well"-superlattice sections with a total length of 1200 A..
Although the details in the shape of the absorption peak
depend on the size of the system considered, the impor-
tant features like peak position and spectral width are
essentially independent of size. In the disordered struc-
ture the well widths are Gaussian distributed [Eq. (9)]
with AL~ = 3 A. Even with this substantial disorder
compared to currently obtainable sample qualities, is the
important absorption peak centered at 88 meV is still
strong, and this increases the confidence in the feasibility
of the SQS structures. We note that the robustness of
the peak to disorder stands in contrast to the disorder
effect on the minigap in conventional superlattices.

To optimize the IP performance for this particular sys-
tem it may be better to substitute the "barrier" super-
lattice with pure InP and tune the operating frequency
with the parameters of the "well" superlattice. Then
the photoexcited electrons would be above the InP bar-
rier, and tunneling would not be required to reach the
contact. In addition the alloy scattering in the barrier
would probably be reduced since InP is a binary alloy
while Ino 53Gao 47As is a ternary alloy. Moreover, the
scattering due to layer-width disorder would be reduced.

Gunapala, I evine, and Chand3 recently demonstrated
an efficient GaAs/Al Gai As photoconductor based on
transitions between bound and continuum superlattice
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minibands [see Fig. 3(a)]. Although a large responsivity
was found, a negative side eKect of the narrow barriers,
with the corresponding non-negligible width of the low-
est miniband, was a significant dark tunneling current.
A SOS structure as shown schematically in Fig. 3(b) is
expected to have performance characteristics similar to
those of the superlattice in Fig. 3(a), except that the dark
current will be reduced. With the lowest minibands of the
two constituting superlattices chosen to be nonoverlap-
ping, the dark current due to tunneling will be substan-
tially reduced since the two sections act as each other' s
barrier as far as the ground state is concerned. Simulta-
neously the minibands in the continuum can be chosen to
have the same position and width and, thus, resemble a
continuum miniband in conventional superlattices. Thus,
similar absorption spectra and a similarly good collection
of photoelectrons are expected.

A variation of this is a SOS structure where the lowest
miniband in the "barrier" superlattice overlaps with the
second miniband of the "well" superlattice [Fig. 4(a)].
The spectral width of the absorption is essentially gov-
erned by the width of these minibands, and the dark tun-
neling current can be reduced to a minimum by choos-
ing wide sections of "barrier" superlattices. An ex-
ample of such a SOS structure, made with GaAs and
AlQ 3GaQ 7As, is given in Fig. 4(a). The corresponding
absorption spectra for both an ordered and a disordered
structure are shown in Fig. 4(b). For the material param-
eters we use mG~A, = 0.07mo, mA]p SQQp yAS 0.088mo,
EAi, ,G„,A, —EG,A, = 243 meV, and n = 3.4 for the
refractive index. is 2s 3Q The width of the absorbing peak
is, for the ordered structure, observed to correspond to
the width of the absorbing minibands. In the disordered

199meV'—

183meV~

136.2A 97.3A, I
I
I

I
I

I
I
I

-'199meV
~184meV

I
I
I
I
I
I
I
I

-'52meV
~51meV

structure the well widths are Gaussian distributed with
hL~ = 3 A.. Although the spectral width is slightly
larger for the disordered case, the strong absorbing peak
has not vanished.

Yu, I i, and Hoi4 recently demonstrated strong inter-
subband absorption using a quantum-well-like structure
where an Ino 52AlQ 43As/InQ 53GaQ 47As short-period su-
perlattice replaced the barrier while pure InQ 53GaQ 47As
was used in the well. They claimed that the multiple
bound-to-miniband transitions in such structures would
give a significantly larger integrated absorption strength
(five times larger in their example) compared to a sin-
gle bound-to-bound transition in a conventional quantum
well. We found their claim to be unsubstantiated by cal-
culation. Even though the number of active final states
in the bound-to-miniband transition case is larger than
in the single bound-to-bound transition case, the opti-
cal strength of each transition is correspondingly smaller
so that the integrated absorption strength is about the
same. We have confirmed this by direct calculations, but
it also follows directly from the sum rule, which states
that the integrated absorption strength essentially only
depends on the number of absorbing electrons. s Despite

1S.OA,

I KRI . !!88I'llIss s I& ssmsl msRlgpIII I I ~~ ijjj gj

1 ljjjl ji

jl~~ljN * ~ ~

.Ijljl ll llI!@ ~„t

.sfl I' '|IIRII I

~18%IIRHI ss if& IIASII e trLLR5I55

(a)

10-

(a)
I
I
I
II
II
II
II
II
II
II

5"Ij~
QII,'I~ iij @INjRLRI~K~

lL J
I I
I I
I I
I I

sk& HR ~PS' KN RM
Ã5 @IS~'I~B' PNP: RK% NK~ ~~emÃ M

I I

I I I
I I I

0
50 100

(b)

III I
I II

I I I I j IIIII I
j II

I II I
I III

I ll Ii
II I i

150 200
Z (~eV)

(b)

FIG. 3. (s) Schematic drawing of the minibsnd struc-
ture in conventional bound-to-continuum superlattice mini-
bsnd photodetectors. (b) Schematic drawing of sn alterna-
tive device, using the SOS concept, predicted to have a much
smaller dark current due to tunneling of the electrons in the
lowest miniband.

FIG. 4. (s) A 1x2 SOS structure made of GsAs snd
Ale. &Geo.7As. The minibsnd edges, found from Eq. (2), of the
constituent superlsttices sre shown. (b) The corresponding
absorption spectra for a sample with four sections of "barrier"
superlattice and three sections of "well" superlattice for both
an ordered (solid) structure snd s disordered (dotted) struc-
ture. In the disordered structure the well widths are Gaussian
distributed with ALw = 3 A. The Fermi level is at 146 meV.
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their potential for tailoring desirable characteristics of
devices, the SOS structures cannot circumvent this sum
rule.

IV. APPLICATION TO LATERAL
SUPERLATTICES

As a final example of application of the SOS concept we
consider lateral superlattices. Stormer et aLir recently
fabricated a two-dimensional electron gas with a lateral
potential by modulation-doped molecular-beam-epitaxial
overgrowth on the cleaved edge of a GaAs/Alp 34Gao. 7sAs
compositional superlattice. The materials were chosen
so that the electron gas was predominantly located in a
thin layer on the superlattice side of the boundary be-
tween the superlattice and the Alo 33Gao s7As capping
slab. A nice feature of this structure is that light which
arrives perpendicular to the capping slab has polariza-
tion in the superlattice direction. This allows for easier
collection of light and is thus an advantage in device con-
struction. By assuming the independent-particle picture
to be valid and the electrons to reside in the superlat-
tice only, the minibands of the structure are easily deter-
mined. With GaAs as well material and Alp 34Gao rsAs
as barrier material the barrier height is 195 meV. so In
the structure of Stormer et at. the well width was 71 A.

while the barrier width was 31 A.. With mG, A, = 0.07mo
and mAi, „Gs,„AS= 0.084mo (Ref. 19) one finds the
first miniband to stretch from 38 to 55 meV while the
second miniband covers the energies between 144 and
219 meV. Stormer et at. measured an electron density
of 3 x 10ii cm 3, which corresponds to a Fermi level at

46 meV, i.e. , in the middle of the lowest miniband.
Since the minibands of this structure are wide and the
Fermi level lies in the middle of the first miniband, it is
not to be expected that an absorption spectrum would re-
veal clear signatures of the existence of these minibands.
This surmise has been confirmed by a calculation. To
obtain signatures of the existence of minibands, a lateral
SOS structure as shown in Fig. 5(a), which utilizes the
same alloys, is a better alternative. This structure is de-
signed to have the second miniband of the "well" super-
lattice aligned with the first miniband of the "barrier"
superlattice [Fig. 5(b) j. The corresponding absorption
spectra for an ordered and a disordered structure (with
AI ~ = 3 A.) are shown in Fig. 5(c). The Fermi level
is set at EF = 47 meV in order to have the same elec-
tron density as in the structure of Stormer et at. , namely
3 x 10ii cm 2. The curves in Fig. 5(c) correspond to
the absorption coefficient of a 100-A-wide layer (in the
z direction) in the SOS structure (at the cleaving edge),
which has been presupposed to contain all electrons in
the 2D electron gas.

Our calculational scheme does not include electron-
electron interactions and may give quantitatively inac-
curate transition energies and wave functions. However,
we do not believe that more elaborate self-consistent cal-
culation schemes would change the important conclusion
regarding the advantages of using SOS structures. The
narrow absorption peaks, also present with substantial
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feel the SOS potential are located in a thin layer on the
SOS side of the interface between the SOS structure and the
Alp. 33Gsp. e&As capping slab. (b) The conduction-band pro-
file of the lstersl SOS structure in (s). The minibsnd edges
of the constituent superlsttices are shown. (c) The corre-
sponding absorption spectra for a sample with four sections
of "barrier" superlattice and three sections of "well" super-
lattice sre shown for both an ordered (solid) structure snd s
disordered (dotted) structure with Gaussian distributed well

widths with b,I,~ = 3 A. The Fermi level is at 47 meV,
which corresponds to an electron density of 3 x 10 ' cm
The curves correspond to the absorption coefficient of a 100-
A-wide layer (in the z direction) in the SOS structure, which

has been assumed to contain all electrons of the 2D electron
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disorder, indicate that measurements on a lateral SOS
structure may demonstrate the presence of minibands in

lateral superlattices.

V. SUMMARY AND CONCLUSION

In this paper we have introduced superlattices of super-
lattices (SOS's) as a concept for tailoring infrared optical
properties of semiconductor heterostructures. The SOS
structures can be tailored to give desirable absorption
characteristics, such as operating frequency and spectral
width, to control dark current, and to assure transport
of photoexcited electrons to the contacts. The nested
effective-mass approximation has proven to be a sim-

ple and versatile tool for describing the SOS states. We

have applied the SOS concept to both conventional bi-

nary superlattices and binary lateral superlattices and
demonstrated how desirable absorption spectra can be
obtained. Since the SOS structures are as easy to grow
as regular superlattice structures and since the nested
effective-mass approximation offers a simple and trans-
parent theoretical description, we believe that the SOS
concept will be very useful for future device fabrication.
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