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We report the observation of miniband formation in superlattices of Al Gai As jGaAs, grown
by molecular beam epitaxy, manifested in their piezomodulated-reBectivity spectra when studied
as a function of well (l ) and barrier (lb) widths. The piezomodulated-re8ectivity spectra reveal
signatures of well separated optical transitions both at the Brillouin zone center and at the zone
boundary extending to energies above the Al Gaz As barrier. The clarity and sharpness of the
spectral features allow an unambiguous identification of experimental transition energies with those
calculated using the full eight-band k p envelope-function approximation solved with the finite-
element method. With l = 25 A [9 monolayers (ML)), lb = 20 L (7 ML), and x = 0.34, the
lowest energy transition at the miniband zone center and at the corresponding zone boundary are
separated by 158 meV. With l = 74 A (26 ML) and lb = 45 A (16 ML), the spectra correspond
to quantum states in a multiple quantum well. Features associated with monolayer Buctuations in
layer thickness are also observed.

I. INTRODUCTION

The quantum confined states of multiple quantum
wells {MQW) of semiconductors evolve into superlat-
tice minibands as the thickness of barriers separating
the wells decreases, leading to an increasing coupling
between quantum confined states. Miniband formation
has been addressed theoretically and experimentally
demonstrated in photoluminescence excitation (PLE)
spectra as well as in photomodulation spectra.
The discovery and delineation of optical transitions char-
acteristic of semiconductor heterostructures can be ac-
complished by exploiting a variety of modulation tech-
niques. These include the piezomodulation or the
photomodulation of the reHectivity spectra. While the
photoluminescence spectrum provides valuable charac-
terization, one observes only the lowest quantum con-
fined transitions. The PIE spectroscopy does not suer
from this limitation and has indeed revealed an addi-
tional number of excited state transitions. ii Quantum
confined excitonic transitions within single, double, and
multiple quantum wells as well as parabolic quantum
wells; quasibound features in asymmetric single quan-
tum wells; ' and excitonic features in a pseudomorphic
strained epilayer or strained layer heterostructures
have been studied in III-IV and/or II-VI based het-
erostructures with piezomodulation and illustrate the
versatility and power of the technique. The large spec-
tral range covered, the freedom from photoexcited lumi-
nescence, the ease of measurements at any temperature

down to that of liquid helium, and, above all, the very
high sensitivity in detecting signatures of optical transi-
tions between a large number of quantum confined levels
or minibands are the attractive features of the piezomod-
ulation technique. It was felt that they could be advanta-
geously exploited in the context of the superlattice elec-
tronic level structure. In particular, the desirability of
extending previous studies beyond the first valence and
conduction minibands in Al Gai As superlattices pro-
vided a special motivation for the present investigation.

We have fabricated a series of such superlattices with
dimensions selected for revealing the miniband formation
as manifested in a piezomodulated-reBectivity spectrum.
%'e have interpreted our results on the basis of a calcula-
tion of the electronic energy levels of the superlattices em-

ploying the full eight-band k-p Kane model Hamiltonian
solved within the framework of the finite element method
(FEM) and identified from the data involving transitions
at the Brillouin zone center and edge of the minibands.
Our goal is not to tailor the many input parameters of
the k p calculation to the individual characteristics of
each sample in order to obtain precise agreement between
theory and experiment. The goal is to justify the use of a
generalized calculation with only three input parameters;
the well and barrier layer thicknesses l and Ib, and the
Al concentration.

II. THEORY

We consider planar layered semiconductor heterostruc-
tures with the planes perpendicular to the growth direc-
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tion z. The layers are taken to be composed of compound
III-V or II-VI semiconductors with their conduction- and
valence-band edges located at the I point in the Bril-
louin zone (BZ). The periodic components of the Bloch
functions, u~ ~ o(r) with j being the band index, at the
band edges are assumed not to differ much as we traverse
layer interfaces. We assume that the original bulk crystal
translational symmetry is maintained in the transverse
direction.

We consider the zone-center bulk band structure of the
constituent semiconductors, within the spirit of the k . p
model. The usual eight-band model consists of the I'6
conduction band (c), the I's heavy-hole (hh) and light-
hole (lh) bands, and the I'y spin-orbit split-off band (s.o.),
with their spin degeneracies. The in-plane dispersion in
each layer is accounted for in our full calculations, as is
the effect of strain arising from the small lattice mismatch
between GaAs and Al Gaq As. In the following brief
outline of the theoretical procedure, we limit ourselves
to the case with no external electric or magnetic fields or
built-in strain in the layers. The following considerations

hold for the more general case with external perturba-
tions except that the Kramers's degeneracy of the bands
gets lifted, and the dimensions of the matrices are larger.
The latter would be true also in the presence of strain.
With this degeneracy and with the in-plane wave vec-
tor (k, k„) = 0, the problem reduces to a three band
model, with the hh band factoring out. The problem of
solving for the envelope functions of the constituent lay-
ers, within the envelope function approximation (EFA),
then reduces to the solution of a set of three simultane-
ous second order differential equations for the envelope
functions. We have

where k has to be replaced by the differential opera-
tor —i&, and k~ = (k, k„) is the in-plane wave vector
which is set to zero in the following.

The eigenvalues of the 3 x 3 matrix are given by the
secular equation (in atomic units)

=0 (2)

E, —-yak, —E

Here E, E„,and E, are the band-edge energies of the
conduction, lh, and the s.o. bands. The three coupled
second order differential equations represented by Eq. (1)
can be written as

The matrix coeKcients A, 8, C in Eq. (3) are assumed to
be constant in each layer. In a heterostructure the differ-
ences in the band edge energies give rise to the confining
potentials experienced by the carriers.

Equation (3) can be solved by the use of FEM
for any arbitrary band edge profile. It has been
shown by Ram-Mohan and co-workers that FEM can
be adapted to yield very accurate eigenvalues for bound
state problems, ~ and for obtaining solutions of prob-
lems with complex geometries in quantum semiconductor
heterostructures. ' In FEM, the heterostructure lay-
ers are split up into a number of "cells" or elements, in
each of which the physical considerations of the prob-
lem hold. The eigenvalue problem, Eq. (1), is set up in
each element by assuming that the wave functions are
given locally in each element by fifth order Hermite in-
terpolation polynomials, which have the property that
the expansion coeKcients correspond to the values of the
wave function and its derivatives at select points, called
nodes, in the element. The global wave functions f, (z)
are constructed by joining the locally defined interpola-

tion functions and matching the function and its deriva-
tive across the element boundary for each of the bands
included in the analysis. The heterointerface boundary
conditions consisting of continuity of the functions and
of the probability current, and the boundary conditions
for the bound states at z = Woo are readily incorporated
into the FEM. The element matrices are overlaid into a
global matrix in a manner consistent with the boundary
conditions. The resultant global eigenvalue problem is
a generalized eigenvalue problem which is solved for the
eigenenergies and wave functions with a standard diago-
nalizer on a workstation. Additional details are planned
to be presented elsewhere.

The use of three elements per layer leads to very ac-
curate quantum well energies and eigenfunctions in the
FEM. The eigenvalues of the FEM agree with those ob-
tained from the eight-band transfer matrix method
to within 10 eV; the results can be obtained with dou-
ble precision accuracy by employing more elements in
the computation. As mentioned earlier, the results re-
ported here are from calculations which include effects
of strain from the small lattice mismatch between GaAs
and Alq Ga As.

The results of the FEM computation on an
Alo sqGao ssAs/GaAs superlattice are shown in Fig. 1
where the barrier layer thickness (lb) is 10 monolayers
(1 Ml = 2.83 A.) and the well layer thickness (l ) is 18
ML. The left panel shows the dispersion along the growth
direction and the right panel is the dispersion perpendic-
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FIG. 1. The superlattice conduction bands and valence
bands in the erst Brillouin zone as computed by the FEM
for sample no. 1. The energies are measured relative to the
bulk GaAs valence-band edge. The dashed lines indicate the
energy of the Alp. 3]Gap.6gAs conduction- and valence-band
edges. The left panel is the superlattice dispersion along the
growth direction and the right panel is the dispersion perpen-
dicular to the growth direction.

ular to the growth direction. The dispersion for the con-
duction band along the k direction is not shown as it is
parabolic for all minibands near k = 0. The thin barri-
ers result in strong coupling between neighboring GaAs
wells to form superlattice minibands along the k, direc-
tion. Strong direct (q,'"' ' = q,

"" i) optical transitions in
piezomodulated spectra originate from a critical point in
the valence band to that in the conduction band. Such
critical points occur at both the center q = 0 and edge
q = 1 (in units of vr/d where d = l + lb) of the su-
perlattice Brillouin zone. There exist two types of three-
dimensional critical points for each miniband in Fig. 1.
These include Mo-type critical points (extrema) as well
as Mi-type critical points (saddle points). Most transi-
tions in the piezomodulated spectra are direct transitions
between two Mo or two Mi critical points. The one ex-
ception is the third hh miniband, i.e., the 3H miniband
where the direct transition at q = k = 0 is from an
Mi to an Mo critical point. While there is another 3H
miniband critical point away from k = 0, transitions
from this critical point would be indirect and should be
weaker than the direct transition in the piezomodulated
spectra.

The superlattices used in this work were grown in
a Varian GEN II molecular beam epitaxy (MBE) sys-
tem on two-in. diam. , undoped, liquid-encapsulated-
Czochralski (100)-GaAs substrates obtained from
Airtron. The substrates were degreased, etched in a
60 C solution of 5:1:1of H2SO4. H202.'H20 for 1 min,
and placed in a nonbonded substrate mount. The sub-
strates were outgassed for 2 h at 200 C in the entry
chamber of the MBE apparatus and then moved to the
buffer chamber. Each substrate was outgassed for 1 h at
300 C in the buffer chamber immediately before being
loaded into the growth chamber. In the growth chamber,
each sample was heated to 615 'C for 2 min (the surface
oxides desorbed at 580'C) and then the substrate tem-
perature was lowered to the initial growth temperature
of 600 C. A 0.5 pm GaAs buffer layer was grown at a
rate of 1 pm/h and an As2 to Ga beam equivalent pres-
sure of 18. While continuing to grow GaAs, the Ga flux
was then decreased to a growth rate of 0.7 pm/h and
the substrate temperature lowered to 590 C. This was
followed by a 50 period superlattice consisting of GaAs
wells and Al Gai As barriers. The superlattices were
grown without any interruptions between layers which
are sometimes used to provide for smooth heterojunction
interfaces. The layer thicknesses for each superlattice
are given in Table I. The nominal layer thicknesses and
Al concentrations were obtained from the MBE growth
calibration. The layer thicknesses are specified in units
of one monolayer.

The piezomodulated-reflectivity spectrum of the su-
perlattices was achieved by Axing the GaAs substrate to
a 2 mm thick lead-zirconate-titanate (PZT) transducer
driven by a 560 V sinusoidal voltage. The alternating
expansion and contraction of the transducer induced a
rms strain of 10 . A Janis Super Tran optical cryo-
stat was employed with liquid helium as a coolant. The
light from a 600 W tungsten halogen lamp was passed
through a Perkin-Elmer (model E-1) double-pass grating
monochromator. A 4950 A. long-pass filter was used to
eliminate the diffracted light in the second order &om the
region of interest. A uv-enhanced Si photodiode detected
the reflected light. The modulated component (AB) of
the reflected spectrum was isolated by a lock-in ampli-
Ger. The operation of the monochromator and collection
of the data were carried out with a microcomputer.

TABLE I. The thicknesses of the well (l ) and barrier (lb) layers of the superlattices were ob-
tained from a fit of the FEM calculation to experiment. The Al concentration (x) of the barrier
layers is directly from experiment. The energies of the 11H luminescence peak and its FTHM are
also given. The nominal sample parameters from the MBE growth calibration are in brackets.

Sample no.
1
2
3
4

l (ML)
18 [18]
27 [27]

0 [0]
28 [27]

lb (ML)
1o [9]
1o [0]
7 [7]

16 [18]

0.31 [0.30]
0.28 [0.30]
0.34 [0.30]
0.33 [0.30]

11H (eV)
1.6040
1.5658
1.6680
1.5751

FWHM (meV)
1.6
1.5
2.5
1.7
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IV. RESULTS AND DISCUSSION

The photoluminescence spectrum of each superlattice
was recorded in order to provide a characterization of the
sample parameters and quality of the fabrication. Fig-
ure 2 shows the photoluminescence spectra for the four
superlattices recorded at a temperature of 8 K with an ex-
citation wavelength of 5145 A and power of 40 mW/cm2.
Table I lists the energies and full width at half maximum
(FWHM) of the photoluminescence peaks of each super-
lattice. The photoluminescence peaks are from the free
exciton recombination associated with transitions from
the first superlattice conduction band to the first heavy-
hole valence band (11H transition). Since the Al con-
centrations (x) of the barriers are approximately equal,
the differences in the position of the photoluminescence
peaks in Fig. 2 are a result of the differing well and bar-
rier thickness. The sharpness of the photoluminescence
peaks indicates the superlattices are of the highest qual-
ity.

Figure 3 shows the piezomodulated-reflectivity spec-
trum of superlattice no. 1. The feature labeled A at
1.494 eV is attributed to a residual acceptor associated
with neutral carbon having a binding energy of 25 meV.
The signature of the GaAs buffer layer is located at
1.5160+0.0003 eV. These two features are present in the
spectra of all the four superlattices. The remaining fea-
tures in the spectrum arise from superlattice interband
transitions.

The transitions are labeled as nm(H, L) where n and m
identify the superlattice conduction band and the super-
lattice valence band, respectively, with H and I denoting
the heavy-hole or light-hole band. The superscript 0 or 1
indicates a transition at q = 0 or at q, = 1, respectively.
The transitions at q, = 0 between odd numbered bands
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and those at q = 1 between even numbered bands corre-
spond to transitions between Mo critical points. On the
other hand, the transitions at q = 0 between even num-
bered bands and those at q, = 1 between odd numbered
bands are transitions between Mi critical points. One
exception is the transitions involving the 3H miniband
at q = 0 as mentioned earlier. Thus 11H, 11L, 22H,
and 22L are Mo transitions and 11H, 11L,22H, and
22I are Mi transitions. The 13H and 33H transitions
are between an Mo and Mi critical point.

The energy of each intersubband transition is given by

E
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FIG. 3. The piezomodulated-reHectivity spectrum of the
Ala, sqGao, sgAs/GaAs superlattice sample no. 1 with a 28.3
A (10 ML) barrier and 50.g A (18 ML) well. The spectrum
was recorded at T = 8 K.
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where Eg is the band gap of GaAs, E is the energy of
the nth conduction band, E is the energy of the m, th
heavy-hole or light-hole valence band, and E is the
binding energy of the exciton in the superlattice with its
two-dimensional characteristics.

The experimental transition energies were obtained
from a fit of the data to the first derivative Lorentzian
line shape for excitons. The normalized piezomodulated
reflectivity can be expressed by

AR = o!Ac„+PA&;,

50

1.55 1.60 i.65
Energy (eV)

1.70

where n and P are the Seraphin coefficients, and Ae„and
Le, , respectively, are the change of the real and imagi-
nary parts of the dielectric constants as a result of the
change in the energy gap of the sample due to a stress.
For a spectrum in the vicinity of an n-dimensional crit-
ical point the change of the complex dielectric constant
resulting from the stress modulation is given by

FIG. 2. Photoluminescence spectra of the 11H transition
for the superlattices tabulated in Table I. The spectra were
recorded at a temperature of T = 8 K and excited with the
5145 A line of an Ar+ laser.

d. tE&( ) -v n~ (E @ + p) (—n/2) —2
n g )

g
(6)

where t is the spectral amplitude which is proportional
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to the square of the momentum matrix, E is the pho-
ton energy, Eg is the energy of the transition, I' is the
Lorentzian broadening parameter, and r corresponds to
the M„critical point. For discrete excitons n is zero. In
order to maintain consistency in setting the transition
energy uncertainties, we define the uncertainty as I'/2.

Consistent with the 11H transition energy in the pho-
toluminescence spectrum, the two intense features in
Fig. 3 at 1.6045 eV and 1.6207 eV may be unambigu-
ously assigned to the llH and 11L transitions. Fur-
thermore, the energy and the intensity of the strong and
sharp feature at 1.8067 eV indicates that it arises from
the 22H transition. With these constraints, we now
adjust only two input parameters in the FEM calcula-
tion, the well and barrier thickness, in order to obtain
agreement between theory and experiment. We also re-
strict the layer thicknesses to be integral multiples of one
monolayer. The Al content of the barrier layer is fixed
by the feature at 1.959 eV which is attributed to the
Alo siaao ssAs barrier (cap) layer. The calibration of Al
content was achieved by utilizing the expression of Bo-
sio et al. for the excitonic energy gap of Al Ga» As.
All other material parameters for the calculations were
obtained &om the standard sources and were not ad-
justed to provide better agreement between theory and
experiment. A conduction-band offset of 60% was used
for all calculations.

The feature at 1.862 eV in Fig. 3 is attributed to a
transition between the I'7 spin-orbit split-o8' band to the
I'6 conduction band in the GaAs burr layer. A compar-
ison between the experimental and theoretical transition
energies is presented in Table II. The exciton binding en-
ergy which would lower the theoretical transition energies
has not been included in the theoretical calculations.

As mentioned earlier, each miniband is characterized
by an Mo and M» critical point. Figure 3 clearly exhibits
interband transitions which can be identified as those be-
tween the M» saddle points of two conduction and three
valence minibands: 1H, 1L, 1C, 2H, and 2C . The
thin barriers and narrow wells of this superlattice result
in the formation of wide minibands. Consequently, the
11H and 11L M» transitions are well separated from
the more intense 11H and 11I Mo transitions between
the same minibands. The magnitude of the separation

2.1
q, =m/d

allows unambiguous assignments which exclude the pos-
sibility of confusion with monolayer fluctuations or 28
excitons. ' ' We shall discuss this point later in this
section. We also observe a transition labeled 22H which
is above the Alo 3»Ga06gAs barrier energy. We may de-
termine if the M» transitions are excitonic by considering
the line shape of the transition. ' The 11H transition
line shape is excitonic while the 11L and 22H are, in
contrast, more interbandlike.

Figure 4 shows the probability density of the wave
function for each energy level at the BZ center, q = 0
and at the BZ edge, q = vr/d. The first energy levels
do not show a significant degree of barrier penetration
despite the narrow 28 A (10 ML) barrier. On the other
hand, the second conduction miniband 2C at the BZ
edge just below the barrier energy shows strong barrier
penetration. It is this level which results in the sharp
22H transition in Fig. 3. The third conduction mini-
band 3C at the BZ center shows a high probability den-
sity in the barrier layer and not the GaAs well layer.
There is still a considerable overlap between the third
heavy-hole and third conduction minibands because the
3H level shows a large degree of barrier penetration. I o-
calization within the barrier layer of some above barrier
states has been confirmed by measurements of Zeeman
splitting in heterostructures composed of diluted mag-
netic semiconductors.

We now turn to the the piezomodulated-reflectivity
spectrum of superlattice no. 2 shown in Fig. 5. Com-
parison of Figs. 3 and 5 shows the eÃect of reducing the
well thickness while keeping the barrier thickness con-
stant. As expected, all transitions observed in superlat-
tice no. 1 appear at lower energies. We once again ob-
serve the 11L M» transition. The calculated positions
of the llH and 22H transitions lie very close to the
11L and 22I transitions and hence preclude their ob-
servation. In contrast to the 11L line in Fig. 3, the 11L

TABLE II. The experimental and theoretical transition en-
ergies (eV) of superlattice no. 1. The theoretical values have
not been corrected for exciton binding energies.

(D

t.5
CH

0.0
UJ

1L

I L
1L

t L,

Experimental
1.6045+0.0004
1.6207+0.0004
1.6439+0.0020
1.6805+0.0046
1.7407+0.0026
1.8067+0.0011
1.8950+0.0025
1.959+0.006
2.013+0.015
2.090+0.005

Theory
1.607
1.628
1.640
1.684
1.750
1.834
1.903

1.954
2.122

Identification
11H
11L
11H
llL
13H

AlQ. 3] GaQ. 69As
22H
33H

2H 2H

2L

-0.2
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z (A)
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FIG. 4. A plot of the probability density (curves) of each
critical point energy (dashed lines) for superlattice sample no.
1. The probability density is shown for the BZ center (q = 0)
and the BZ edge (q = vr/d). The square potential profile of
the superlattice is also shown. The energies are measured
relative to the bulk GaAs valence-band edge.
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FIG. 5. The piezomodulated-re8ectivity spectrum of the
Alp 2sGap &2As/GaAs superlattice sample no. 2 with a 28.3
A. (10 ML) barrier and 76.3 A (27 ML) well. The spectrum
was recorded at T = 8 K.

FIG. 6. The piezomodulated-reQectivity spectrum of the
Alp 34Gap ppAs/GaAs superlattice sample no. 3 with a 19.8
A (7 ML) barrier and 25.4 A (9 ML) well. The spectrum was
recorded at T = 8 K.

transition here has a line shape normally associated with
an excitonic transition. The 33H transition has moved
below the Alo 28Gao 72As barrier energy while the 33L
transition is now sufFiciently intense to be observed above
the barrier energy. Table III lists the experimental and
theoretical values for the transition energies. The agree-
ment between theory and experiment for this superlattice
is excellent over the entire energy range from 1.5 eV to
2.G eV, including the 33L transition above the barrier.

A more dramatic example of superlattice miniband dis-
persion is presented in Fig. 6 where l = 25 A (9 ML)
and lb = 20 A. (7 ML) giving a total period of just d = 45
A. . The narrow wells and barriers result in a large bar-
rier penetration. With these parameters there is only
one conduction miniband, 1C, with a very large energy
spread of 146 meV. The 11H and 11L Mq critical points
are easily identified in Fig. 6 on the basis of the theo-
retical and experimental transition energies listed in Ta-
ble IV. The 22H transition is now to a conduction band
state above the barrier and has lost the sharpness and
clarity of such a transition in the other superlattices. Al-

TABLE III. The experimental and theoretical transition
energies (ev) of superlattice no. 2. The theoretical values
have not been corrected for exciton binding energies.

150
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1r
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though the 11H photoluminescence peak is still sharp
(see Fig. 2), it is somewhat broader than those in the
other superlattices; this may be caused by unavoidable
difFiculties in the fabrication of superlattices with such
thin layers.

In progressing from superlattice no. 2 to superlattice
no. 4 we have maintained the same well thickness of 75
A (26 ML) while the barrier thickness is increased to 45 A.

(16 ML). Figure 7 shows the piezomodulated-reBectivity
spectrum of superlattice no. 4. A comparison of Figs. 5
and 7 shows that by increasing the barrier thickness, the
transition energies are shifted to slightly higher energies.
Table V lists the theoretical and experimental transi-
tion energies in superlattice no 4. The spectrum of each

Experimental
1.5657+0.0005
1.5783+0.0005
1.6084+0.0032
1.6548+0.0023
1.6968+0.0011
1.7576+0.0015
1.8151+0.0018
1.9016+0.0042
1.910+0.011
1.9978+0.0065

Theory
1.569
1.584
1.613
1.654
1.708
1.759
1.819
1.906

1.991

Identification
11H
11L
11L
13H
22H
22L
24H
33H

Alp. 28Gap 72As
33L

13L

-50—
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I i I
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FIG. 7. The piezomodulated-reBectivity spectrum of the
Alp 33 Gap t37As/GaAs superlattice sample no. 4 with a 45.2
A. (16 ML) barrier and 73.5 A (26 ML) well. Multiple features
given the same label are due to monolayer Buctuations in layer
thickness. The spectrum was recorded at T = 8 K.
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TABLE IV. The experimental and theoretical transition
energies (eV) of superlattice no. 3. The theoretical values
have not been corrected for exciton binding energies.

I I I I

i
I I I I

i
I I I I

i
I I I I

T=8K

11H
Experimental
1.6687+0.0008
1.6804+0.0009
1.827+0.005
1.900+0.010
2.000+0.011
2.115+0.007
2.282+0.008

Theory
1.685
1.704
1.844
1.947

2.128
2.233

Identification
11H
11L
] 1H1
11L

Alp. 34Gap. 66As
22H1

8O—
cd

U
40—

0
N
CO

CL

11L

superlattice reveals that the dominant transitions occur
between minibands where the band index n changes by
An = 0, 2 with Lq, = 0.

Piezomodulated reflectivity is also capable of reveal-
ing the uniformity of the superlattice layer thicknesses.
This is demonstrated by examining Fig. 8 which is an ex-
panded view of the 11H and 11L transitions of Fig. 7.
Each transition consists of one large feature closely fol-
lowed by smaller features at a slightly higher energy. We
attribute these additional features to monolayer fluctua-
tions in the layer thicknesses of the superlattice. We ex-
clude a 2s exciton as an interpretation because it should
be much weaker than the features in Fig. 8 and, in ad-
dition, would not account for all of the features. See
Ref. 14 for the relative intensity of the 2s to 1s exci-
tonic features in a piezomodulated-reflectivity spectrum.
These additional features associated with monolayer fluc-
tuations are usually present in the spectra of single quan-
tum wells fabricated with growth interruptions. In the
case of the superlattices, the fluctuations can be from
one layer thickness to the next across all the 50 periods
as well as from monolayer fluctuations at each interface.
In single quantum wells the latter case will influence the

Experimental
1.5753+0.0004
1.5787+0.0009
1.5829+0.0004
1.5947+0.0006
1.5975+0.0012
1.6024+0.0006
1.6795+0.0020
1.7000+0.0020
1.7249+0.0012
1.7428+0.0015
1.7562+0.0027
1.8004+0.0054
1.8556+0.0020
1.9233+0.0029
1.993+0.005
2.0090+0.0025

Theory
1.581
1.585
1.589
1.602
1.607
1.612
1.678
1.698
1.743
1.768
1.773
1.808
1.871
1.943

2.038

Identification
11H
11H
11H
11L
11L
11Lo
13H
13H
22H
22H
13L
22L
24H
33H'

Alp. 33Gao. 67As
33L'

Thickness
26
25
24
26
25
24
26
24
26
24
26
26
26
26

26

TABLE V. The experimental and theoretical transition en-
ergies (eV) of superlattice no. 4. The GaAs layer thickness
from which each transition in Figs. 7 and 8 originates is given
in monolayers (ML). The theoretical values have not been
corrected for exciton binding energies.

-40—

I~26ML
8O I I I I I » I I I I I I I I

1.57 1.58 1.59 1.60 1.61
Energy (eV)

FIG. 8. An enlarged view of the 11H and 11L transitions
of sample no. 4. Additional features are attributed to GaAs
layer thickness of 26 to 24 monolayers and are labeled with
their experimental transition energies. The total superlattice
period is d = 118.7 A (42 ML).

spectra whereas the former is most likely to manifest in
superlattices, i.e. , in superlattices, the e8'ects associated
with monolayer fluctuations at a given interface may be
expected to be averaged over the entire superlattice. For
the sample in Fig. 8 the intensity of the features indi-
cates most layers are 26 ML thick with the remainder
being 25 and 24 ML thick. The features associated with
monolayer fluctuations also appear for higher transition
energies such as 13H and 22H . Superlattices no. 2
(Fig. 5) and no. 4 (Fig. ?) clearly exhibit features asso-
ciated with monolayer fluctuations. Superlattice no. 1
(Fig. 3) shows a remarkable degree of uniformity with
clean 11H and 11L features having just one small ad-
ditional feature corresponding to a one monolayer fluc-
tuation. The features associated with monolayer fluctu-
ations must be carefully considered when attempting to
determine the existence of Mi critical points, otherwise
features may be mistakenly identified. The 11H Mi
transition is expected 4 meV above the 11H Mo tran-
sition and may be present in Fig. 8 but they cannot be
confidently separated from the stronger features arising
from monolayer fluctuations. Indeed, the band forma-
tion in this superlattice appears to be that of a multiple
quantum well.

V. CONCLUDING REMARKS

The miniband formation and M» critical point transi-
tions in superlattices have been observed unambiguously
in the piezomodulated-reflectivity spectra. The compar-
ison between theory and experiment gives confirmation
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of the identification of the spectral features correspond-
ing to the BZ center and BZ boundary. Furthermore,
piezomodulated reHectivity has been shown to be a useful
tool for characterizing the uniformity of the layer thick-
nesses.

We draw attention to the work reported by Peterson et
al. , where the authors have observed in the room tem-
perature photomodulated spectrum the miniband forma-
tion in a superlattice of Alo 2sGao 72As/GaAs with wide
wells () 250 A.) and narrow barriers ( 17 A). The large
well width resulted in many closely spaced transitions
with noticeable widths for the minibands occurring only
for higher-energy states, which makes theoretical com-
parisons more challenging. The parameters used in the
present work permitted a study of the miniband forma-
tion as a function of well and barrier width. The sen-
sitivity of the piezomodulation technique and the mea-
surements at T = 8 K have resulted in sharp signatures
whose energies can be compared with those predicted by
the eight-band k-p envelope-function approximation im-
plemented by the FEM. Note that even the 11H and
11H~ signatures of the superlattice with I = 25 A (9
ML) and ls = 20 A (7 ML) are separated by as much
as 158 meV, and the 11L and 11L signatures are sep-
arated by 220 meV. The miniband formation is brought
out in a particularly striking fashion in the superlattices
with thin layers and the corresponding small number of

confined states as illustrated in Figs. 3 and 6.
We have demonstrated that the envelope function ap-

proximation solved within the framework of the FEM
provides a reliable prediction of superlattice miniband
energies over a large energy range, including above bar-
rier minibands which may be exploited in the implemen-
tation of photodetectors. It is possible to achieve a bet-
ter correlation between theory and experiment by slightly
adjusting the many input parameters to the calculation.
However, we limited ourselves to adjusting only the well
and barrier layer thicknesses in order to provide a mean-
ingful comparison between theory and experiment and to
show more convincingly the ability of the theory to pre-
dict transition energies before fabricating a superlattice.
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