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Direct Observation of Superlattice Formation in a Semiconductor Heterostructure
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We demonstrate, via low-temperature optical-absorption measurements on ultrathin,
coupled potential wells in molecular-beam—grown Al Ga;_, As-GaAs heterostructures,
the evolution of resonantly split discrete well states into the lowest band of a one-dimen-
sional superlattice. Both electron and hole superlattices appear to be practical.

The evolution of molecular-beam epitaxy’ as a
technique for the growth of ultrathin layers of
high-quality III-V-semiconductor single crystals
has allowed access to a new regime of quantum
effects in structures approaching atomic dimen-
sions. Quantum states of electrons®?3 and holes?
in single potential wells of GaAs bounded by thick
Al Ga,., As barriers have been observed in tun-
neling® as well as in optical absorption® and stim-
ulated emission.* Coupling between wells through
thin penetrable barriers is expected to split the
bound quantum states® into symmetrical and anti-
symmetrical combinations.® In the limit of super-
lattice formation, multiple energy gaps occur in
the Brillouin zone, and new and useful transport
properties are anticipated. Tunneling measure-
ments in AlGaAs-GaAs superlattices have been
reported,” although effects due to the bound-state
energy-level splittings caused by the coupling of
the wells were not resolved, nor was evidence
for tunneling via, or the splitting of, valence-
band bound-hole states presented in the tunneling
reports.>’

In this Letter, we report optical-absorption
measurements in GaAs-Al Ga,.,As heterostruc-
tures that give clear evidence of the coupling of
both hole and electron states in closely spaced
potential wells, as well as showing a number of
hitherto unobserved features of superlattice band
formation. This work constitutes the first de-
tailed study of the optical characteristics of a fin-
ite superlattice. By monitoring the evolution of
the GaAs absorption spectrum as the number of

coupled wells is increased from one to ten, we
are able to present unequivocal evidence for the
tunneling of electrons and holes through the

Al Ga,.,As barriers. Structures with ten or
more coupled wells appear to approximate the
superlattice regime, whereas structures with
fewer wells are well described in terms of inter-

acting single wells. The experimental data are

interpreted with an exact solution of the Schro-
dinger equation for transmission through multiple
rectangular potential barriers.

A series of structures, with GaAs well widths
in the range 50 A <L, <200 A and Al, Ga,.,As bar-
rier widths in the range 12 A<Lg<18 A (8-12
monolayers), were grown by molecular-beam
epitaxy on GaAs substrates with use of a previ-
ously outlined procedure.? Al concentrations in
the range from x =0.19 to 0.27 were studied. At
our present growth rate, the barriers could be
reproducibly grown in 3 or 4 sec. Thick layers
grown under identical circumstances on semi-
insulating substrates were low-doped p type.?
Handling subsequent to growth included etching,
mounting, cooling (<2 K), and spectral measure-
ments as previously reported.? For the absorp-
tion measurements the beam passed normal to
the layers.

The relevant barrier and well thicknesses were
determined by interference-microscope measure-
ment of total growth thickness in combination
with Al-content determination by interband-ab-
sorption-edge and growth-time details. This Al-
content determination was also used to establish
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FIG. 1. (a) Optical-density spectrum of a series of
eighty single GaAs wells isolated by thick (~ 180 A)
Al 9;Gay 13As barriers. Peaks 1 and 2 correspond to
exciting an electron from » =1 heavy-mass and light-
mass valence-band bound states, respectively, to the
n =1 conduction-band bound state, as shown in inset.
Calculated predictions of peak positions for rectangular
wells, based on growth parameters, are shown on ab-
scissa. Black bars refer to heavy holes, white bars to
light holes. (b) Spectrum of a series of sixty double
GaAs wells coupled through thin (~ 15 A) Aly,19Gay, g1As
barriers. Both the n=1 hole and electron bound states
are split by resonant coupling through the penetrable
barriers, with symmetric (bonding) combinations of
single-well states closest to the well bottoms. Each
pair of wells is isolated from the adjacent pairs by 206
A of Al 19Ga, gAs barrier. Light- and heavy-hole
states extend through both wells.

AE =E AlxGa1-3As _p GaAS= AR o +AE . Values
of AE -3/AE =0.85+ 0.03 and AE y3/AE =0.15+0.03
were used for the conduction-band and valence-
band potential-barrier heights.? At the Al concen-
trations used, AE is proportional to x and equal
to 250 meV at x=0.20.

In Fig. 1(a) we present optical-absorption spec-
tra (2 K) from a series of eighty rectangular
GaAs wells of width L,=50+2 A, interleaved by
Al _Ga,.,As layers ~ 180 A thick. At the operat-
ing temperature (2 K), tunneling of either bound
holes or electrons through a barrier of this width
is negligible. This structure thus corresponds
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to the isolated-rectangular-well limit. The pur-
pose of using eighty layers of GaAs is merely to
enhance the total absorption in the structure.
The observed doublet at 1.615 and 1.637 eV is
readily understood as the An=0,% heavy-hole (x
=1), electron (z=1) transition and the light-hole
(n=1), electron (n=1) transition, respectively.
As previously pointed out,? the heavy hole corre-
sponds to the valence band with dispersion in the
k, direction determined by the mass (y, - 2y,)"*
X m,=0.45m, and the light hole with (y, +2y,)"!
X m,=0.08m,. The bulk electron mass, m,
=0.0665m,,° is used throughout.

Calculated energies for these transitions with
use of the above masses, with L, from growth
parameters, are shown as short vertical bars
on the figure. The widths of the bars represent
the distribution in absorption energies that would
result from a distribution in L, of + 1 atomic lay-
er (x 1.4 A) with AE ; =0.85+0.03. The agree-
ment between theory and experiment is seen to
be excellent and suggests uniformity among the
layers of nearly monolayer precision. The es-
sentially constant absorption to higher energies
arises from states with higher transverse mo-
menta. A relaxation time of ~ 1 psec is calculat-
ed from the linewidth of the lowest peak in the
sharpest of our spectra. This is about an order
of magnitude longer than electron-scattering
times estimated from tunneling data.®

Coupled-well structures were produced by re-
ducing the growth time of appropriate Al, Ga,.,As
barriers (every alternate barrier for a double-
well structure for instance) while keeping the
GaAs layer width constant. Extension to the su-
perlattice regime is straightforward. We have
examined coupled wells with a range of barrier
widths down to ~12 A. For the present study,
narrow barriers have been chosen in a deliber-
ate attempt to promote strong resonant coupling
between identical states in closely juxtaposed
wells. This strong coupling splits each single-
well electron and hole quantum level into as many
levels as there are coupled wells. This should
lead to well-developed splittings within each An
=0 optical transition of the coupled-well spec-
trum. The observation of these splittings would
satisfy the most stringent criterion for electron
and hole tunneling through the Al,Ga,., As bar-
riers.

The 2-K absorption spectrum of a double-well
structure is shown in Fig. 1(b). This is an ex-
cellent example of the resonant splitting of de-
generate single-well states into symmetric and



VoLUME 34, NUMBER 21

PHYSICAL REVIEW LETTERS

26 May 1975

1.5 °
Lg~I8A —=f p= .
~  p—Ly~60R
— H =
e
o (a)
2| |4/6
==
fh
0.5+
>
-
& 6
z
2 I
S o
J
I
e
g TEN {Lz~427\
o
WELLS \(_~ 124
1.0~ (b)
0.5
o]
1.50 1.55 1.60 1.65 1.70

ENERGY (eV)

FIG. 2. (a) Triple-well optical-density spectrum.
Barrier composition is Al ,,Ga, gAs. Increased ab-
sorption above 1.75 eV comes from interband absorp-
tion of buffer layers and barriers. Selection rules
limit transitions to initial and final states with same
interwell coupling symmetry. Sample contains forty
triple wells. (b) Ten-well spectrum showing superlat-
tice band formation. The n=1 level is split into ten
levels, encompassing an approach to a band. Optical
absorption is now extended across the entire n =1 band-
width. Barrier is Alj 5;Ga, 3As. Sample contains ten
decawells.

antisymmetric combinations® in the coupled-well
limit. Although there are six coupled-well states
within the %=1 manifold, inset Fig. 1(b), only
four transitions appear because, in addition to
the single-well selection rule Az=0, an addition-
al overlap rule, symmetric -~ symmetric, anti-
symmetric - antisymmetric, must be obeyed.
The extension of this qualitative argument to

three [ Fig. 2(a)] or more coupled wells is straight-

forward. By the time ten wells are coupled to-
gether the spectrum is essentially devoid of rec-
ognizable structure [Fig. 2(b)]. The sharp lower
absorption edge, together with the distribution of
the calculated series of twenty closely spaced en-
ergy levels, indicates that this banding is not due
to poor sample quality, but rather is due to the
onset of superlattice behavior and miniband for-
mation.
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FIG. 3. (a) Double-well spectrum for wells sufficient-
ly wide to contain both n=1 and n =2 bound states. Bar-
riers are Al 43Gay 7As. Sample consists of 27 double
wells. (b) Triple-well spectrum. Barriers are Al 5-
Ga,y gAs. Sample contains 22 triple wells.

In order to generate a theoretical fit to the ob-
served absorption spectra of the coupled wells,
the exact Schrodinger-equation solution for trans-
mission through a series of rectangular barriers
was used to find the energy levels of the bound
particles. Peaks in the transmission coefficient
of electrons (holes) impinging on the series of
wells occur at the energies of the bound states.
The particle transmission as a function of energy
was computed for every sample by matching wave
functions and first derivatives of wave functions
at the interfaces.'® The theoretical absorption
spectra were determined with use of the electron
and hole energies obtained above and were cor-
rected for exciton effects.? Remarkable agree-
ment with experiment is obtained.

When structures with wider wells, L,~90 A,
capable of containing two bound-state levels were
grown, optical-absorption spectra seen in Fig. 3
were obtained. Again, calculated spectra are in
very good agreement with the experimental re-
sult, both within the »=1 and the »=2 manifolds
of states, and development of the n=1and n=2
bands can be seen.

In conclusion, our results confirm that series
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of remarkably reproducible thin potential wells
and barriers, essentially rectangular and uni-
form to the order of a monolayer, can be creat-
ed with molecular-beam epitaxy. The coupling
behavior of the wells proves that synthetic super-
lattices can indeed be created. The molecular-
beam-epitaxy technique for fabrication and the
optical technique for energy-level determination
should be applicable to additional configurations
and compositions of interest for both basic and
applied studies.
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Direct Measurement of One-Dimensional Plasmon Dispersion and Damping
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Plasmons in the one-dimensional organic metal tetrathiafulvalene-tetracyanoquinodi-
methane were directly measured by high-energy inelastic electron scattering in thin
crystalline films at 300°K. For plasmons propagating along the conducting b axis the
plasmon energy decreases from 0.75 to 0.55 eV and the width increases linearly as the
plasmon momentum increases. Plasmons at 45° to b have an energy of 0.6 eV and show

no dispersion.

The organic charge-transfer salt tetrathiaful-
valene-tetracyanoquinodimethane (TTF-TCNQ)
has been shown to have highly anisotropic elec-
trical conductivity, and above 60°K has been char-
acterized as a one-dimensional metal.! Since at
high frequencies the room-temperature electron-
ic behavior is certainly metallic in one dimen-
sion as established by the plasma edge reported
in the normal-incidence reflectivity,>"* TTF-
TCNQ provides an opportunity to study the ele-
mentary excitations of a one-dimensional elec-
tron gas. We report here the first known divect
measurements of plasmon dispersion and damp-
ing in such a material. The experiment, per-
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formed at Princeton University, utilized high-en-
ergy inelastic-electron-scattering spectroscopy
as the most sensitive and direct method to study
dispersion and damping of plasma oscillations.
~Epitaxial films of TTF-TCNQ (1000 A thick)
were grown on the (100) cleaved face of NaCl and
had the same bioriented nature as previously ob-
served.® That is, the film consisted of irregular-
ly shaped regions (20 ym across) within each of
which the conducting b axis of the crystals point-
ed along one of the two orthogonal [110] direc-
tions in the face of the salt substrate. Our sam-
ple thus was equivalent to two TTF-TCNQ crys-
tals at right angles to each other (both having the



