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We present a far-infrared-absorption study of electrons in lightly doped GaAs/Al,Ga,_,As su-
perlattices. A grating coupler enables us to observe transitions that require an electric-field polar-
ization along the superlattice axis. We investigate weakly and strongly coupled superlattices, and
demonstrate the difference between intersubband transitions and transitions between extended mini-
bands. The line shape of the interminiband absorption deviates considerably from the predictions
of a simple single-particle model. We discuss possible reasons in terms of fluctuations and localiza-
tion. At low temperatures, the absorption spectra are dominated by donor transitions. The transi-
tion from the donor ground state to the pure 2p, state, which is associated with the second subband,
is observed. In a variational calculation, we compute the four-lowest donor states for a variety of
superlattice parameters. Excellent agreement between experiment and theory is achieved.

I. INTRODUCTION

Confinement of electrons in quantum wells or superlat-
tices leads to the formation of a variety of electronic
states like subbands in quantum wells or minibands with
a finite dispersion, if the interwell coupling is strong
enough.! In addition, the impurity states are significantly
modified by the confinement.? Besides interband optical
spectroscopy, where both electrons and holes have to be
considered, intraband spectroscopy is an effective method
to study these states. The pioneering work was the inter-
subband absorption experiment by West and Eglash.}
This work, like many others, was performed with heavily
(modulation) doped structures in order to achieve high
absorption coefficients, which is important for the appli-
cation as infrared detectors.* On the other hand, only
lightly doped structures, where collective effects are
negligible, can provide accurate information about the
single-particle states.

Transitions between states that arise from confinement
in the growth direction can only be excited with light
that has an electric-field component in this direction.’
This requires special coupling techniques like Brewster
angle® or waveguide® geometries. An alternative is the
use of a grating coupler,” which allows normal-incidence
transmission experiments.®~!3

In this paper we report grating-coupler-induced inter-
subband absorption measurements in lightly doped
GaAs/Alj ;Gay ;As superlattices. We study a weakly
coupled superlattice, where we are able to observe the
three lowest intersubband transitions having a linewidth
of only 10 cm™!. Then we concentrate on more strongly
coupled superlattices, where we observe the absorption
between two extended minibands. The line shape of the
absorption does not show the symmetric double-peak
structure, which is predicted by a simple model for the
miniband dispersion. Possible reasons for this are dis-
cussed in terms of fluctuations and localization. At low
enough temperature, the electrons freeze out into the
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donor ground state and the absorption is governed by im-
purity transitions. Remarkably, we are able to observe
the pure 1s-2p, donor transition.!* Due to light polariza-
tion requirements, this transition has been seen so far
only in a magnetic field perpendicular to the growth axis,
when all p states are mixed and the selection rules re-
laxed."® A variational calculation of the impurity energy
levels gives excellent agreement with the observed transi-
tion frequencies and shows that the 2p, state is pinned
below the n =2 miniband.

The paper is organized as follows. In Sec. I we pro-
vide some theoretical background for the interminiband
absorption, and present the variational calculation for the
impurity levels for a variety of superlattice parameters.
Section III describes the experimental procedure and the
sample parameters. In Sec. IV we present the results and
compare them with the calculations. The paper is sum-
marized in Sec. V.

II. THEORY

A. Interminiband absorption

The superlattice energy levels and band structure are
readily calculated in the envelope function approach.!®
We want to focus, however, on the qualitative features of
transitions between minibands. The absorption
coefficient is proportional to the transition rate,'” which
is given by

W(ﬁw)=2—;— S Sz k, )eEz| ¥, (2, k,)) |2
n<m kz

X[fn(kz)—fm(kz)]
XS(E,, (k,)—E,(k,)—#) . (1)

In the above expression we consider only light polar-
ized along the superlattice axis. If we assume the in-
plane dispersion to be parabolic, then the integration over
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the in-plane wave vector [already performed in Eq. (1)]
does not give any contribution to the transition rate. e is
the electronic charge, E the electric-field amplitude of the
light. ¥,(z,k,) and k, denote the envelope function and
the wave vector along the superlattice axis (z direction),
respectively, and f,(k,) are the electron occupancies of
the different bands. In order to derive a simple analytic
expression for W(#iw) we consider the idealized case
n=1,m=2,and f, =1, f,=0, i.e., we restrict ourselves
to a filled bottom miniband and one empty excited mini-
band. This is a good approximation as long as the sepa-
ration of the two lowest minibands is greater than kT,
and the width of the bottom miniband is smaller than
kgT. Then we have

W(ﬁw):%’ S [{hyleEz|9,) |P8(E, (k,)—E, (k,)—Fie) .
kz

()

We now use the tight-binding expression for the mini-
band dispersion

E (k,)=E,+A[1—cos(k,d)],
E,(k,)=E,+A,[1+cos(k,d)] .

(3)

Here, d is the superlattice period, E; and E, are the bot-
tom band edges of the two lowest minibands, and 2A; and
2A, are their respective widths. If we take the matrix ele-
ment outside the integral (we numerically checked the
very weak k, dependence), we can perform the k, in-
tegration, which gives

e’E?
m*o

W(tw)= flz[(A1+A2)2

—(fiw—E,+E | —A+A)?]712 0 @)

In (4) we have expressed the z matrix element by the os-
cillator strength f,, which is 0.96 for an infinite quan-
tum well, and very close to this value also for superlat-
tices, if the barriers are reasonably high. m* is the
effective mass. Equation (4) has two singularities, for the
photon energies fiw=E,—E;—2A, and #w=E,—E,
+2A,. Figure 1(a) shows their physical origin. The two
singularities correspond to the transitions at the center
and the edge of the Brillouin mini zone, at k,=0 and
k,=m/d. (Recently, the states at the edge of the Bril-
louin minizone!® have been observed in photolumines-
cence excitation spectroscopy.'®?°) There the dispersions
of the two minibands are parallel, resulting in critical
points in the joint density of states. In Fig. 1(b), the joint
density-of-states function is plotted for illustration (solid
curve). It is clear that in reality the singularities will be
smeared out and broadened by scattering processes and
layer thickness fluctuations, which might seriously im-
pede their observability. To illustrate the theoretical
influence of scattering, we have replaced the 8 function in
Eq. (2) by a Lorentzian with a half-width at half-
maximum of I', and performed the integration numerical-
ly. The result is shown as a dashed curve in Fig. 1(b) for
I'=0.4(A;+A,).
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FIG. 1. (a) Schematic of the interminiband absorption in real
space (left) and k space (right). (b) Joint density of states vs pho-
ton energy for no broadening (solid curve), and Lorentzian

broadening (dashed curve).

B. Confined donor states: variational calculation

Most of the theoretical calculations of the binding en-
ergy of donor states address the single-quantum-well
problem.?! =23 This is a very good approximation for the
case of a weakly coupled superlattice (i.e., wide barriers).
Here we are interested in the opposite limit of a strongly
coupled superlattice. We will present a variational calcu-
lation of the energy of the four-lowest donor states in the
absence of a magnetic field. We also calculate the 2s state
which can be observed through a two-photon experiment.

Chaudhuri®* has investigated the influence of the
neighboring quantum wells on the binding energy of the
1s state of a donor in the center of the quantum well of a
superlattice. Because only the adjacent wells were in-
cluded in the calculation (barriers of semi-infinite thick-
ness were introduced beyond the adjacent wells) the mod-
el of Ref. 24 does not work for superlattices with very
thin barriers. This calculation will be generalized here:
(i) to include all quantum wells of a superlattice, and (ii)
the excited states of the donor states will also be calculat-
ed. Lane and Greene?® calculated the effect of finite-
width barriers upon the binding energy of the shallow
donor states 1s and 2p, , in a GaAs/Al, Ga,_, As super-
lattice. Numerical results were presented for a superlat-
tice with quantum well width w =a,~100 A and barrier
widths b =a,, 2ay, © (a,=#€/m*e? is the effective
Bohr radius). In the present paper we also calculate the
2s and 2p, states, and present results for b <<a,.

Consider an isolated donor at position (0,0,z,) in a su-
perlattice with well width w, barrier width b, and barrier
height V. The electron mass in the quantum wells is m,,
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and in the barriers m,.
Hamiltonian

This problem is described by the

32 32
dx? —8;7

ﬁZ

H=H ——*
2 2m*(z)

e2

(z)[x2+y2+(z —z, )2]1/2 ’

=—T 2 S 4y (6)

is the Hamiltonian for electron motion along the growth
direction of the superlattice and V' (z) is the superlattice
potential.

A variational calculation will be made for the energy
levels of this hydrogenic-type problem. The variational
wave function is taken to be the product of two functions

W(x,9,2)=F,(2)4,(x.3,2 —2,) , ™

where F,(z) is a solution of the Schrodinger equation
H,F,(z)=E,F,(z) with zero average momentum. It is
the wave function corresponding to the bottom of mini-
band n. The second part qﬁ#(x, .2, —z,) describes the lo-
calized donor state u for a donor at (0,0,z,).

A standard calculation gives

Aeiaz+Be—iaz
CePz+De 72,
e*dlp(z —1d),

0<z<w
—b <z <0 (8)
ld—b<z<w+ld,

F,(z)=

with d =w +b the period of the superlattice, k the elec-
tron wave vector in the z direction, and / an integer. The
coefficients of the wave function are given by

m
A =e %%~k _oshBb +iB —~ sinhBb ,
a my

B=4A4*,
1 a My 1 a my
c=1 1+ 25 4+ [1-i2 22 B,
2‘ B m, 2| "Bm,
D=C*,
and we introduced a=V'2myE, /# and

B=V'2m,(V,—E,)/#. The energy momentum relation
is determined by the transcendental equation

cos(kd)=cos(aa )cosh(b)
1

e a—’;lﬂ)sin(aa)sinh(ﬁb). )
w b

In Eq. (7) only the states with kK =0 are needed. The
second part in Eq. (7) describes the binding of the elec-
tron to the impurity due to the Coulomb interaction and
will be taken similar in form to the standard hydrogen
wave functions, but with the inclusion of parameters to
allow for the difference in the isotropic hydrogen prob-
lem. The energy and length scales for the Coulomb part
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of the problem are the effective Rydberg R =e?/2ea}
and the effective Bohr radius a, respectively. For GaAs
we have €=12.5 and m*/m,=0.067 which results in

R =5.834 meV and a,=98.73 A. The wave functions
expressed in these units are chosen as

Wls(x,y;Z):Fl(Z)e T ,
W, (x,p,2)=F(z)e ™(1—7x) ,
~ (10)
Wy, +(x,3,2)=F,(z)e " ™(x tiy) ,
\Pzpz(x,y,z)=F2(Z)e T »

where we introduced 7=(x2+y2+vz2)!/2 and k and v
are variational parameters. The above four states are or-
thogonal to each other and have the same symmetry as
the corresponding three-dimensional (3D) hydrogen
states. The energy is determined by minimizing

_(w,|H|Y,)
SRS ALZS

with respect to the two variational parameters « and v.
Note that the above choice of wave functions leads to the
correct 3D and 2D limits. The 3D limit is obtained by
letting w— o, which results in F,(z)—1, F,(z)—z and
the variational calculation gives for the ls state the pa-
rameters k=v=1 and for the energy E;,=—R. The
2s5,2p, ,,2p, states have xk=0.5, v=1, and
E, = Ezp =Ey, = —R /4. If one takes w —O0 for finite

Voa dlﬂ’erent 3D limit is obtained but now for an impuri-
ty in the barrier material where the electron has a
different mass m;, and the energy is shifted by V. The
2D limit is obtained for w—0 and Vy— o (with b50)
and gives the standard results, e.g., for the 1s state it
leads to k=2 and E;,—E ;= —4R.

The explicit analytical result for Eq. (11), in terms of
the two variational parameters, is quite lengthy but
straightforward to obtain and, therefore, will not be
given. The numerical results for the energy versus the
well width of a donor in the center of a quantum well of
the superlattice is depicted in Figs. 2(a) and 2(b) for a bar-
rier with width b =50 and 11 A, respectively. The ener-
gy of the 1s, 2s, 2p, s and 2p, states are shown together
with the lowest minibands (shaded area). Note that the
presence of the barriers lift the degeneracy of the n =2
donor state into three distinct states: 2s, 2p, ,, and 2p,.
The 2p,, state is still twofold degenerate, i.e.,
Ez"w =E,,, . A magnetic field along the z axis will lift

this degeneracy and results into E 2w, > Ey

(11)

. Our nu-

merical calculation involves the numerical calculation of
a 2D integral and consequently a numerical 2D variation-
al calculation of each of the four donor states. The fol-
lowing parameters were taken: €=12.5 (although our
numerical program allows for different static dielectric
constants in the wells and the barriers we have taken the
same value of € in the wells and the barriers), V,=227.9
meV, m,,,m;=0.067, and m;, /m;=0.0919. The results
for b=50 A are practically the same as for the single-
quantum-well case (i.e., b— o, not shown in the figure)
when w >300 A. In thls case the width of the minibands
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is very small. The b =11 A case corresponds to a strong
interacting superlattice, which is characterized by wide
minibands. Note that for w— o« the 3D results are ob-
tained for the hydrogenic states. Also note that the
1s,2s,2p, , states are always below the bottom of the first
miniband. It is interesting to observe that the 2s and the

1 1 1 1 1
200 400 600 800 1000
WELL WIDTH (A)

ENERGY (meV)

1 l 1 1 1 | | |
200 400 600 800
WELL WIDTH (A)

I
1000

FIG. 2. The donor energy levels of an impurity in the center
of the quantum well and the lowest minibands of a superlattice
as a function of well width with barrier width (a) 5 =50 A, and
(b) b=114.
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2p,,, states are very close in energy and they cross
around 400 A, i.e., for w <400 A the 2s state has a lower
energy than the 2p, , state. That E2S~E2ny is not

surprising because (i) in 3D EZs:EZpr’ and (ii) the su-

perlattice only modifies the electron wave function in the
z direction where the 2s and the 2p, , states have the
same symmetry; they are an even function under z — —z.
This is different for the 2p, state which is an odd function
under z— —z which is the symmetry exhibited by the
second miniband. This explains why the 2p, state is al-
ways below the bottom of the second miniband. Howev-
er, for wide well width it is even lower than the first mini-
band. It crosses the first miniband around w =~ 600-700
A for the barrier widths of Fig. 2.

The wave functions squared for the 2p, state are shown
in Figs. 3(a) and 3(b) for w =200 Aand b=50,11A asa
function of (p=(x2+y?)!/%,z). The impurity is at the
origin, i.e., (p,z)=(0,0), and the position of the barriers
is indicated by the solid areas. These figures illustrate (i)
the spreading of the wave function over several quantum
wells, and (ii) in case of wide barriers the donor wave

FIG. 3. The probability distribution of the 2p, donor state in
the (p=(x?+y?)!/2,z) plane for an impurity located at the ori-
gin which is the middle of a quantum well. The superlattice has
quantum wells of width w =200 A and barriers of (a) b =50 A
and (b) b=11 A. The position of the barriers is indicated by the
solid areas.
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FIG. 4. The same as in Fig. 2 but now as function of the lzar-
rier width and for fixed width of the quantum wells w =300 A.

function is more squeezed towards the impurity ion than
for narrow barriers.

In Fig. 4 the energy levels and minibands are shown as
function of the barrier width for a superlattice with a
fixed quantum-well width of w =300 A. In the limit of
b—0 the known 3D results are obtained E;,=—5.83
meV and E, =E2p” =Ey =— 1.46 meV. In the limit
of very large barrier width the single-quantum-well result
is obtained with E;;=—3.81 meV, E,,=2.71 meV,
Ezp” =2.79 meV, E,,=14.41 meV, and the quantum-

well energy levels E,=4.94 meV and E,=19.75 meV.

This results in the binding energies E,,—E,=—8.75

meV and E,, —FE;=-—2.15 meV, which were already
Xy

obtained by Greene and Bajaj in Ref. 14, and
E)—E,=—2.23 meV and E,, —E,=—5.34 meV.

With decreasing barrier thickness the donor wave func-
tion spread more to the adjacent wells which reduces the
binding energies. For example, for w =300 A and b =25
A (11 A) we found E,,—E;=—7.85 (—7.43) meV,
Eszy —E;=—1.55 (—1.53) meV, E,,—E;=—1.78
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(—1.70) meV, and E,, —E,=-—3.89 (—3.91) meV.

The existing calculations with the single-well approxima-
tion become less adequate with decreasing barrier thick-
ness.

III. EXPERIMENTAL DETAILS

The samples investigated were GaAs/Al, ;Ga, ;As su-
perlattices grown either by organometallic chemical va-
por deposition (OMCVD) or molecular-beam epitaxy
(MBE) on a semi-insulating GaAs substrate. The sample
parameters (nominal thicknesses) are given in Table I. In
the OMCVD samples the light n-type doping was unin-
tentional, achieved by adjusting the growth temperature.
The MBE sample was doped intentionally. All superlat-
tices had a total thickness of about 6 um. The electron
mobilities at 77K were between 20000 and 50000
cm?/Vs, depending on the impurity concentration.
Ohmic contacts were formed by depositing and alloying
Ni-Au-Ge. Grating couplers (periods of 8 and 12 um)
were made by evaporating TiAu on a photolithographi-
cally defined pattern (area of 3 X4 mm?), and subsequent
lift-off.

The absorption measurements were performed in a
slow-scan Fourier transform spectrometer. The sample
temperature could be varied between 1.5 and 200 K.
Since the low-doped samples exhibit rather weak absorp-
tion, we employed a highly sensitive modulation tech-
nique. A modulation voltage is applied between the grat-
ing, which acts as a Schottky gate, and the Ohmic con-
tacts.!? Thus the superlattice is periodically switched be-
tween two different states: with a high enough (=10 V)
negative voltage on the gate, the superlattice is totally
depleted (no electrons), whereas with a small positive
voltage (=0.5 V), the bands are flat (electrons present).
As a consequence, the signal is proportional to the
transmission without electrons minus the transmission
with electrons, and thus small transmission changes can
be measured with high sensitivity. The electric field does
not influence the measurement, because regions with elec-
tric field are depleted, i.e., contain no electrons. With
this method it is possible to take absorption spectra in a
wavelength range A/n, > D, where n, is the refractive in-
dex and D is the grating period.!®

IV. RESULTS AND DISCUSSION

First we discuss the results on the (400 A)/(50 A) su-
perlattice (we will use this notation from now on). Due
to the rather thick barriers of 50 A the four-lowest mini-
bands have a width smaller than 1 meV. Since this is nar-

TABLE 1. Characteristics of the different samples, with w the well width, b the barrier width, and »,

the electron density.

Sample w (A) b (A) n, (cm™?) Growth method
No. 1 400 50 1.5X 10" OMCVD

No. 2 320 11 8 X 10" OMCVD

No. 3 260 11 5x 10" OMCVD

No. 4 230 11 2.5X10% MBE
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rower than typical broadening by scattering, the states
can be regarded as localized quantum-well states without
energy dispersion. On the other hand, a barrier thickness
of 50 A is thin enough that all periods of the superlattice
are electrically shorted in the vertical direction, which is
important in connection with the measurement tech-
nique. Figure 5 shows absorption spectra between 20 and
200 cm ™! (2.5-25 meV photon energy) for different tem-
peratures between 6 and 130 K. The grating had a period
of 12 um. Even though the spectra are quite complex, it
is relatively easy to assign the various transitions, espe-
cially if their temperature dependence is studied. At low
temperatures the spectrum will be dominated by donor
transitions. At high temperatures, when all donors are
ionized, we will observe intersubband transitions. The
relatively wide well thickness of 400 A is interesting in
the sense that it allows thermal population of the n =2
and 3 subbands at not too high temperatures. As a
consequence, we are able to observe the three lowest in-
tersubband transitions at 130 K. The 2-3 transition is
even stronger than the 1-2 transition, because it has ap-
proximately twice the oscillator strength? [the absorption
strength is proportional to the electron occupancy times
the oscillator strength, see Eq. (1), Ref. 26].

We want to point out the very narrow linewidth (10
cm ™! or 1.25 meV) as compared to previously reported
intersubband transitions. There are two main reasons for
this: since most of the previous work concentrated on
narrow wells, the two most important broadening mecha-
nisms were well width fluctuations and optical phonon
scattering. Both mechanisms become virtually negligible
in the present superlattice: Fluctuations of one monolayer

400/50 A
18-2pyy 1-2 1s-2p,

23 -4

e

0 1 00 1 50 200
Frequency (cm=1)

Absorption

FIG. 5. Absorption spectrum from the (400 A)/(50 A) super-
lattice at different temperatures as indicated. The curves are
shifted vertically, with the zero defined on the high-frequency
side.
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correspond to a broadening of only 0.1 meV (1 cm™!),
and the first three subbands lie below the optical phonon
energy, thus making optical phonon emission impossible.
The linewidth is then mostly limited by ionized impurity
scattering. The observation of three intersubband ab-
sorption lines allows an accurate determination of the ac-
tual well width, by comparison with the envelope func-
tion calculation. Figure 6 shows the theoretical transi-
tion energies as a function of well width. Excellent agree-
ment is obtained assuming a well width of 420 A, as com-
pared to the nominal width of 400 A.

Towards lower temperature the higher intersubband
transitions vanish, and donor transitions appear. It is
well known that donor transitions in quantum wells and
superlattices are generally much broader than in bulk
material, because the binding energies depend on the po-
sition of the donor along the growth axis.?"?’ If the ma-
terial is homogeneously doped as in the present case, ab-
sorption spectra in principle probe a continuum of
different transition energies. (In contrast, Jarosik et al.?®
used samples that were exclusively doped in the well
centers.) Since the binding energy versus donor position
has extrema at the well and barrier center, there are two
maxima in the density of states associated with them.
Bastard?! showed that for well widths larger than the
effective Bohr radius, which is about 100 A the peak cor-
responding to the well center becomes dominant, which
should be the case in the present sample. Certainly the
line shape of the donor transitions still will be influenced
by impurities located elsewhere. For a realistic descrip-
tion, the binding energies would have to be calculated as
a function of donor position along the growth axis, and

200
1150
200 S

- 50

L I | [ B
200 400 600 800 1000

WELL WIDTH (A)
FIG. 6. Intersubband and donor transitions for a barrier

width of 50 A as a function of well width.o The symbols are the
experimental results from the (400 A)/(50 A) superlattice.
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subsequently averaged. This is, however, beyond the
scope of the present paper. We will compare the experi-
mental results with the calculation for donors in the well
center.

There are two low-temperature peaks in Fig. 5, at 40
and about 90 cm~!. The agreement with the theoretical
transition energies in Fig. 6 is better than expected, espe-
cially for the 2p, state. The 1s-2p, , transition lies some-
what low, probably due to some influence of well-edge or
barrier dopants. We point out that all transitions in Fig.
5, except the 1s-2p, , are facilitated by the grating, since
they all require the polarization to be perpendicular to
the layers. Previously, the 1s-2p, transition has only been
observed in a magnetic field parallel to the layers'® (ex-
cept for a Raman scattering experiment by Perry
et al.?®). In that case the 2p, state has admixtures from
the 2p, and 2p, states, and the polarization selection
rules are relaxed.

We turn now to the discussion of the other samples,
which are all strong coupling superlattices with finite
miniband width and dispersion along the growth direc-
tion. The number of investigations devoted to far-
infrared spectroscopy of strong coupling superlattices so
far is rather limited, dealing mostly with tunneling cyclo-
tron resonance’® and very recently with intraminiband
absorption. '?

We chose to achieve strong interwell coupling by using
very thin barriers (11 A or 4 monolayers), instead of a
short period. This choice keeps the relevant frequencies
below the reststrahlen region, and the electrons
unaffected by optical phonon emission. In Table II the
calculated energies of the first and second miniband are
given for our three strong coupling superlattices together
with the expected range of interminiband absorption.
For all samples we recorded a cyclotron resonance ab-
sorption spectrum to check the broadening induced by
scattering processes. The cyclotron resonance linewidth
was 10-13 cm ™! for the (230 A)/(11 A) and the (260
A)/(11 A) superlattice, and 20 cm ! for the (320 A)/(11
A) superlattice, both considerably smaller than the ex-
pected miniband absorption width. Consequently, the
miniband dispersion should be well established.

Figures 7 and 8 show the absorption spectra for the
(260 A)/(11 A) and (230 A)/(11 A) superlattices at
different temperatures as indicated (grating period of 8
pum). The spectra in Fig. 7 consist of a low frequency tail,
which is due to the 1s-2p, , donor transition at low tem-
perature, and free-carrier absorption at high tempera-
tures, and two peaks at 105 and 150 cm ™!, which become
equally strong at about 30 K. It is tempting to ascribe
these two peaks to the singularities in the joint density of
states of the interminiband transition. Closer inspection,
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260/11 A

1s-2p,

5%~

Absorption

0 50 100 150 200
Frequency (cm~1)

FIG. 7. Absorption spectrum for the (260 Ayt A) super-
lattice at different temperatures.

however, shows that this explanation is not consistent
with the temperature dependence. The interminiband ab-
sorption could be expected to exhibit one high-energy
peak at low temperature (but high enough to ionize
enough donors), but two peaks at high temperature, as
soon as the top of the lower miniband becomes thermally
populated. Both peaks should remain equally strong up
to high temperatures. This is evidently not the case in
the experiment, where the low-energy peak grows at the
cost of the high-energy peak and only one peak remains
also at high temperatures. Consequently we have to at-
tribute the high-energy peak again to the 1s-2p, donor
transition, and the low-energy peak represents the inter-
miniband absorption. Still, a high-frequency tail persists
even at high temperature, when all donors are ionized.
The observed line shape does not agree with the model in
Sec. IT A, but is not a simple Lorentzian, either.

Figure 8 shows a Jow- and high-temperature spectrum
for the (230 A)/(11 A) superlattice. At low temperature,
a clear 1s-2p, donor transition is observed. At high tem-
peratures, when all the donors are ionized, the intermini-
band absorption is revealed. Here it is obvious that the
spectral range of the interminiband transition and the
donor transition overlap. The shape of the former is
again unusual. The features are similar but more distinct
than in the sample discussed before. The high-frequency
tail could be argued to be a second bump, resulting from
the second maximum in the joint density of states, but the
relative sizes are not consistent with the simple model
from Sec. II A. Even though we do not observe two
well-resolved peaks, this is the first observation of a
genuine interminiband transition, in the sense that the
absorption width is much wider than for discrete energy

TABLE II. Calculated miniband energies and absorption ranges for the strong coupling superlat-

tices.

Sample E, (meV) E, (meV) Absorption range (meV)
(320 1:&)/(11 é) 3.4-5.1 14.0-20.3 8.9-16.9 (72-136 cm™!)
(260 A)/(11 A) 4.7-7.6 19.7-30.3 12.1-25.6 (98-206 cm™!)
(230 A)/(11 A) 5.7-9.5 23.9-38.2 14.4-32.5 (116-262 cm™!)
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FIG. 8. Absorption spectrum for the (230 A)/(11 A) super-
lattice at different temperatures.

levels. The absorption at very low frequencies is again
governed by the 1s-2p, , transition and free-carrier ab-
sorption at low and high temperatures, respectively.

In Fig. 9 the theoretical transition energies for the 1s-
2p,, 1s-2p,, and interminiband transition are plotted
versus the well width for a barrier width of 11 A. The ex-
perimentally observed values are represented by symbols.
The exact width of the experimental interminiband ab-
sorption is somewhat ambiguous because of the unusual
line shape. It is apparent, however, that it is narrower
than the theoretical width. The onset of the absorption
at low frequencies generally agrees with the prediction,
but it does not extend up to high enough frequencies.
For the 1s-2p, donor transition we assume a line shape
with a peak at the resonance frequency, the solid rectan-
gles in Fig. 9 then represent just the line center. The
agreement for the impurity transitions is excellent. This
indicates that we are observing mainly impurities located
in the center of the wells.

Before we conclude, we want to speculate on the
reason for the observed width and shape of the intermini-
band absorption. It is well known that all layered semi-
conductor structures suffer from unavoidable layer thick-
ness fluctuations. Even though well width fluctuations
are not very significant in the present superlattices due to
the relative wide wells, barrier width fluctuations have
strong mﬁuence on the minibands. For example, in the
(260 A)/(11 A) superlattice a barrier thickness of 3
monolayers would cause a width of 13 meV for the n =2
miniband, whereas 5 monolayers only correspond to 8.6
meV. If fluctuations are strong, they also lead to a partial
localization of the electron states. Since the absorption
line shape depends strongly on the dispersion in the su-
perlattice direction, it can be distorted severely by locali-
zation. For example, the equal strength of the two ab-
sorption maxima relies on the symmetry of the disper-
sions in the vicinity of k,=0 and k,=w/d, which is ap-
parently perturbed in the present samples. To better un-
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FIG. 9. Intsrminiband and donor transitions for a barrier
width of 11 A as a function of well width. The symbols
represent experimental results from three samples.

derstand these effects, it seems desirable to measure the
width of minibands with a variety of different methods
(cf., for example, Refs. 12, 30, and 31), and to investigate
theoretically the influence of fluctuations and localiza-
tion*? on the minibands.

V. SUMMARY

We have performed a detailed investigation of the far-
infrared absorption spectrum of GaAs/Al, ;Gag ;As su-
perlattices. The use of a grating coupler has enabled us
to investigate intersubband and impurity transitions in a
regime that is not easily accessible otherwise. We have
shown that the three lowest intersubband transitions are
observable at the same time at sufficiently high tempera-
ture, if the wells are wide enough. In strong-coupling su-
perlattices, we have observed the transition between
extended-state minibands. Here, some questions concern-
ing the width and shape of the absorption are still open.
Furthermore, we have studied the 1s-2p, donor transition
experimentally and theoretically, and obtained excellent
agreement.
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