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Longitudinal-optical phonon and shake-up excitations in the recombination spectra
of semiconductor quantum wells
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The observation of both LO-phonon and inter-Landau-level magnetoplasmon shake-up excitations in
the magnetophotoluminescence spectra of quantum wells containing high densities of free carriers is re-
ported. The inter-Landau-level magnetoplasmon excitations occur at energies greater than the bare
Landau-level separations, in agreement with the predictions of many-body theory. Clear evidence for
LO-phonon —magnetoplasmon coupled-mode behavior is observed.

The recombination of a high-density electron gas with
photocreated minority carrier holes can lead to a number
of different final-state excitations of the system. For ex-
ample, in semiconductor quantum wells (QW's) with
which this paper is concerned, longitudinal-optical —(LO)
phonon lattice excitations' and Fermi-sea particle-hole
pair shake-up excitations have both been reported in the
last few years. ' ' For metals, both phonon and shake-
up excitations have been discussed to explain the observa-
tion of asymmetric line shapes in x-ray photoemission
spectra, in addition to the observation of collective-mode
plasmon satellites. For bulk semiconductors the obser-
vation of a plasmon satellite in photoluminescence (PL)
spectra has also been suggested.

The present work reports the observation of both LO-
phonon satellite and shake-up satellite recombination in
the magneto-PL spectra of AlyGa, As-In Ga& As-
GaAs modulation-doped QW's. In magnetic field the
conduction- and valence-band densities of states are
quantized into discrete Landau levels (LL's). The use of
magnetic field is critical for the observation of the LO-
phonon and shake-up excitations in high-density systems
since the otherwise broad PL spectrum then breaks up
into discrete peaks. As a result both the lattice and
Fermi-sea processes give rise to a series of discrete peaks
to lower energy, thus permitting spectroscopic study of
the various excitations.

It has been shown previously that the strength of both
the LO-phonon' and shake-up satellites increases with
the localization of the photocreated holes in the system.
The hole localization is determined by the disorder in the
structure. The present samples are of high perfection
with relatively weak disorder. Nevertheless both the lat-
tice LO-phonon and Fermi-sea shake-up excitations are
observed weakly in the spectra. Clear effects of interac-
tion between the shake-up and LO-phonon satellites are
observed as the magnetic field is varied.

The experiments were carried out at 4.2 K on a series
of modulation-doped, pseudomorp hie strained-layer
Al Gai As-In„Gai As-GaAs QW's (y =0.23,
x =0. 10) with electron densities in the range

(7—10)X10"cm . ' Attention is concentrated on a
particular sample with n, =7.2 X 10" cm, and well
width 150 A. PL was excited by 25 mW/cm of 633-nm
radiation from a He-Ne laser.

The PL spectrum from the sample with
n, =7.2X10" cm at 8 =0 is shown in Fig. 1(a). It
shows a peak at 1.417 eV together with a long tail to
higher energy. The electron Fermi energy E~ (25.4 meV)
is marked on the spectrum, corresponding to
n, =7.2(+0.2) X 10" cm for an electron effective mass
of 0.068mo. The PL intensity falls off very rapidly from
its peak at 1.417 eV with only a very weak feature at EF.
This is characteristic of a QW of low disorder with
electron-hole recombination being fully allowed only for
vertical transitions close to k =0. ' Transitions from
electrons in states up to k~=2X10 cm ' are observable
due to the residual disorder which breaks translational
symmetry and permits weakly b,kXO transitions; the
finite temperature of the photocreated holes (20—25 K)
also permits k&0 transitions. "

In Figs. 1(b) and 1(c) at 4.1 and 9.4 T, respectively, the
PL spectrum breaks up into a series of LL transitions, la-
beled (N„Nt, ) arising from recombination between elec-
trons and holes in LL's of index X, and N&, respectively.
The dominant transition (0,0) arises from electrons and
holes in the lowest-energy states. Both Landau
quantum-number-allowed (N, —

Nl, =0) and nominally
forbidden N, —Xz =+ 1, +2 transitions are observed to
higher energy. Transitions such as (1,1),(2,2) arise due to
the weak thermal population of X&=1,2 levels. " The
(N„O) (N, )0) transitions are allowed by the weak disor-
der for the same reasons that b, kAO transitions are al-
lowed at 8 =0. ' '

The transition energies are plotted in Fig. 2 as a func-
tion of magnetic field. The energy spacing between the
(N„O) peaks is given by the electron cyclotron energy
%co, =AeB/I,*, with m,*=0.068mo. ' The splitting be-
tween (1,0) and (1,1), (2,0), and (2, 1) is given by the hole
LL splitting with m&* =0. 15m 0, as expected in a
strained-layer In„Gai As QW with x =0.1. ' LL filling
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Al„Ga, „As-In„Ga, „As-GaAs quantum welt

w =15nm, n = 7.2 x10 cm
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FIG. 1. PL spectra at 4.2 K for quantum well with
n, =7.2X10"cm, at B =0, 4.1, and 9.3 T. For B =0 (a) a
broad PL band arising from recombination of electrons in states
from E =0 up to EF is observed. In finite B (b) and (c) the spec-
trum breaks up into Landau-level transitions labeled (N„Nz).
To lower energy LO-phonon satellite (NL ) and shake-up excita-
tions (T„)are observed.
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FIG. 2. PL transition energies against magnetic field for sam-
ple of Fig. 1. Transitions between electron and hole Landau lev-
els (N„Nq) are indicated by crosses (full lines). To lower energy
(open circles, dashed lines) LO-phonon satellites (NL ) and
shake-up satellites (T„) of the (N„O) transitions are observed.
Resonant coupling between the T& and 1& satellites is seen in
the boxed region between 7 and 10 T. Landau-level filling fac-
tor (v) and magnetophonon resonance (m) indices are indicated.

factors (v), including spin, are indicted on the figure. '

No spin splittings are resolved.
To lower energy below the principal (0,0) transitions, a

series of satellite lines NL (NL =0, 1,2, . . . ) and
T„(n =1,2, . . .), etc. is visible in Figs. 1(b) and 1(c) and
in the fan chart of Fig. 2. The (N„O) LL fan is replicated
at 36 meV lower energy by the NL satelites, in which a
GaAs-like LO-phonon vibrational excitation of the QW
material is emitted in the (N„O) recombination. The al-
lowed (N„N& ) recombination lines with N, =Nz
(N„N& ~ 1) show no evidence for LO-phonon satellite re-
plication. For the present sample with
Ez(25.4 meV) (A'coLo(36 meV) the parent LL's of the NL
satellites depopulate before the NL satellites are resonant
with (0,0). As a result the resonant polaron anticrossing
between the (0,0) and NL final states, discussed in Ref. 7,
is not seen.

The T& satellites by contrast arise from the emission of
Fermi-sea shake-up excitations. In the (N„O) electron-
hole recombination process an inter-LL magnetoplasmon
excitation of the Fermi sea occurs in which an additional
electron is promoted to a partly filled or empty LL. Since
a Fermi-sea excitation is created in the shake-up, the T„
satellites occur to lower energy below (N„O). Neglecting
many-body interactions, the T„peaks are expected at en-
ergies AN, fico,'below the (N„O) recombination lines,
where AN, is the increase in Landau quantum number of
the electron which is promoted to higher energy.

In contrast to the previously reported observation of
shake-up processes in a sample with low n, where only
the N, =0 LL was populated, a given T„satellite in Figs.
1 and 2 can arise from a variety of inter-LL excitation
processes. In Ref. 4, it was shown that the strength of
the shake-up satellites falls o6' roughly linearly with the
energy of the inter-LL excitation; a AN, = 1 excitation is
significantly stronger than a EN, =2 process. Thus the
T, peak occurring fairly close to A'co,' below (0,0) is very
likely a b,N, =1 shake-up satellite of (0,0) [rather than a
b,N, =2 satellite of (1,0)]. Since the N, =1 level is filled

up to v=4 at 7.4 T, the shake-up can only occur by
inter-LL excitation between N, =1 and N, =2 (between
v=6 and 4), and between correspondingly higher LL's at
lower magnetic field. The T2 satellite is probably a
b,N, =2 satellite of (0,0) with second electron promotion
from N, =0—2, 1—3, or 2—4 depending on the LL filling
factors.

Closer inspection of the energy separation of the T, sa-
tellite from (0,0) in Fig. 2 shows that it occurs at an ener-
gy —1.25 times greater than the (0,0),(1,0) splitting of
Aco, . Such behavior is expected since in the correct
many-body, magnetoplasmon description of inter-LL
transitions the excitation energy is only equal to Ace, for
magnetoplasmon wave vector q =0. ' ' The maximum
in the magnetoplasmon density of states occurs for
q —I/lo, where lo is the magntic length (fz/eB)', at en-
ergies -20%%uo greater than fico, (at 7 T in CxaAs). ' Cou-
pling to states at q —1/lo (1.1X 106 cm ' at 7 T) is al-
lowed by the weak disorder in the system, ' and by the
magnetoplasmon —LO-phonon coupling at the T„—NL
satellite resonances discussed later. By contrast with the
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We suggest that the oscillations of satellite intensity
arise from the mixing of the otherwise unperturbed LL's
by the electron —LO-phonon interaction at the MPR con-
dition. The mixing will give rise to increased inter-LL
scattering at resonance. This in turn will lead to
enhanced shake-up satellite intensities, and hence
magnetoplasmon —LO-phonon coupled-mode intensities,
at fields close to integer m values, in agreement with the
results of Fig. 4.

Variations in satellite intensity due to oscillations in
screening with LL filling factor can be excluded as an ex-
planation for the findings of Fig. 4. Very similar varia-
tions in NI, T„ intensity with B have been found in a
sample of the same design as that discussed in Figs. 1—4,
but having 30% higher n, (n, =9. 5X10" ctn ). The
LL's will hence depopulate at —30% higher fields than
those for the lower n, sample. The variation of the 1L in-

tensity with B for this sample is shown in the inset to Fig.
4. Once again a peak in intensity close to an integer I
value is observed, supporting the attribution of the inten-

sity oscillations to T„,NL resonant interaction.
In conclusion, both LO-phonon and inter-Landau-level

shake-up excitations have been reported in the magneto-
PL spectra of QW's with high carrier density. Both
AN, = 1 and AN, =2 shake-up satellites were observed at
energies close to the predictions of many-body theory for
magnetoplasmon excitations in a high-density system.
Clear evidence for LO-phonon —magnetoplasmon coupled
mode behavior was observed. Very recently, Butov
et al. have reported experimental results which bear a
number of similarities to those in the present
paper. Most notably a clear observation of
magnetoplasmon —LO-phonon coupled mode satellites in
magnetoluminescence spectra is reported by these work-
ers.
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