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Ultranarrow lines in Raman spectra of quantum wells due to effective acoustic
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An unusual fine spectrum of very narrow lines (<1 meV overall) is observed in resonance Raman scattering
from a CdTe quantum well under normal light incidence, when the laser excitation is about one longitudinal
optical (LO) phonon energy higher than the quantum well exciton ground state. The visibility of this fine
spectrum is improved by sample doping which reduces the quantum yield of the exciton photoluminescence.
The appearance of the four sideway lines of the fine spectrum is explained by the Raman scattering on the
combination of LO and longitudinal acoustic (LA) [transverse acoustic (TA)] phonons with the e1hh1(2s)
exciton serving as an intermediate state. The central line is due to elastic scattering of the 2s exciton to the
hot 1s-exciton state on a static random potential of the heterostructure followed by emission of a LO phonon.
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Raman scattering in crystals on frequencies different from
the frequency of incident light by that of a longitudinal optical
(LO) phonon was first observed by Landsberg and Mandel-
stam in quartz using a mercury light source [1] which required
exposition times of 100 h. With the advent of high-power
tunable lasers, Raman spectroscopy became far less demand-
ing. Ever since it has been serving as an invaluable source of
information about not only the vibrational spectra of solids
but also the nature of light-matter interactions. Spectral lines
shifted by the combination of frequencies of the LO and
longitudinal acoustic (LA) [transverse acoustic (TA)] phonons
from the frequency of incident light have been observed in the
Raman spectra of bulk semiconductors [2,3] when resonantly
excited near the exciton polariton bottleneck region. Together
with experiments on Brillouin light scattering [4–7], involving
only LA (TA) phonons, these studies have led to the precise
experimental determination of exciton polariton dispersion
[8,9] in full agreement with theoretical predictions [10,11].

In this Letter we report the observation of Raman scat-
tering on a combination of LO and LA (TA) phonons in
semiconductor quantum wells (QWs) at normal incidence.
Being quasi-two-dimensional (2D) systems, QW structures
cannot support polariton states propagating along the growth
axis. Raman spectra from QWs typically consist of sharp
optical-phonon lines surrounded by broad and structureless
features reflecting the density of states of acoustic phonons
[12]. Surprisingly, in the present work we observed charac-
teristic narrow (<1 meV overall) spectra of the scattered light
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consisting of five distinct well-resolved lines centered on the
frequency of the LO phonon.

Each sample studied in the present work contained three
CdTe QWs of different widths [9, 18, and 63 monolayers
(MLs), respectively] sandwiched between thick (Cd,Mg)Te
barrier layers. Different strengths of the quantum confinement
provided independent spectroscopic access to every individual
QW. We studied three samples, A, B, and C, which were
grown under the same conditions, except that the 18-ML QW
of every sample was either undoped (sample A) or doped with
rhenium with relatively lower (sample B) or higher (sample
C) dopant concentrations. The 18-ML QWs were the main
objects of our studies. (See Supplemental Material [13] for
details on sample growth.)

All optical spectra in our work were taken at normal light
incidence and at temperatures from 2 to 100 K. (See Sup-
plemental Material [13] for details on optical measurements.)
Sample characterization revealed a striking effect of rhenium
on the photoluminescence (PL) quantum yield. When excited
by high-energy quanta in the green spectral range, equally
populating excitonic states in all the QWs, PL from the 18-ML
QW in sample A was of comparable intensity with that from
the 9- and 63-ML QWs [Fig. 1(a)]. In sample B, under the
same excitation conditions, emission from the 18-ML QW
was dramatically weaker than emission from the remaining
two (undoped) QWs [Fig. 1(b)]. In sample C, this effect was
even more pronounced. In general, PL from all wide (63-ML)
and all narrow (9-ML) QWs, and from the (Cd,Mg)Te barriers
did not vary from sample to sample. On the contrary, emission
from the 18-ML QW region was very different in intensity for
each sample, as selective rhenium doping caused degradation
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FIG. 1. PL (black line) and reflectivity (green line) spectra of samples A and B, each containing a set of three QWs of different widths (as
labeled, in MLs). (a) In the undoped sample A, the 18-ML QW shows a typical PL spectrum consisting of two lines. (b) In sample B subjected
to a local rhenium doping, the PL signal from the 18-ML QW is dramatically weaker.

of PL from the doped layers. Quantitatively, the PL intensity
from the Re-doped QWs was one to two orders of magnitude
weaker as compared to their undoped counterparts.

At the same time, reflectivity spectra did not demonstrate
any dramatic change as a result of doping. Well-pronounced
excitonic resonance features were present in the spectra of
both undoped and doped QWs, as shown in Fig. 1. Moreover,
apart from the aforementioned intensity decrease and some
additional line broadening (from 3 meV in sample A to 4 meV
in sample B to 8 meV in sample C), PL spectra of the 18-ML
QWs were not affected by doping. In particular, PL observed
from the 18-ML QW in sample B represented a typical, albeit
weak, PL spectrum of a high-quality CdTe QW consisting of
two lines: the high-energy line assigned to the e1hh1(1s) ex-
citon resonance [marked as X in Fig. 1(a)] and the low-energy
line assigned to the trion resonance [marked as T in Fig. 1(a)].
The intensity ratio of these two peaks usually depends on
the experimental conditions. Thus, one can see that doping
with rhenium did not cause a catastrophic degradation of the
samples’ optical quality, but merely introduced centers of
nonradiative recombination (“killer centers”) which reduced
the PL intensity of rhenium-doped QWs.

The reduced PL background favors observation of the in-
elastic resonance light scattering mediated by the excitonic
states. We will examine the situation when the laser excitation
energy exceeds that of the fundamental e1hh1(1s) excitonic
transition by an amount close to the energy of the zone-
center LO phonon in CdTe. In Figs. 2(a) and 2(c) we show
high-resolution spectra of secondary emission for two slightly
different laser energies. In the energy scale of the spectrum
shown in Fig. 2(a), the excitonic PL peak, having a full width
at half maximum (FWHM) about 4 meV, appears as a wide
band exceeding the spectral window of the detector. On that
background, one can clearly see a group of well-resolved
narrow lines whose approximate linewidths are about 100
μeV (10 CCD pixels). The overall width of this fine spectrum
is about 1 meV. The observation of this fine spectrum is our
main experimental result.

The fine spectrum exhibits behavior typical for spectra
of inelastic light scattering. The energy positions of spectral
features follow the laser excitation demonstrating a constant

shift. For sample B, the spectrum consists of five distinct lines.
The intensity distribution over the lines forming the fine spec-
trum stays roughly unchanged when moving over the contour
of the exciton PL: The lowest-energy line always remains the
most intense. This fine spectrum behaves as a typical reso-
nance process: As the laser energy is fine tuned, the spectrum
greatly rises in intensity while sweeping the high-energy wing
of the exciton PL peak towards its maximum. As long as
the fine spectrum can be resolved, the Raman shifts of its
components remain constant and equal 20.52, 20.66, 20.88,
21.10, and 21.23 meV, respectively.

In the stronger-doped sample C, under similar conditions,
the fine spectrum is also seen but appears as a group of three
resolved lines (of the same net width), as shown in Fig. 3(a).
The principle question now arises if the fine spectrum could
be observed in the absence of doping. The answer turns out
to be affirmative. However, in the undoped sample A, the fine
spectrum at resonance is barely visible against the shot noise
of the huge PL, as shown in Fig. 3(b). Had we not observed
a well-resolved spectral structure in the doped samples, we
would probably have overlooked the structure present in the
spectrum of sample A.

Let us return to sample B where the fine spectrum is best
resolved. We studied the dependence of the emission spectrum
on the pump density over two decimal orders of magnitude
[one order above and one order below the conditions of
Fig. 2(a)]. Both the intensity of the fine spectrum and that of
the exciton PL change linearly with the pump intensity. The
distribution of lines of the structured spectrum is not sensitive
to either pump power or temperature. For temperature and
polarization dependences of the spectra, see Supplemental
Material [13].

One may suppose that the observed fine spectrum origi-
nates from quantization of LO phonons in QWs along the
growth direction [16]. However, the appearance of the five-
line fine spectrum [Fig. 2(a)] suggests its decomposition into
a “central line” (Raman shift 20.88 meV) and two pairs of
satellites symmetrically shifted around it akin to Stokes and
anti-Stokes components. It turns out that the ratio of the fre-
quency shifts of the outer and inner satellite peaks from the
central line is very close to the ratio of the longitudinal and
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FIG. 2. (a) Emission spectrum from the 18-ML QW in sample B (moderate rhenium doping) under laser excitation (red arrow at
1.682 38 eV) exactly one LO phonon above the e1hh1(1s) exciton resonance. (b) Calculated energy dispersion curves for e1hh1(1s) (black
line) and e1hh1(2s) (blue line) excitons as functions of the dimensionless in-plane wave vector q⊥a0/π . Magenta (green) lines show the
dependences Elaser ± cS q⊥ with S = L(T ) corresponding to the dispersion of LA (TA) phonons. Intersections of the green and magenta lines
with the blue one correspond to the condition of the intermediate resonance leading to the appearance of the side lines on the spectrum in
(a). The red arrow indicates elastic scattering of the 2s exciton to the hot 1s-exciton state on a static random potential of the heterointerface
responsible for the central line on the spectrum in (a). (c), (d) Same as (a) and (b) but for laser excitation (at 1.684 36 eV) slightly above one
LO phonon from the e1hh1(1s) exciton resonance.

transverse sound velocities in bulk CdTe. This clearly suggests
the origin of the outer and inner satellite peaks from the LA
and TA phonons and rules out alternate interpretations.

In order to explain the observed fine spectrum we need to
invoke not only the exciton ground state, e1hh1(1s), but also
the higher-lying state of the e1hh1(2s) exciton. The presence
of this state has been detected in CdTe/CdMnTe QWs [17,18]
in the PL excitation (PLE) spectra. In order to find its energy
position we have performed variational calculations. Since
it has been noted [17] that calculated values of the exciton
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FIG. 3. Fine structures in the emission spectra of the rhenium-
doped sample C (a) and in the undoped sample A (b) in the region
of the excitonic resonance in the 18-ML QW. Laser excitation at
(a) 1.698 48 eV and (b) 1.691 66 eV. The dashed line in (b) represents
a “normal” PL spectrum obtained with other (nonresonant) excitation
energy. The inset shows a top of the X emission band in the enlarged
scale.

binding energies are typically appreciably smaller than the
observed values, for our calculations we used the value of
the static dielectric constant in the barrier layers ε0 = 9.12 in
order to describe the electron-hole Coulomb attraction in both
the barrier and the QW layers (the static dielectric constant
of CdTe is 10.4). This gave us the values of the exciton
binding energies of 20.45 and 3.41 meV for the e1hh1(1s)
and e1hh1(2s) excitons, respectively. The resulting order of
exciton levels is shown in Figs. 2(b) and 2(d). This figure al-
lows one to understand the origin of the outer (inner) lines of
the fine spectrum. The incident light quasiresonantly excites
the e1hh1(2s) exciton. Optical excitation is followed by an
emission or absorption of a LA (TA) phonon with a wave
vector in the plane of the QW and a transition to the state of
the e1hh1(2s) exciton with the in-plane center-of-mass wave
vector q⊥. Next, emission of an LO phonon accompanies the
transition to the state of the e1hh1(1s) exciton followed by the
exciton recombination. The Feynman diagram [19] describing
these processes is shown in Fig. 4(a). We note that, since
the e1hh1(1s) and e1hh1(2s) exciton states are orthogonal,
the process involving only the center-zone LO phonon is
forbidden.

The energy positions of the inner and outer lines of the
fine spectrum are determined by two factors: the condition of
the intermediate resonance and the efficiency of the e1hh1(2s)
exciton interaction with LA (TA) phonons. The condition of
the intermediate resonance is illustrated in Fig. 2(b) for 2D
phonons (having no qz component) and incident light on the
frequency exceeding the frequency of the e1hh1(1s) excitonic
resonance by that of one LO phonon. The resonant condition
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FIG. 4. (a) Feynman diagram [19] corresponding to the scattering process. Incident light excites the e1hh1(2s) exciton which gets scattered
to the state of the e1hh1(2s) exciton with a finite in-plane center-of-mass wave vector by emission (absorption) of the acoustic phonon. The
subsequent transition to the e1hh1(1s) exciton state is assisted by emission of the LO phonon. The scattered light is emitted after recombination
of the e1hh1(1s) exciton. (b) Relative contributions of the exciton-phonon coupling (blue solid line) and intermediate resonance profile with
exciton decay rates of � = 0.2 meV (green solid line) and � = 1 meV (green dashed line) to the spectral line as a function of LA-phonon
energy (lower scale) and TA-phonon energy (upper scale). (c) Calculated normalized spectra corresponding to the scattering process with the
participation of the LA (red line) and TA (blue line) phonon at T = 8 K. Excitation energy is the same as in Fig. 2(a).

is satisfied when the green and magenta lines intersect in
Fig. 2(b) with the blue line, describing the dispersion of the
e1hh1(2s) exciton. The relative roles of the two factors are il-
lustrated in Fig. 4(b). When the exciton decay rate is relatively
low, then the energy denominator in the expression for the
scattering rate (see Supplemental Material [13]) correspond-
ing to the intermediate resonance leads to a sharp resonance
profile which mainly determines the energy positions of the
satellite lines in Raman spectra. For higher exciton decay rates
this resonance profile is wider and the positions of the satellite
lines are determined by both resonance conditions and the en-
ergy dependence of the exciton-phonon coupling. In the latter
case the positions of the satellite lines are less sensitive to
the change of resonance condition induced by the change of
the excitation energy. We believe that this case describes our
experimental observations. The interplay of these two factors
leads to an effective selection of acoustic phonons by the
in-plane wave vector which determines the energy positions
and linewidths of the satellite lines.

We calculated normalized spectra corresponding to the
light scattering on the combination of LO and LA (TA)
phonons. In this calculation we used the values of sound ve-
locities of cL = 3.35 × 105 cm/s (cT = 1.79 × 105 cm/s) for
the longitudinal (transverse) sound in CdTe, averaged over the
sound propagation directions. These calculations also allow
for finite components of the phonon wave vectors along the
growth direction. The outcomes of our calculations are shown
in Fig. 4(c). The excitation energy was chosen to coincide with
the excitation energy in the experimental spectrum shown in
Fig. 2(a). One can see that the results of the calculation closely
reproduce the energy positions of the outer and inner lines
of the experimentally observed fine spectra. For these model

calculations, we took the widths of all the exciton resonances
(incoming, intermediate, and outgoing) to be equal to 1 meV
(see Supplemental Material [13] for more calculated spectra).

Now we should discuss the origin of the central line in the
fine spectrum [cf. Fig. 2(a)]. In Ref. [18] a double resonance
in secondary emission has been studied in a semimagnetic
CdTe/Cd1−xMnxTe multiple QW structure at T = 1.6 K. The
double resonance was achieved by a resonant laser excitation
of the e1hh1(2s) exciton and optical detection resonant with
the energy of the e1hh1(1s) exciton. A strong diamagnetic
shift of the 2s exciton in an external magnetic field allowed
one to tune the 2s-1s spacing in the range from 16.2 meV
at zero field to 25 meV at B = 9.4 T in an 85-Å-wide QW
[18]. When this spacing was in resonance with the energy
of a LO phonon (∼21 meV), a strong enhancement in the
intensity of the detected signal was observed. Depending
on polarization, such an enhancement was observed for two
different magnetic fields corresponding to the resonances be-
tween different Zeeman-split exciton sublevels. This behavior
was explained by the elastic scattering of the 2s exciton to the
state |e1hh1(1s), q⊥〉 of the 1s exciton with a large in-plane
center-of-mass wave vector q⊥ with subsequent multiple scat-
tering by a static random potential of the heterostructure and
emission of a LO phonon [see the red arrow in Fig. 2(b)]. Sim-
ilar explanations were suggested for observations of double
resonances in secondary emission in the bulk materials [20]
and in GaAs/AlxGa1−xAs QWs [21]. We believe that a similar
mechanism underlies the appearance of the central peak in our
spectra.

To conclude, we have observed the fine structure of spectral
lines in Raman scattering from QWs under normal incidence.
The lines shifted from the LO-phonon line by 2–3 cm−1 were
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resolved. The outer (inner) lines in the observed spectrum are
explained as originating from the Raman scattering on the
combination of LO and LA (TA) phonons with the e1hh1(2s)
exciton as an intermediate state. The central line is due to
elastic scattering of the 2s exciton to the hot 1s-exciton state
on a static random potential of the heterostructure, followed
by emission of a LO phonon. The observed phenomenon
is masked by the strong PL but has a universal charac-
ter and can be enhanced in doped samples, where PL is
suppressed.
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