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Coupled Electron-Phonon Modes in Optically Pumped Resonant Intersubband Lasers
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Intersubband lasing at 12–16 �m based on a CO2 laser pumped stimulated resonant Raman process
in GaAs=AlGaAs three-level double-quantum-well structures is reported. The presence, or lack of,
lasing action provides evidence for resonantly coupled modes of collective electronic intersubband
transitions and longitudinal optical phonons. An anticrossing behavior of these modes is clearly seen
when the difference between the pump and lasing energies (i.e., Stokes Raman shift) is compared with
the subband separation. This work reveals the significance of the strong coupling between intersubband
transitions and phonons and raises a new possibility of realizing a phonon ‘‘laser.’’
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for the study of GaAs=AlGaAs heterostructures since the
early days of the research in this field [14,15].

tal details (see also Ref. [8]) are as follows. The side-
pumping cleaved-facet geometry was used. The excitation
New physical phenomena and devices in the infrared
and terahertz frequency regions have attracted much
interest in recent years. The quantum-cascade laser
(QCL) [1] is probably the most prominent and exciting
example of new semiconductor devices both in terms of
basic physics [2,3] and potential applications [4,5]. Being
a unipolar device involving only electrons, the QCL
operates by cascading many active stages. In contrast to
the QCL, which is electrically pumped, optically pumped
intersubband lasing has received only limited attention so
far [6–9]. Optical pumping offers the advantage of highly
selective excitation of carriers into the desired subband
and thus provides a tool for the study of the lasing
mechanism, carrier relaxation, and other processes.

In this Letter we report on experimental results from a
systematic study of optically pumped infrared lasers
based on the resonant intersubband Raman process. The
Raman effect is widely used as an optical characteriza-
tion tool in the study of semiconductors. Most experi-
ments, though, are carried out in the near-infrared to
visible spectral region, and very limited experiments
were reported so far in the midinfrared [10,11]. The
most important feature of the present work is the evidence
of resonantly coupled modes comprising collective inter-
subband transitions (IT) and longitudinal optical (LO)
phonons. Coupled modes in semiconductors were re-
ported in the classic paper of Mooradian and McWhorter
[12] on Raman scattering in doped bulk GaAs, which
provided definitive evidence of coupled electron plasmon-
phonon modes. Coupled electronic excitation-phonon
modes have also been observed in other solid state sys-
tems [13]. Light scattering experiments have been used
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Our artificial three-level system is realized in a
GaAs=AlGaAs asymmetric double quantum well
(DQW). The use of the asymmetric DQW provides the
flexibility in designing the desired level separations and
affords strong dipole-matrix elements among all states.
The structure and the Raman lasing characteristics are
illustrated in Fig. 1. The Raman laser works by optical
pumping from subband E1 to E3 and emitting from E3 to
E2. In the original (uncoupled intersubband-phonon) pic-
ture [9], the separation between E1 and E2 is made in near
resonance with a given LO-phonon mode having a fixed
phonon energy. All transitions are real (as opposed to
virtual) and resonant with intersubband separations. If
!pump, !laser, and !phonon are the pump, laser, and LO
phonon frequencies, respectively, we then have !pump �
!laser �!phonon for the Raman process. If the pump fre-
quency is varied (within the 1-to-3 absorption linewidth),
the lasing frequency must follow by exactly the same
amount since the phonon frequency is fixed; i.e., !pump �
!laser � !phonon � const for a given LO-phonon mode
(see the bottom part of Fig. 1).

To obtain a sufficient gain and output power the DQW
is repeated 150 times, separated by wide (20 nm) barriers,
center-delta doped with Si to 3� 1011 cm�2 with an
uncertainty of �10%. The aluminum fraction in all
AlGaAs barriers is fixed to 35% for all samples. A range
of well thicknesses were used: 7.4–8.0 nm for the wide
well and 4.7–6.1 nm for the narrow well, with the thin
tunnel barrier fixed at 1.13 nm. The modulation doping in
the wide barriers results in an electron population of
3� 1011 cm�2 in each DQW. The active region is clad
by appropriate waveguiding layers [7,8]. The experimen-
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FIG. 1. Top: the calculated double quantum-well potential
and wave functions; bottom: an illustration of the Raman
lasing characteristics. When the pump frequency is varied
within the linewidth of the 1-to-3 transition, the emission
frequency changes by the same amount so that the difference
is kept the same.
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source was a pulsed (50-ns width)CO2 laser. The emission
spectrum was measured using a Fourier transform inter-
ferometer. All lasing experiments were carried out with
a sample temperature of 80 K. The lasing characteristics
were well established in Refs. [8,9] where clear threshold
and spectrometer-limited narrow line behaviors were
shown.

For our structure, there are two materials components,
GaAs and Al0:35Ga0:65As. There are therefore three
LO-phonon modes: GaAs, GaAs-like, and AlAs-like,
with the latter two associated with the Al0:35Ga0:65As
alloy. The characteristics of AlGaAs LO phonons are
well studied and documented [16,17]. Taking the empiri-
cal expression [17] and the known temperature depen-
dence [16], we obtain 293 (36.3), 280 (34.7), and
383 �47:5� cm�1 �meV� for the GaAs, GaAs-like, and
AlAS-like modes, respectively, at 80 K. We have repeated
some of the dielectric continuum model calculations in
077402-2
Refs. [18,19]. We find that the GaAs, GaAs-like, and
AlAS-like ‘‘interface’’ mode frequencies occur very close
to their bulk values, practically independent of the
changes of the structural parameters in the range used
in the present work.

Our first Raman laser worked in near resonance with
the AlAs-like phonon with an observed !pump �!laser �
386 cm�1 [9], close to the expected AlAs-like phonon
value (383) but slightly larger. Since then, we have been
investigating a wide range of parameters in the hope to
observe Raman lasing with the GaAs phonon. At first
sight, the GaAs phonon mediated process may be stronger
than the AlAs-like phonon process, because the wave
functions overlap the GaAs wells in the DQW. If, how-
ever, we adopt the results calculated using the dielectric
continuum model [18,19], the interface phonons at both
the GaAs and AlAs-like mode energies propagate
through the DQW structure with nearly equal strengths
and therefore cause 2-to-1 transitions with equal
strengths. Our DQW wafers were designed to cover a
range of 1-to-2 energy separations and yet to have the
1-to-3 transition falling into the CO2 laser tuning range.
For the required systematic change, we fix the barriers
and vary only the well thicknesses. For the range of well
thicknesses used, our samples give a range of 1-to-2 level
separation of 28–42 meV which cover the GaAs phonon
energy of about 36 meV.

For all samples, emission spectra were collected for
different pumping wave numbers (frequencies). The spec-
tra were taken with a spectrometer resolution of 1 cm�1

and the lasing peak positions were determined with
an accuracy better than 1 cm�1 ( � 0:1 meV). Figure 2
shows the emission spectral peak position vs pump posi-
tion (for about half of the samples to avoid overcrowding),
with lasing wavelengths (wave numbers) from 12.0 (830)
to 16:4 �m (610 cm�1). Each type of symbol represents
one sample. The gaps with no data in regions of 960, 985
to 1030, and 1060 cm�1 are due to the CO2 laser tuning
gaps. The inset to the figure shows the transmission
spectrum for one sample at room temperature under a
multipass 45	 geometry. The data in Fig. 2 show that for a
given sample the lasing peak shifts very uniformly to
higher frequencies as the pump frequency is increased,
with a unity slope —a characteristic of the Raman pro-
cess. This means that for a given sample, the difference
between the pump and emission frequencies is constant.
Figure 3 plots this constant value of the difference be-
tween the emission peak and pumping positions as a
function of the 1-to-2 level separation for all samples.
Note that the difference plotted here is the Raman shift
of the Stokes process. The x axis of Fig. 3 is based both
on the absorption experiment (see the inset to Fig. 2 for
one sample) and the calculation, with an error bar of
about 1 meV. They are mutually consistent; i.e., the calcu-
lated separation corresponds to the difference between
the 1-to-3 and 2-to-3 absorption positions, taking into
077402-2
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FIG. 3. Difference between pump and emission photon ener-
gies (i.e., the Stokes Raman shift) versus level 1 and level 2
separation. The curves (solid for GaAs phonon and dashed for
AlAs-like mode of AlGaAs) are calculated from the coupled-
mode model. The two horizontal lines indicate the positions of
the LO phonons, while the two vertical dotted lines show the
expected anticrossing positions, 32.1 and 44.4 meV shifted
from the phonon energies (36.3 and 47.5 meV) by the depolar-
ization effect. All experimental data points have an error bar of
about 1 meV in the x axis, whereas the uncertainty in the y axis
is negligible (less than 0.1 meV).
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FIG. 2. Emission peak position versus pump position at 80 K.
Each type of symbol represents one sample. The inset shows the
transmission spectrum for one sample (indicated by the arrow)
at room temperature under a multipass 45	 geometry.

P H Y S I C A L R E V I E W L E T T E R S week ending
21 FEBRUARY 2003VOLUME 90, NUMBER 7
account the known temperature effect. In order to observe
the 2-to-3 absorption, we must use a higher temperature
than 80 K to populate the E2 subband.

The experimental results shown in Fig. 3 clearly in-
dicate that there are two inaccessible regions in the
neighborhood of the phonon energies, indicated by the
two horizontal lines. Given the fact that the intersubband
transition is a fully collective and resonant process and
causes not only an absorption but also a change in the real
part of the dielectric constant, we consider the following
coupled-mode picture, analogous to the well-known elec-
tron plasmon-phonon problem [12]. It has been well es-
tablished that coupled-mode formation in semiconductor
materials can be treated in the linear-response approxi-
mation [12,15]. Hence, in the present case also we take
the contributions of intersubband transitions and phonons
to the dielectric additive. The coupled-mode solutions are
found by setting the real part to zero:

Re
�IT�!� � �phonon�!�� � 0; (1)

where the intersubband transition contribution is

�IT�!� � �0�1
!2
IT

!2
12 �!2 � i!0�

; (2)

the phonon contribution is
077402-3
�phonon�!� � �0�1
!2
LO �!2

!2
TO �!2 � i!0�

; (3)

!IT � e2n3Df12=�0�1m
, m is the effective mass, !12 is

the 1-to-2 level separation, !TO=LO is the TO- or LO-
phonon frequency, �0 is the vacuum permittivity, �1 is
the high frequency dielectric constant, and 0� is the
damping or width parameter which is set to zero.

There are small uncertainties in most of the parame-
ters: The oscillator strength f12 (approximately unity
for the 1-to-2 transition) can be easily calculated, and
the phonon frequencies are well known. The three-
dimensional carrier density n3D is taken to be the modu-
lation doping density spread over the DQW, i.e., about 2�
1017 cm�3. The curves (solid for GaAs and dashed for
AlAs-like phonon) in Fig. 3 are the results of solving
Eq. (1) for the two phonons. The agreement with experi-
ment is evident. Note also that each point in Fig. 3 repre-
sents one sample, and therefore a large number of samples
have been characterized. Equation (1) can be easily solved
analytically, resulting in two solutions for the coupled
modes. Simple manipulations show that the anticrossing
point is not at !12 � !LO as would be anticipated but at
!2
12 � !2

LO �!2
IT. For the GaAs phonon (36.3 meV), this

point is calculated to be 32.1 meV, in acceptable agreement
with experiment (see Fig. 3). The coupled-mode analysis
077402-3
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[Eqs. (1)–(3)] is an approximation that includes the lead-
ing term in the collective excitation. This is the dynamic
Coulomb correction, i.e., related to the depolarization
effect. It is interesting to note the quantity !IT is equiva-
lent to the depolarization shift commonly seen in the
literature [20]. A similar linear-response model formula-
tion is used in Ref. [15]. A rigorous approach would
involve calculating the response function, similar to
that described in Mahan [21]. From such a derivation, it
is apparent that the expression given here is the (leading)
linear term.

Obviously the simple model employed here is mainly
to show the essential physics and for easy understanding
and presentation. It is by no means a complete theory. The
full solution to the problem would involve solving the full
three-level problem in the presence of the phonon modes,
the strong pumping field, and the lasing field. Moreover,
the intersubband transition causes an anisotropy in the
dielectric function. The effect is important in modeling
the electromagnetics, for example, calculating the modes
of the laser waveguides. The simple model does provide a
qualitative and physical understanding. The new coupled-
mode picture, in contrast with the conventional (pure
phonon) Raman scattering process, is as follows. Al-
though both are inelastic light scattering processes, the
fundamental difference is that the conventional picture
leaves the system in a state of one extra phonon, whereas
the new picture ends with the generation of a coupled-
mode excitation. We are not aware of other clear observa-
tions on resonantly coupled intersubband-phonon modes.

In conclusion, we have reported detailed experimental
evidence of coupled modes of collective intersubband
transitions and LO phonons in Raman lasing experiments
in an artificial three-level system. Our initial picture from
earlier experiments [9] of a pure phonon process is hereby
modified, and a new picture of lasing mediated by a
coupled intersubband-phonon mode is proposed. The
strong coupling effect is important in the understanding
and design of various intersubband infrared lasers, such
as QCLs. This work could open up a new avenue for
realizing a phonon or even a polaron ‘‘laser’’ that was
proposed by Wolff [22] over 30 years ago and discussed
again more recently [23].

We thank E. Dupont and P. Hawrylak for discussions
and J. Fraser and S. Rolfe for SEM and SIMS measure-
ments, respectively.
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