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Abstract. We present photoluminescence, reflectivity and Raman scattering measurements on a
GaAs Fabry–Ṕerot bulk microcavity. A strong enhancement of the Raman scattering efficiency
is observed when either the incident or the scattered photons are tuned to the cavity mode.
Resonance curves are obtained for scattering by both transverse and longitudinal optical phonons,
and analysed in terms of the optical amplification due to confinement of the electromagnetic
field. Resonance effects as strong as that observed in microcavities with embedded quantum
wells are observed. Single and double resonance Raman profiles are calculated and a good
agreement with measurements is obtained.

1. Introduction

Fabry–Ṕerot semiconductor microcavities receive a growing interest due to their application
potential in opto-electronics as high efficiency emitters, optical routing systems and
thresholdless lasing devices [1]. From a fundamental point of view microcavity structures
introduce in solid state physics the concept of photon confinement and hence the ability
to control the photonic density of states [2, 3]. Indeed, the reduction of the continuum of
photon states to a few (or one) allowed electromagnetic modes has important impacts on the
light–matter interaction: enhancement (or inhibition) of the spontaneous emission, strong
exciton–photon coupling [4–8]. Moreover, it has been shown that microcavity structures
can be used as optical resonators for inelastic light scattering.

Previously published studies devoted to Raman scattering enhancement by means
of photon confinement in a semiconductor microcavity were performed on Fabry–Pérot
structures with quantum wells embedded inside the cavity [9–14]. Fainsteinet al [9–
11] first reported the observation of resonant Raman scattering by interface phonons in
InGaAs/GaAs quantum wells embedded in aλ/2 AlAs cavity. Moreover, Raman scattering
has been studied in the strong exciton–photon coupling regime, and clear evidence for cavity
polariton mediation of the scattering processes has been indicated [12–14]. In this work
we present photoluminescence, reflectivity and Raman scattering measurements on a GaAs
bulk microcavity where the whole body of the cavity is used as the active material [15].
In this structure the energy separation between the Fabry–Pérot mode and the excitonic
transitions is such that strong exciton–photon coupling effects are ruled out. In that way
pure photonic effects can be investigated. The photoluminescence and reflectivity data are
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here used to study the optical properties of the cavity around the Fabry–Pérot resonance
and to determine the experimental configurations for which the enhancement of Raman
scattering can be achieved. Resonance profiles are obtained for Raman scattering by both
transverse and longitudinal optical phonons and analysed in terms of optical amplification
effects.

2. Experiments

The sample used in this study is an asymmetric Fabry–Pérot resonator grown by molecular
beam epitaxy on a (100) GaAs substrate. It consists of a(6λ/2) GaAs cavity sandwiched
between two distributed Bragg reflectors (DBRs). The top DBR is made of nine quarter-
wave Al0.1Ga0.9As/AlAs stacks, whereas the bottom DBR involves 24 stacks in order to
correct the backside reflection for the absorption in the GaAs cavity. Absence of rotation
during growth leads to a wedge-shaped sample: the thickness of all layers varies by 3%
from the centre to the border of the wafer, and thus the cavity mode energy depends on the
position on the sample. This allows us to tune the cavity mode either to the incident or to
the scattered photons by selecting the appropriate point under investigation.

All measurements were performed at liquid nitrogen temperature. The photolumines-
cence (PL) and Raman scattering (RS) were excited by focusing, onto a 0.1 mm diameter
spot, a 4 mW beam of a Ti:Sa laser operating atEL = 1.478 eV, i.e. below the band-gap
of GaAs (≈1.51 eV at 77 K). The angle of incidence was fixed atθi = 50◦ with respect to
the cavity axis. The emitted light was collected along the cavity axisθd = 0◦ and dispersed
using a triple spectrometer coupled to a conventional photon counting system. In our ex-
perimental configuration only the laser spot position was changed (simply by moving the
sample). In addition to the PL and RS data, the intensity of the reflected laser beam was
measured for each probed point.

3. Results and discussion

A typical photoluminescence spectrum is shown in figure 1. The strong recombination peak
located atEL−Ed = 31 meV(EL−Ed being the energy shift between incident and detected
photons) is due to the spontaneous emission of photons into the cavity mode acting as a
band-pass filter. Since the emitted light is detected along the cavity axis one obtains from this
spectrum the cavity mode energy:Ec(θ) = Ec(0) = 1.447 eV. The energy width1Ec(0)
of the cavity mode is estimated at 2.4 meV from the linewidth of the filtered luminescence
peak. In principle, one has to correct the PL spectrum of figure 1 from the PL response of
bulk GaAs (i.e. without cavity) in order to deriveEc(0) and1Ec(0). Nevertheless, here
the energy range under consideration is well below the excitonic transitions (≈1.51 eV)
and hence the photoluminescence intensity (of bulk GaAs) is a slowly varying function of
energy. So, accurate values ofEc(0) and1Ec(0) can be deduced directly from the filtered
PL spectrum.

The quality factor of the cavity, defined byQ(0) = Ec(0)/1Ec(0), is around 600 for
the investigated point. By probing different points we found thatEc(0) and1Ec(0) vary by
1 meV mm−1 and 50µeV mm−1, respectively. The change of the filtered PL intensity with
point position is of particular interest: a plot of the maximum intensity (i.e. atEd = Ec(0))
of the filtered PL versus the detuningEL−Ec(0) between the incident photons and the cavity
mode (atθ = 0) is presented in figure 1. The thus-obtained curve is a PL excitation (PLE)
spectrum but instead of changing the excitation energy(EL) as usual, hereEL is kept fixed
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Figure 1. PL, PLE, reflectivity (R) and Raman measurements. The PL spectrum is plotted as
a function of the energy shift1E = EL − Ed between incident and detected photons. The
lines labelled TO and LO are due to Raman scattering by transverse and longitudinal optical
phonons, respectively. The reflectivity (R) and PLE curves are plotted as a function of the
detuning1E = EL − Ec(0) between the incident photons and the cavity mode atθ = 0◦. The
continuous line is the best fit of 1− TL to the reflectivity data. The dashed line is a guide to
the eye.

and the cavity mode energyEc(0) is varied by probing different points. This curve shows
a maximum emission of PL atEL−Ec(0) = 31 meV corresponding to a particular point of
the sample where absorption of the incident photons is maximum. This is corroborated by
the reflectivity measurements (figure 1). As a matter of fact, the intensity of the reflected
laser beam is minimum also forEL−Ec(0) = 31 meV. So, the correlation between the PLE
and reflectivity data reveals the point of the sample where a maximum of incident photons
are transmitted to the cavity. This situation occurs under resonant excitation of the cavity,
i.e. for zero detuningEL − Ec(50) between the incident photons and the cavity mode at
θ = 50◦ (angle of incidence). One can note in figure 1 that the peak intensity and energy
of the filtered PL spectrum coincide with those of the PLE curve. In fact, the PL spectrum
shown in figure 1 was excited in resonance with the cavity mode, i.e. atEL = Ec(50).
Then, we obviously deduceEc(50) − Ec(0) = 31 meV for the energy difference between
the cavity mode atθ = 0◦ andθ = 50◦. According to the angular dispersion of the cavity
mode,Ec(θ) = Ec(0)/

√
1− sin2(θ)/n2 (where n ≈ 3.7 is the effective optical index),

the energy differenceEc(50) − Ec(0) can be approximated byEc(0) sin2(50)/2n2. Then,
sinceEc(0) varies by 1 meV mm−1, the change ofEc(50)− Ec(0) with point position on
the sample is estimated at 20µeV mm−1 only, and thusEc(50) − Ec(0) can be assumed
constant.

Stokes Raman scattering by transverse (TO) and longitudinal (LO) optical phonons of
GaAs is visible on the low energy tail of the filtered PL spectrum atETO = 33 meV and
ELO = 36 meV, respectively (figure 1). As mentioned above, this spectrum corresponds
to the incoming resonance situation. Resonant Raman scattering in the outgoing channel is
achieved by tuning the cavity mode to the scattered photons:Ec(0) = Ed = EL−ETO (or
EL−ELO). Figure 2 presents a set of typical Raman spectra obtained forEc(0) = EL−ETO
(spectrum a),EL−ETO < Ec(0) < EL−ELO (spectrum b),Ec(0) = EL−ELO (spectrum
c) and for the out of resonance situationEc(0) > EL − ELO (spectrum d). A strong
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Figure 2. Resonant Raman spectra obtained forEc(0) ≈ EL−ETO (spectrum a),EL−ETO <
Ec(0) < EL − ELO (spectrum b),Ec(0) ≈ EL − ELO (spectrum c) and out of resonance
Ec(0) > EL − ELO (spectrum d).

Figure 3. Comparison between measured (symbols) and calculated (continuous lines) resonance
profiles for Raman scattering by TO (dots) and LO (triangles) phonons. The intensities are
plotted as a function of the detuning between the incident photons and the cavity mode at
θ = 0◦. The arrows indicate the location of the incoming and outgoing resonance.

enhancement of the scattering by both LO and TO phonons can be observed in spectra a
and c (in comparison with spectrum d). Of course for outgoing resonance the filtered PL
falls into the energy range of Raman scattering and is visible in spectra a, b and c as a
broad band on which the phonon lines are superimposed. In order to derive accurate values
of the cavity mode energyEc(0) and width1Ec(0), as well as of the Raman intensities,
we used a deconvolution of the measured spectra into three Lorentzian components (TO,
LO lines and PL band).

Figure 3 shows a plot of the LO and TO intensities versus the detuningEL − Ec(0).
These data point out the enhancement of Raman scattering for both incoming and outgoing
resonance with the cavity mode. Indeed, according to the PLE and reflectivity measurements
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shown in figure 1, incoming resonance occurs atEL = Ec(50) = Ec(0) + 31 meV and
one can see in figure 3 that both TO and LO intensities indeed exhibit a maximum at
EL − Ec(0) ≈ 31 meV. With increasing detuning the Raman intensities decrease and then
a second maximum is observed but only for scattering by LO phonons which corresponds
to the outgoing resonanceEL − ELO = Ec(0) i.e. EL − Ec(0) = 36 meV. In fact, for
scattering by TO phonons incoming and outgoing resonance are not resolved. Indeed, since
ETO = 33 meV, the energy shift between incoming,EL −Ec(0) = 31 meV, and outgoing,
EL −Ec(0) = 33 meV, resonance is only 2 meV which is close to the energy width of the
cavity mode. In other words, Raman scattering by TO phonons is rather doubly resonant.

Figure 3 also presents resonance Raman profiles calculated assuming the measured
intensities are proportional toTLTs , whereTL (Ts) is the transmission coefficient of the
cavity at the incident (scattered) photon energy [9, 10]. This simply means that in order
to observe a Raman process the incident photon has to come into the cavity, then interacts
with optical phonons (via electron–phonon coupling) and finally leaves the cavity. ForTL
andTs we choose Lorentzian functions located respectively atEc(50) (incoming resonance)
andEc(0) (outgoing resonance). As mentioned above,Ec(50)−Ec(0) is assumed constant
(i.e. independent ofEc(0)). Strictly speaking the linewidths1Ec(50) and 1Ec(0), of
respectivelyTL and Ts , should change withEc(0) since the absorption coefficient of the
GaAs active layer contributes to the damping of the cavity mode and is energy dependent.
However, we found that1Ec(0) varies by only 50µeV mm−1, obviously becauseEc(0)
(and alsoEc(50)) is in the energy range where the absorption coefficient of GaAs weakly
depends on energy. Therefore, we assume constant1Ec(50) and1Ec(0) and determine
these values using a fit of 1− TL to the reflectivity data (figure 1), and ofTs to the filtered
PL spectrum labelled b in figure 2 (i.e. close to the outgoing resonance). We thus deduce
1Ec(50) = 1.8 meV and1Ec(0) = 2.1 meV. Note that this last value is smaller than
the one deduced from the filtered PL data of figure 1 (1Ec(0) = 2.4 meV) because of
the lower absorption coefficient; indeed in figure 2,Ec(0) is shifted toward lower energies
(with respect to figure 1).

As can be observed in figure 3, a good agreement between the calculated and measured
resonance Raman profiles is obtained for both TO and LO phonon scattering. It is
worthwhile to underline that the same values of1Ec(50) and1Ec(0) are used for the
calculations of the TO and LO phonon resonance curves. Note that there is no adjustable
parameter except the scaling factorsSLO(TO). The ratioSTO/SLO deduced from the data of
figure 3 is around 0.5. Nevertheless, the enhancement of the Raman efficiency is much more
pronounced for scattering by TO phonons because of the double resonance effect already
discussed above.

According to the Raman selection rules for a (100) oriented GaAs face [16, 17], only
LO phonons may take part in the backscattering of the incident light. However, it is
well known that deviations from the true backscattering configuration lead to a partial
activation of TO phonons [16]. But even for excitation under a grazing incidence the
TO/LO intensity ratio, measured on a thick GaAs layer (without cavity), does not exceed
0.1. Here, we found a larger value:STO/SLO ≈ 0.5. This can be explained by the fact
that a cavity gives the possibility of observing not only the backward but also the forward
scattering of light via a Raman process. Indeed, when the incident (scattered) photons are
in resonance with the cavity mode the bottom mirror of the cavity acts as a light source (a
light detector). So, the wavevector of the emitted phonon can be not only along the [100]
direction (near backscattering) but also along the [110] direction (near forward scattering) for
which scattering by TO phonons is allowed [16, 17]. This cavity effect may be responsible
for the activation of the TO phonon scattering as already proposed by Fainsteinet al [9, 10].
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The intensity gain due to the confinement of the electromagnetic field can be estimated
by considering the photon density of states around the Fabry–Pérot resonance. Indeed, the
cavity thickness along the growth direction isLc = 6λ/2 and for a given polarization there
is one photon mode in the frequency range1Ec(0) aroundEc(0). So the one-dimensional
density of states is essentially 1/(1Ec(0)Lc) = Q(0)/3(hc)−1, whereQ is the quality factor
of the cavity and(hc)−1 is the photon density of states in the case of free propagation [2].
For our cavity the enhancement factorQ(0)/3 is around 200. So the Raman intensity gain
should be of the order of 4× 104 assuming the same enhancement factors for both the
incoming and outgoing resonance. As a matter of fact, without a cavity, the Raman signal
of a GaAs thick layer probed under the same experimental conditions (laser power, laser
photon energy, temperature, accumulation time,. . . ) could not emerge from the background
noise which is around 5 counts s−1. The intensity scale in figures 2 and 3 is indicative of
the large optical gain.

4. Conclusion

In summary we have studied the enhancement of Raman scattering near the Fabry–Pérot
resonance of a bulk microcavity. Single and double resonance effects were observed for
Raman scattering by TO and LO phonons. The energy and linewidth of the resonance,
for the incoming and outgoing channels, were determined from the reflectivity and
photoluminescence measurements, and then used to analyse quantitatively the resonance
Raman profiles.

In structures with quantum wells embedded inside the cavity the energy of the Fabry–
Pérot mode is usually well below the band gap of the barrier material. So, since absorption
occurs only in the quantum well region, large quality factors can be easily achieved and
strong resonance effects are observed [9–11]. In our structure, absorption takes place in the
whole body of the cavity which is a serious limitation of the quality factor. Nevertheless,
we have shown that in bulk microcavities, even when the Fabry–Pérot mode energy is close
to but below the absorption edge of the active material, resonance Raman scattering as
strong as that observed in microcavities with QWs can be obtained.

References

[1] Burstein E and Weisbuch C (ed) 1995Confined Electrons and Photons: New Physics and Applications(New
York: Plenum)

[2] Kleppner D 1981Phys. Rev. Lett.47 233
[3] Yablonovitch E 1987Phys. Rev. Lett.58 2059
[4] Weisbush C, Nishioka M, Ishikawa A and Arakawa Y 1992Phys. Rev. Lett.69 3314
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