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Abstract: Electromagnetically-induced transparency (EIT) is observed and
analyzed for the group velocity of a femtosecond light pulse interacting with
GaAs/AlGaAs multiple quantum wells (MQWs) in a transient regime. The
calculated slowdown factor of the group velocity inside the medium due to
the dynamic refractive index change is ~2.10 × 103. We discuss the potential
of EIT-induced slow light in GaAs/AlGaAs MQWs for ultrafast (~210
GHz) all-optical information processing such as photon routing.
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1. Introduction
Controlling the speed of light in solid state materials has drawn significant attention because
of its potential application to photonic devices such as all optical buffer memories and
quantum information processing [1,2]. Several techniques to control the speed of light have
been demonstrated, including electromagnetically-induced transparency (EIT), population
oscillation (PO), stimulated Brillouin scattering (SBS), and stimulated Raman scattering
(SRS) [3–6]. Recently, Ku et al. reported slow light via PO, which is mainly influenced by the
lifetime of excitons, using a process of coherent wave mixing with continuous wave (CW)
lasers in GaAs/AlGaAs MQWs [7]. In a three-level system for EIT, destructive quantum
interference between two absorption pathways renders an opaque medium transparent even in
a resonant light field [8]. Phillips et al. reported EIT via exciton correlation to control exciton
absorption processes with femtosecond excitation in GaAs/AlGaAs MQWs at 10 K, which is
due to the rapid decay and the fragile nature of the quantum coherence in semiconductors [9–
11]. However, in GaAs/AlGaAs MQWs, slow light via EIT has not been reported in a
transient regime. Modification of an absorption spectrum in a narrow spectral region via EIT
induces a very steep change of refraction as a function of frequency, and results in slowing the
group velocity of light in the medium [3].
In this paper, we report an observation of EIT with an ultrafast (fs) light pulse resonantly
interacting with GaAs/AlGaAs multiple quantum wells (MQWs) for exciton transitions, and
analysis of the slowdown factor of the light using a fourth-order Runge-Kutta method in a
transient regime. The calculated group velocity is ~1.44 × 105 m/s, where the slowdown factor
due to EIT is ~2.10 × 103. The observed bandwidth of the EIT transparency window is as
wide as ~210 GHz, where the corresponding pulse duration is as short as ~3 ps.
2. Experimental details
The GaAs/Al0.35Ga0.65As MQW sample was grown on a GaAs substrate by molecular beam
epitaxy. Figure 1(a) shows the GaAs/Al0.35Ga0.65As MQW sample configuration containing
twenty periods of wells (GaAs) and barriers (AlGaAs) with a thickness of 9 nm and 20 nm,
respectively. To measure transmission, the topside of the MQW sample was mounted on a
sapphire disk, and the GaAs substrate was removed using mechanical polishing and chemical
etching techniques. The GaAs MQW sample was placed in a helium cryostat, keeping the
temperature at 10 K to reduce phonon scattering. The light pulse of Ti:Sapphire laser (KM
Labs Inc., Chinook) has a 25 fs pulse duration at an 82 MHz repetition rate and a temporally
Gaussian shape. The wavelength of the laser is 800 nm to excite excitons in GaAs MQWs.
The output beam from the laser is split into two to create a strong coupling (or pump) beam
and a weak probe beam. Each beam’s polarization is controlled by using a combination of
half- and quarter-wave plates. The coupling beam is passed through a pulse shaper so that the
pulse duration is stretched approximately 100 times longer than the probe pulse duration and a
much narrower spectral linewidth (~0.5 nm) is obtained for a central wavelength of ~790 nm.
A temporal overlap between the coupling and probe pulses inside the sample is controlled by
using a homemade probe pulse time-delay system. The coupling and probe pulses are focused
onto the sample by a 5 cm focal length lens. A beta-barium borate (BBO) crystal is employed
to measure the temporal overlap as well as the spatial overlap between the coupling and probe
pulses. The coupling laser intensity is ~0.24 MW/cm2 in the sample. The coupling and probe
pulses are right circularly (σ+) and left circularly (σ−) polarized to excite doubly degenerated
heavy hole (HH) excitons with opposite spins, respectively.
Figure 1(b) shows the absorption spectrum of the probe interacting with the GaAs MQWs
at ~10 K. The observed 1s HH and 1s light hole (LH) exciton peaks are ~790.02 nm and
~782.40 nm, respectively. The well thickness (9 nm) of the sample is much thinner than that
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of the bulk exciton Bohr radius of GaAs (13.5 nm) [12]. Since the strong quantum
confinement of excitons is satisfied in the quantum wells, a large energy splitting (~7.62 nm)
occurs between the 1s HH and the 1s LH; the peaks are blue-shifted from the absorption edge
of a bulk state (~870 nm) [13]. Figure 1(c) shows the electron transitions from the doubly
degenerated ground states (or HH states), |−3/2〉 and | + 3/2〉, to the excited states, |−1/2〉 and |
+ 1/2〉, by right circularly polarized light σ+ and left circularly polarized light σ−,
corresponding to the excitation of the spin up (|X+〉) and spin down (|X−〉) HH excitons,
respectively [14]. The pair of opposite circularly polarized coupling and probe pulses in the
MQW sample with a nearly zero time delay induces an unbound two-exciton continuum state
(or unbound biexciton state, |X+X−〉unb) and an interacting bound two-exciton state (or bound
biexciton state, |X+X−〉bou) via Coulomb correlations between the HH excitons with opposite
spins, resulting in the exciton spin coherence for EIT in GaAs MQWs [9,14]. The two
symmetric pathways of the exciton transitions of a four-level system are formed by exciton
interactions. The exciton transition processes between the single exciton states and the twoexciton states are depicted with the opposite circularly polarized laser beams as shown in Fig.
1(d).

Fig. 1. (a) GaAs MQW sample configuration; (b) absorption spectrum of the sample with 1s
HH and 1s LH absorption peaks; (c) electron transitions between the HH bands and the
conduction bands; and (d) HH exciton transitions between the single-exciton states and twoexciton states.

3. Results and discussion
The thicker solid (blue) lines of Figs. 2(a) ~2(c) show the experimental results of femtosecond
EIT via the unbound two-exciton state with a satisfaction of two-photon resonance in GaAs
MQWs at λc = ~789.92, 790.02, and 790.12 nm for the coupling laser wavelengths,
respectively, with a nearly zero time delay (τ = 0) at 10 K. Even though the probe pulse is as
wide as ~28 THz (~25 fs) in bandwidth, only a limited portion of the bandwidth is used for
EIT. As shown in Fig. 2(b), a typical EIT phenomenon of absorption reduction at line center is
observed and the EIT transparency window is as large as ~210 GHz, which is obtained by the
full width at half maximum (FWHM) of the absorption dip. The window is relatively broad
compared with that reported by Phillips et al.: ~90 GHz of the EIT transparency window
using a 150 fs probe pulse and a 6 ps coupling pulse [9–11]. The broad window is caused
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mainly by the relatively shorter coupling pulse duration. However, the FWHM of the coupling
spectral width is narrower than that of the HH absorption width. At slightly off-resonance
transitions of the coupling, an asymmetrical EIT dip is also observed in Figs. 2(a) and 2(c) as
a proof of EIT. The broadened HH exciton absorption linewidth is due mainly to the light
absorption to both unbound and bound biexcitons around 790 nm and 791.4 nm, respectively.
Figures 2(b) and 2(d) ~2(f) show the time-resolved pump-probe EIT with a delay τ in
GaAs MQWs for τ = ~0 ps, + 3 ps, −2 ps, and −3 ps, respectively, at a fixed coupling
wavelength: λc = 790.02 nm, where τ defines the delay time of the probe pulse peak to the
coupling pulse peak as shown in the inset in Fig. 2. The delay τ−dependent experimental
results reveal that the modified absorption spectra result from a coherent process and are not
due to spectral hole burning [10] because the hole burning persists for longer than 1 ns in
GaAs MQWs [15]. Thus, the transparency increase in Fig. 2 is due to EIT.

Fig. 2. EIT in GaAs MQWs in a transient regime for a 25 fs probe light at (a) the coupling laser
wavelength λc = 789.92 nm; (b) 790.02 nm; (c) 790.12 nm at the pump-probe delay τ = 0; and
at λc = 790.02 nm at the pump-probe delays (d) τ = + 3 ps; (e) −2 ps; and (f) −3 ps. The dashed
lines, thicker solid (blue) lines, and thinner solid (red) lines indicate the experimental results
without, with the coupling laser, and the best fitting results obtained by the optical Bloch
equations (OBEs) with the coupling laser, respectively. The inset shows the pulse shapes and
delay τ between the coupling and probe pulses. The dashed arrow indicates the spectral
position of the coupling laser pulse.

For simplification, we denote the two single-exciton states (|X+〉 and |X−〉) by |1〉 and |2〉,
respectively, and treat the unbound two-exciton continuum states (|X+X−〉unb) as a single level
by |3〉 [10,16]. In the excitation region, the states |1〉, |2〉, and |3〉 form a Λ-type three-level
system via Coulomb correlations and the destructive quantum interference between two
absorption pathways (|1〉 to |3〉 and |2〉 to |3〉) causes EIT with a two-photon resonance. As
mentioned above, since the pulse duration of coupling is much longer than that of probe and
zero time delay between the pulses, we can assume that the state |1〉 is initially populated
before the probe pulse arrives under the coupling field with longer pulse duration, and is
treated as a ground state in the Λ-type three-level system. In the transition configuration, as
shown in Figs. 1(c) and 1(d), a V-type system via transitions from |g〉 to |1〉 and from |g〉 to |2〉
does not create EIT because no common state is shared. In the case of a ladder-type system in
GaAs/AlGaAs MQWs, the absorption dip shifts must be opposite the present experimental
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results to satisfy the two-photon resonance condition for EIT, which indicates that EIT for the
ladder-type model {|3〉 − |1〉 (or |2〉) − |g〉} is either not present or very weak to be neglected
[10,11].
To analyze the experimental results of Fig. 2, we employ optical Bloch equations (OBEs)
for a Λ-type three-level system with first-order perturbation in a weak probe field [10]:

σɺ 31 (t ) = ( i ∆ p − γ 31 ) σ 31 (t ) + µ31 E p (t ) + µ32 Ec (t )σ 21 (t )
i
ℏ

(

i
ℏ

)

σɺ 21 (t ) = i ( ∆ p − ∆ c ) − γ 21 σ 21 (t ) + µ32* Ec*σ 31 (t )
i
ℏ

(1)
(2)

where ρ31(t) = σ31(t)exp[−iωpt] and ρ21(t) = σ21(t)exp[−i(ωp−ωc)t] are the off-diagonal terms of
the density matrix elements, and σ31 (σ21) is the slowly varying quantity of ρ31(t) (ρ21(t)). The
initial population is set: ρ11 = 1; ρ22 = ρ33 = 0. The ωp and ωc are the angular frequencies of the
probe and coupling, respectively. The γ31 (γ21) is the decay rate of coherence between the state
|3〉 (|2〉) and the state |1〉. The µij and ħωij are the dipole matrix elements and energy
differences between states |i〉 and |j〉, (i = j = 1, 2, 3, i≠j); ∆p ( = ω31−ωp) and ∆c ( = ω32−ωc)
are the frequency detuning parameters of the probe and coupling pulses; and Ep and Ec are the
pulse envelopes of the applied probe and coupling electric fields, respectively. The coupled
differential equations are solved using a fourth-order Runge-Kutta method.
The absorbance of the GaAs MQWs is expressed by A≅0.43Lα(ω), where L is the total
thickness of the GaAs MQWs, and α(ω) is the absorption coefficient [17]:

 σ (ω ) 
2 N µ31 ω
ω
Im [ χ (ω ) ] =
Im  31
α (ω ) ≅

c ε bac
ℏε 0 ε bac c
 Ω p (ω ) 
2

(3)

where χ(ω) is the susceptibility; N is the number density of carriers; ε0 is the electric
permittivity of free space (≅8.85 × 10−12 C/V·m); c is the speed of light in vacuum; and Ωp(ω)
= 2µ31Ep/ħ is the Rabi frequency of the probe. In a resonant region, the dielectric constant can
be expressed by εr = εbac + χ, where εr is the relative dielectric constant of the material and εbac
(≅12.7) is the background dielectric constant far away from the resonant region [12,18]. The
red (thinner solid) lines in Figs. 2(a) through 2(f) show the best-fit theoretical data obtained
from Eq. (3) via Fourier transformation of Eqs. (1) and (2) for the experimental results of EIT.
From the FWHM of 1s HH exciton transition linewidth (~1.25 nm) without the coupling
pulse, the depth of the absorption dip and the width of EIT are used to calculate both the
dipole decoherence rate (γ31~2.0 × 1012 Hz) and the nonradiative decoherence rate (γ21~0.8 ×
1012 Hz). From the analysis for Fig. 2(b) we can calculate the Rabi frequency of the applied
coupling field to be ~0.38 THz. From this analysis we can conclude that the probe absorption
is half reduced by EIT, where the bandwidth is ~210 GHz.
Figures 3(a) and 3(b) show the calculation results of the normalized absorption as a
function of coupling laser intensity for different values of coherence decay times T31 ( = 1/γ31)
and T21 ( = 1/γ21), respectively, at a zero time delay τ = 0 with zero coupling detuning ∆c = 0.
The absorption reduction via EIT becomes larger as the coupling laser intensity and coherence
decay times increase. The decay of nonradiative coherence γ21 in semiconductor materials for
EIT depends much on the decay of hole spin coherence, which is strongly influenced by the
sample quality including alloy fluctuations, surface roughness [19] or defects [20] of each
layer.
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Fig. 3. Calculations for the change of absorption with (a) fixed T31 ( = 1/γ31) and various T21 ( =
1/γ21), and (b) with fixed T21 and various T31 as a function of the coupling laser intensity at a
zero time delay with a zero coupling laser frequency detuning.

Fig. 4. Calculations (a) ~(c) for the change of the refractive index and (d) ~(f) for the group
refractive index of GaAs MQWs as a function of wavelength at τ = 0 ps. The dashed lines and
solid lines indicate the calculation results without and with coupling laser, respectively. For (a)
and (d) λc = 789.92 nm; for (b) and (e) λc = 790.02 nm; and for (c) and (f) λc = 790.12 nm. The
dashed arrow indicates the spectral position of the coupling laser pulse.

Since the reduction of the probe absorption via EIT is related to the refractive index
change of the medium, this reduction causes group refractive index change as a function of
frequency: ng(ω) = (n + ωdn/dω), where n is the refractive index. The group refractive index
(ng) represents the ratio of the speed of light in vacuum to the group velocity (vg) of light in
the medium as a slowdown factor: S = c/vg. Using the Kramers−Kronig relation, the
slowdown factor S is redefined by the speed of light multiplied by the ratio of depth to width
of the EIT dip: S≅c∆α/(2π⋅∆νFWHM), where ∆α and ∆νFWHM are ~9.16 × 106 m−1 and ~210 GHz,
respectively [7]. The bandwidth of 210 GHz is far beyond the all-optical switching bandwidth
limited by carrier relaxation time determined by exciton recombination processes.
Figure 4 shows the calculation results for the refractive index (n) and the group refractive
index (ng) with and without the coupling laser using the OBEs based on the same parameters
obtained from the EIT experiments as shown in Figs. 2 at τ = 0 ps. In the calculations for the
line center (coupling laser at λc = 790.02 nm), the change of the refractive index (∆n) is
extracted to be ~0.11, and the group refractive index and group velocity are ~2.10 × 103 and
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~1.44 × 105 m/s, respectively. Although the group refractive index is relatively small (or
group velocity is relatively large) compared with that obtained by PO in Ref. 7, the broader
optical bandwidth has benefit for ultrafast active photonic device applications such as photon
routing based on slow light phenomena [21].
4. Summary

EIT and slow light in GaAs/AlGaAs MQWs have been investigated via an unbound biexciton
state in a transient regime using femtosecond laser light. The changes of refraction, group
refractive index, and group velocity of light have been obtained indirectly by calculating the
OBEs with the slowdown factor calculated from the EIT experimental results. The results of
EIT and slow light of a femtosecond laser pulse show promise for ultrawide bandwidth alloptical information processing such as ultrafast photon routing, where the obtained bandwidth
(210 GHz) is beyond the conventional limitation (≤ 100 GHz) of subnanoseconds determined
by exciton recombination processes.
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