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Ultrafast index change induced by intersubband excitation in InxGa1−xAs /AlAsySb1−y quantum well
waveguides was evaluated by measuring the phase shift �� in a wide spectral range of 1.2–1.7 �m based on
a spectral analysis. We obtained a large enhancement in �� by tuning the probe photon energy to interband
absorption edge. The measured induced absorption �A also increased with reduction in the wavelength. The
spectra of �� and �A were well explained by the interband dispersion model under intersubband excitation
while the intersubband plasma dispersion previously reported has a negligible contribution.
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The ability to modulate the refractive index has enabled
us to adjust the group velocity of light, which is of particular
interest for a broad range of phenomena such as stopping and
storing optical pulses all optically,1 photonic transitions,2

gain without inversion,3 and cross phase modulation
�XPM�.4 Such all-optical light control is almost the ultimate
goal of modern photonics.5 Index modulation can be
achieved by optical cavities1,2 or strong light-matter interac-
tions in quantum wells �QWs�.3 Intersubband transition
�ISBT� in QWs has large optical nonlinearity and picosecond
carrier relaxation; therefore, it is exciting if we can control
the index of quantum wells by an all-optical means because
this may stimulate functional devices based on advantages of
QWs. Usually, the ISBT induced index change is effective
for light with the same polarization mode as control light.
For example, when we excite an ISBT by transverse-
magnetic �TM� light, the index change, as well as the absorp-
tion, will happen in correspondence to this individual
transition.6 However, transverse-electric �TE� light that is in-
active to ISBT is found to experience an index modulation of
picosecond response under intersubband excitation in our
InxGa1−xAs /AlAsySb1−y coupled double quantum well
�CDQW� waveguides.7,8 An interferometric ultrafast all-
optical switch based on this index modulation is promising in
obtaining a lossless on state if a �-rad phase shift is achieved
under a practical power level.5,8 Therefore, compared with
the switch based on TM light intensity modulation,9 this in-
terferometric switch will have high figure of merit due to the
use of TE light that is free from intersubband absorption. The
mechanism driving this cross-nature ultrafast index change is
still not understood thoroughly due to the lack of experimen-
tal evaluation of the index change.10 It is meaningful to
clarify the mechanism not only for enhancing the power ef-
ficiency of phase shift but also for understanding the physics
of nonlinear index response of QWs under intersubband ex-
citation.

In this paper, the index change was evaluated by measur-
ing the phase shift based on a spectral analysis method and
we examine the photon energy dependence of ultrafast index
modulation in QW system. We demonstrated a great en-
hancement of the phase shift by tuning the photon energy to
interband absorption edge. A model based on intersubband-

excitation enhanced interband transition well explained this
ultrafast cross-nature index change. This mechanism in
modulating refractive index of QWs has profound implica-
tions for optical communications and nonlinear optics.

Two possible origins may contribute to this XPM. One is
the intersubband plasma model where the phase shift is at-
tributed to the change in the total refractive index from the
carrier plasma dispersion summed up from each subband due
to the subband nonparabolicity and carrier redistribution.11

The phase shift in this model is independent of the probe
wavelength. The other is the interband dispersion model
where the enhanced interband transition �IBT� �Refs. 12–14�
takes place around the Fermi edge when the intersubband
excitation partially depletes the carriers at the first subband.
The index change will also occur although it was not studied
in these works. When the photon energy approaches the in-
terband absorption edge, the index change will greatly in-
crease and so will the phase shift; this is contrary to the
plasma model. With respect to this wavelength dependence,
this model was not fully considered in Ref. 11. Furthermore,
this model is effective for both heavy-hole �hh�-like and
light-hole �lh�-like valence bands so that both TE and TM
lights will undergo phase modulation. However, Drude
model in two-dimensional systems is only effective for TE
light owing to the in-plane electron excitation.11 Therefore,
we clarified the mechanism by examining the wavelength
dependence of XPM for two samples having different IBT
energies.

Two high-mesa waveguides �WGs� �S1 and S2� were fab-
ricated into 3-�m-wide stripes of �250 �m length. Their
epitaxial layers can be respectively referred to in Refs. 15
and 8. The InxGa1−xAs /AlAsySb1−y CDQW structures are
shown in Fig. 1�a� with the self-consistently calculated
results:16 x=0.53 and 0.8, respectively, for S1 and S2, and
y=0.56 for both. This calculation gives a good prediction in
ISBT energies compared to the intersubband absorption
spectra described elsewhere.8,15 All layers other than the well
layers in S2 and AlAs layers in both samples are lattice
matched to InP substrate. The doping density in S1 and S2
are about 9�1018 and 1.4�1019 cm−3, respectively. The in-
terband absorption spectrum shows that the absorption edge
in S1 is about 60 meV lower than that in S2, which depends
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on the valence-band dispersion, conduction-band nonparabo-
licity, and carrier density. In Fig. 1�b�, the TE loss of S1
increases faster than that in S2 with the shortening of the
wavelength, which supports that S1 has a smaller IBT energy
�hh-e1� than S2. TE light has no absorption loss in 1550–
1640 nm considering �2 dB waveguide-to-fiber coupling
while both TM losses exhibit a broadband �e1-e4�. Based on

the beam propagation method,17 the optical confinement fac-
tors �G� in CDQW layers are evaluated to be 0.55 for S1 and
0.42 for S2.

Figure 2�a� shows the fiber-based measurement system. A
mode-locked fiber laser ��1=1560 nm� was used to excite
the e1-e4 transition. A wavelength-tunable semiconductor la-
ser ��2�1.2–1.7 �m� generated the continuous-wave �cw�
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FIG. 1. �Color online� �a�
CDQW structures with the elec-
tron mass �mi in m0� and the sub-
level energy �ei in electron volts�
obtained by self-consistent
Schrödinger-Poisson calculation
including exchange-correlation
and nonparabolicity effect. Red
�dark gray� dashed lines show the
steady-state Fermi energies Ef0.
The reference level is the
conduction-band edge in the well
layer under flatband condition. �b�
Waveguide insertion losses. Inset:
waveguide-fiber alignment. The
pump wavelength �1=1560 nm,
which excites the e1-e4 transition.
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FIG. 2. �Color online� �a� Scheme of the
measurement system. The pump wavelength
�1=1560 nm. Points b and c, respectively, indi-
cate the positions for measuring the �b� phase-
modulated spectrum and �c� temporal intensity
waveform converted from the phase modulation.
Both �b� and �c� are measured at �2=1540 nm
with the pump energy Ep=8 pJ. A ratio R is de-
fined and �b is the phase bias of an interferom-
eter. �d� Comparison of the R−�� relation be-
tween the experiment and the simulation. The
FWHMs of phase response are indicated. �e�
Wavelength dependent R at Ep=8 pJ.
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probe signal to detect the phase shift ��. Evaluating �� in
time domain7 has a wavelength limit �1530–1565 nm� of the
optical sampling scope. In order to overcome this difficulty,
we adopt a spectral analysis by measuring phase-modulated
spectra �Fig. 2�b�� at point b in which an amplitude ratio R is
defined. We intend to derive �� from R after calibrating the
relation between R and �� at �2=1540 nm, where �� can
be evaluated in time domain �Fig. 2�c�� at point c through an
interferometer with a phase bias �b=� /2.7 �� in this cali-
bration was adjusted by tuning the pump energy
Ep��8 pJ� that refers to the pulse energy inputted into the
fiber and meanwhile, for each ��, we recorded a phase-
modulated spectrum to compute the corresponding R. Con-
sequently, we can obtain a R-�� relation at �2=1540 nm
and apply this relation to other wavelengths.

In Fig. 2�b�, a modulation band occurs under pump since
the phase of probe signal is periodically changed whereas it
disappears when the pump is off, leaving only a cw compo-
nent. �� increases linearly with Ep with a XPM efficiency
slope that is two times higher for S1 �0.088 rad/pJ� than for
S2 �0.044 rad/pJ� while R always follows R	Ep

2 even when
tuning the probe wavelength from 1540 to 1360 nm �not
shown�. Therefore, plotting R versus �� at 1540 nm in Fig.
2�d� reveals a sample-independent R-��2 relation, i.e., R and
�� have a one-to-one correspondence.

We have confirmed R-��2 by simulating the
phase-modulated spectrum through Fourier transforming
a cw electrical field Ex=A cos�
t+�� with �
=� j�� exp�−4 ln 2�t− jT0�2 / tw

2 �, where T0=100 ps and tw is
the full width at the half maximum �FWHM�. As seen in Fig.
2�d�, the simulation proves R-��2, which can be understood
by analytically treating the phase response as a cosine func-
tion, as is the case of the widest pulse width.18 Considering
the variations in tw from 3.7 to 4.2 ps when Ep increases
from 1 to 8 pJ, the experimental points are well covered by
the simulated lines within tw=4�0.5 ps. The width of 4 ps
can be convoluted from the pulse width ��2 ps� by using an
exponential decay with an intersubband relaxation time of
2–3 ps that was substantiated by a dynamics study.19 In ad-
dition, R-��2 is independent of the probe wavelength.18

Therefore, it can be used to evaluate the phase shift for other
wavelengths.

We measured phase-modulated spectra for TE probe in
both samples and TM probe in S2. As shown in Fig. 2�e�, R
in all three cases increases when shortening the wavelength.
This implies a corresponding wavelength dependence of ��,
which obviously contradicts the intersubband plasma model.
In particular, the TM light also undergoes a phase shift, pre-
senting another strong evidence to exclude the plasma
model. The contrast between S1 and S2 gives us a hint to
consider the difference in their hh-e1 energies.

Therefore, we propose the interband dispersion model un-
der intersubband excitation in Fig. 3�a�. The intersubband
excitation pumps a part of the carriers to the excited state e4,
and then they relax back to the e1 state by emitting phonons
and electron-electron scattering. The Fermi edge experiences
a modulation �Ef during this process, which arouses a tran-
sient state electron distribution f1�E�. Therefore, the initially
blocked IBT becomes allowable within a k-space region. The
index change ��n� will accompany this induced interband

absorption due to their origins in susceptibility6 and their
time responses are clearly determined by the intersubband
relaxation process. Therefore, the phase change occurs as
��=
�nL /c, where L is the effective length over which �n
is effective and c is the speed of light. In experiment, this
induced absorption was observed in Fig. 3�b� where
�A=�L is an analogy with ��	�nL. The wavelength de-
pendence of �A was also measured to be compared with that
of ��. As seen in Fig. 4, �A increases with increasing probe
photon energy while S2 has a larger threshold photon energy
from which �A obviously starts to increase.

In order to quantitatively explain the wavelength depen-
dent �A and ��, the interband absorption coefficient
= �
 /cn�0�Im��0��
�� can be expressed with a peak ab-
sorption coefficient �m� by assuming a Lorentz-shape spec-
trum L��
�. Then, we can reproduce �A from the difference
��f� in electron distribution functions between the steady
and transient states by using the product of L��
��f . For a
target �
, we sum this product for all transitions that may
contribute to �A as

�A = �
0

� �MmL��/2�2

Eg + E
·

�


�Eg + E − �
�2 + ��/2�2 · �f · dE ,

�1�

where Eg denotes the IBT energy and M is the period num-
ber of quantum wells. Other symbols have their usual mean-
ings. The sum of Eg and E corresponds to the contributive
transition energy Eib, and an interband absorption edge
E0=Eg+Ef. The effective length L is defined as the length
where the pump reaches an intensity attenuation of 1 /e
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FIG. 3. �Color online� �a� Schematic of the interband absorption
enhanced by intersubband excitation. Left: steady �f0�E� in black
shadow� and transient �f1�E� in red shadow �dark gray line�� elec-
tron distribution functions with their corresponding Fermi energies
Ef0 and Ef1. Right: E-k plot revealing a pump-induced interband
absorption. �b� Temporal transmission intensity at position b in
Fig. 2�a� of the probe light ��2=1360 nm� for S1 under an
8 pJ pump. A length-modified absorption can be defined as
�A=�L=−ln�1−�I / I�. � is the change in absorption coefficient
and �I is corrected by apparatus resolution.
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�LS1=32 �m and LS2=45 �m�. Based on the relation be-
tween the absorption coefficient and the refractive index
change,6 the spectrum of the phase shift can be written as

�� = �
0

� �MmL��/2�
2Eib

·
�
�Eib − �
�

�Eib − �
�2 + ��/2�2 · �f · dE .

�2�

�A and �� satisfy Kramers-Kronig transformation, similar
to � and �n. If both �A and �� have the same origin of
interband absorption, Eqs. �1� and �2� will simultaneously
predict their spectral features.

In order to calculate �A and �� using Eqs. �1� and �2�, Ef
and �Ef need to be determined first. Ef is �0.15 and 0.2 eV
with e1 as the reference level, respectively, for S1 and S2. In
the quantum well plane, the absorption photon number per
unit area should agree with the excited carrier density. The
sheet density of the absorbed photons is equal to
Ep ·10−0.2 ·G · �1−1 /e� / �w ·L ·M ·�
�, where �
 corresponds
to the pump wavelength, Ep=8 pJ, and mesa width
w=3 �m. The carrier density changes ��N� for S1 and S2
are about 3.6�1011 and 2�1011 cm−2, respectively; these
correspond to the average excitation densities of 15% and
6%. Therefore, �Ef is estimated to be about 15 meV for S1
and 8 meV for S2 under the approximation of a two-
dimensional electron gas.

Figure 4 compares the experimental �A and ��, and the
calculated ones. For the TE probe at 1640 nm, �� of S1 is
nearly two times larger than that of S2. Both samples expe-
rience a gradual increase in �� with increasing photon en-
ergy; however, S1 has a larger speed. ���0.5� is obtained
at �2=1360 nm for S1, indicating an XPM efficiency of
�0.2 rad /pJ. This is the largest reported value till now for a
nonlinear XPM with a ps-level response in QWs. The calcu-
lation using m=7.24�104 cm−1, E0=1.1 eV, Eg=0.95,
�=14 meV, and �Ef =15 meV well reproduces both �A
and �� for S1. The interband absorption coefficient is esti-
mated to be �3.5�104 cm−1 by using Eq. �23� in Ref. 6,
supporting that the used m is in a reasonable scope.
�=14 meV implies an interband dephasing time of �300 fs
that depends on temperature and excitation density.20 For the
TE probe in S2, a good agreement is obtained between the
experiment and the calculation with m=7.27�104 cm−1,
E0=1.16 eV, Eg=1.01 eV, �Ef =8 meV, and the same
other parameters as used for S1. The measured �A for S2
gradually increases when �
�0.9 eV, as predicted by the
calculated line. The two samples have almost the same m,
demonstrating their identical IBT oscillator strength that is
usually material independent for the III–V family.21 Except
for the waveguide confinement, E0 is an important parameter
in determining the XPM. Compared with S1, S2 has smaller
�� and �A at the same probe wavelength as well as the slow
increase speeds with increasing photon energy because the
measured energy region is farther from its E0, as observed in
the bottom of Fig. 4. The 60 meV difference in E0 between
S1 and S2 is supported by the absorption spectra from which
the absorption edge of S2 is estimated to be �60 meV larger
than that of S1. To explain this 60 meV energy, we will
calculate the band dispersion by eight-by-eight k · p calcula-
tion in future work.

Because of lh-e1�hh-e1, TM light has a smaller �� and
a smaller increase speed than TE light. The calculation using
E0=1.3 eV and the same other parameters as used for TE
light reproduces �� for TM light in S2. The 0.14 eV differ-
ence in E0 approximately corresponds to the lh-hh separa-
tion. Therefore, the model in Fig. 3�a� simultaneously ex-
plains the wavelength dependent �� and �A.

To clearly highlight the advantages of our scheme, we
give a comparative discussion with another index-
modulation scheme: the quantum-confined stark effect,
which has been widely used in electro-optical modulators
where the external electrical field modulates the interband
absorption.22,23 Generally, the response speed in these modu-
lators is limited by the frequency bandwidth of electrical
circuit, typically �40–100 GHz, which is difficult to reach
picosecond level although such an index-modulation magni-
tude is achievable through conventional quantum stark
effect.23 In our case, we adopt an all-optical means, i.e., in-
tersubband excitation, to induce interband absorption12–14

that takes place around the Fermi edge when the carriers at
the first subband partially depletes. The ps-level intersubband
relaxation guarantees the realization of �100 GHz high-
speed response in all-optical devices.8 Such an intersubband
pump and interband probe scheme is adopted as a probe
technique to study carrier dynamics in Refs. 13 and 14 in-
stead of the nonlinear index change. For telecommunication
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FIG. 4. �Color online� Top: Comparison of the phase shift ��,
and the induced absorption �A between the experiment and the
calculation using Eqs. �1� and �2�. The experimental �� is obtained
from Fig. 2�e� using R=0.00178 ��2. Bottom: the whole spectra of
�� and �A. The polarization of probe light is indicated.
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applications, both the ISBT and IBT energies should be in
the telecommunication wavelength range, which is not
achieved in Ref. 12. Such a nonlinear modulation is rarely
reported for both ISBT and IBT energies in telecommunica-
tion wavelength ranges.

Finally, we check the possible contribution from the
plasma effect under the same pump density. The calculation
adopts a two-level system with a background index n0=3.3
and an assumed stronger nonparabolicity �0.06m0 and
0.13m0 for two levels�. �n=2.1�10−5 and 1.3�10−5, re-
spectively, for S1 and S2. Then, ���=2��nLMG /�� at �
=1550 nm are estimated to be 0.06 and 0.04 rad, both of
which are negligible compared with the experiment.

In summary, we confirmed the relation between the phase-
modulated spectrum and phase shift, based on which the ul-
trafast phase shift in QWs was evaluated in the whole tele-
communication wavelength range. Tailoring the interband
absorption edge to a target photon energy enables us to ob-
tain a great enhancement in XPM. The enhanced interband
absorption dominates XPM in photoexcited III–V CDQW
waveguides while the intersubband plasma has a negligible
contribution.

G. W. Cong acknowledges support from the Japan Society
for the Promotion of Science.
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