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The coherent dynamics of excitons in InAs quantum dots
(QDs) was investigated in the telecommunication wave-
length range using a transient four-wave mixing tech-
nique. The sample was fabricated on an InP(311)B sub-
strate using strain compensation to control the emission
wavelength. This technique also enabled us to fabricate
a 150-layer stacked QD structure for obtaining a high
S/N in the four-wave mixing measurements, although no
high-sensitive heterodyne detection was carried out. The
dephasing time and transition dipole moment were pre-
cisely estimated from the polarization dependence of sig-
nals, taking into account their anisotropic properties.

1 Introduction The coherent dynamics and ma-
nipulation of excitons in self-assembled quantum dots
(SAQDs) have been key issues in the implementation of
quantum information processing and quantum communi-
cations [1,2]. SAQDs that emit light at telecommunication
wavelengths have attracted significant interest because of
their possible applications in long-distance optical [3] and
quantum communications [4,5]. Hence, fabrication tech-
niques such as strain compensation [5-7] and the double-
cap method [7,8] have been developed to redshift the
emission wavelength of SAQDs. Recently, some research
groups have reported the advantages of strain-compensated
InAs SAQDs grown on an InP(311)B substrate [6,7,9, 10].
These advantages include long-wavelength emission and
realization of a multilayer stacked structure without defects
and imperfections. Owing to the orientation of (311)B sub-
strates, SAQDs grown on an InP(311)B substrate should
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The population lifetimes of the excitons were also
measured by using a polarization-dependent pump-
probe technique. A quantitative comparison of these
anisotropies demonstrates that in our QDs, non-radiative
population relaxation, polarization relaxation and pure
dephasing are considerably smaller than the radiative re-
laxation. A comparison of the results of the four-wave
mixing and pump-probe measurements revealed that the
pure dephasing could be directly estimated with an accu-
racy of greater than 0.1 peV by comparing the results of
four-wave mixing and pump-probe measurements.
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exhibit optical anisotropy, which is analogous to that ex-
hibited for quantum wells grown on a (311)B substrate
[11]. Optical anisotropy is expected to affect the coherent
and population dynamics of excitons. For investigating
these dynamics, we must perform polarization-sensitive
transient nonlinear spectroscopies, such as four-wave mix-
ing (FWM) and pump-probe (PP) spectroscopies, under
resonant excitation of the exciton ground states. How-
ever, it is difficult to apply these techniques to QDs when
the signal intensity is weak owing to a low QD density.
Hence, to enhance the nonlinear signals, we used a mul-
tilayer stacked structure of strain-compensated SAQDs to
enhance nonlinear signals [12, 13].

In this paper, we report the investigation of the coher-
ent and population dynamics of excitons using transient
FWM and PP spectroscopic techniques under resonant ex-
citation in the telecommunication wavelength range. InAs
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Figure 1 (a) Schematic of our sample structure. (b) AFM image of topmost (150th) QD layer. (c) Photoluminescence spectra for « and
y polarizations at 3 K under nonresonant laser excitation (solid lines). Exciton ground state emission peaks at the wavelength of 1.468
wm. The dashed line represents the spectrum of the incident pulses used in the FWM and PP spectroscopies.

SAQDs grown on an InP(311)B substrate using strain com-
pensation were used as the sample. Polarization-sensitive
measurements enabled us to estimate the individual exci-
ton lifetimes and dephasing times for two orthogonally po-
larized ground states of the excitons [14].

2 Experimentals The sample consists of 150 layers

of InAs SAQDs embedded in 60-nm-thick Ing 50Gag 1 Alg 38 As

spacers grown on an InP(311)B substrate, as shown in
Fig. 1(a). Molecular beam epitaxy was used for the sam-
ple growth [6,9]. By precise control of the composition
of the spacers and by using an InP(311)B substrate, we
made the QD strain smaller than that observed in ordinary
In(Ga)As/GaAs SAQDs grown on a GaAs substrate. This
strain compensation enabled us to shift the emission wave-
length of the QDs to the telecommunication wavelengths.
Additionally, strain compensation enabled us to stack more
than a hundred QD layers, which helped in enhancing weak
nonlinear signals. Figure 1(b) shows an atomic force mi-
croscopy (AFM) image of the topmost (150th) layer in the
QD stack. The average lateral size of the QDs was esti-
mated to be 51 nm in the [233] direction and 39 nm in the
[011] direction. The area density of the QDs in the topmost
layer was approximately 9 x 10'° /cm? /layer.

Figure 1(c) shows the photoluminescence spectra mea-
sured at 3 K under non-resonant excitation for different po-
larization directions. The exciton ground-state emissions
reached a maximum intensity at 1.468 um for both polar-
ization directions. The ground state and first-excited state
of the excitons were separated by 53 meV. This energy sep-
aration was found to be sufficiently larger than the inhomo-
geneous broadening of the transition energies (HWHM ~
22 meV). The photoluminescence intensity changes with
the polarization direction as can be clearly seen in Fig. 1(c).
The polarization dependence is attributed to the anisotropy
of the QD shape, QD composition, QD strain and the atom-
istic asymmetry of the crystal [15]. As already discussed in
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the literature, these anisotropies lift the degeneracy of the
exciton ground states. Hence, the exciton ground states of
our QDs are split into orthogonally polarized states in the
[011] (x) and [233] (y) direction. In this study, we use |x)
and |y) to represent the x— and y—polarized states, re-
spectively.

The time evolution of exciton coherence and popu-
lation was measured using transient FWM and PP tech-
niques. All the measurements were performed using 1.1-
ps optical pulses (repetition rate: 76 MHz ) generated from
an optical parametric oscillator pumped by a mode-locked
Ti:sapphire laser. The dashed line in Fig. 1(c) indicates the
spectrum of the incident pulses. The wavelength of the in-
cident pulses was tuned to 1.468 um to excite the ground-
state excitons resonantly. The polarization directions of
the linearly polarized incident pulses were controlled us-
ing half-wave plates to investigate the polarization depen-
dences of the FWM and PP signals. The polarization selec-
tion rules allowed us to selectively excite either the |x) or
ly) states. In this paper, the angle between the polarization
direction of the incident pulses and the [011] direction is
represented as . The sample was maintained at 3 K for all
the measurements.

The FWM experiment was performed using the two-
pulse self-diffraction configuration to measure the dephas-
ing time 75 of excitons. A schematic image of the experi-
mental setup is shown in the inset of Fig. 2(a). The time-
integrated FWM signal intensity in the 2ks — k; direction
was measured as a function of the time delay 7 between
two excitation pulses. The k; and ks pulses had parallel
polarizations. The intensities of the excitation pulses were
adjusted to 16 kW/cm?; at this intensity, no significant ex-
citation dependence of 75 was observed. A PP experiment
was performed in the transmission geometry to investigate
the population dynamics of the excitons. The differential
transmission (DT) of the probe pulse was detected for var-
ious 7 values between the pump and probe pulses. The in-
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Figure 2 (a) FWM intensities vs time delay, 7, for various polarization directions of incident pulses. 6 represents the angle between
the polarization direction of incident pulses and the [011] direction. (inset) An experimental setup of FWM spectroscopy. (b) FWM
intensities for 7 = 200 ps measured as a function of #. The experimental results were well reproduced by the theoretical curve (solid
line) calculated using the equation E§ * (|p”|%cos®0 exp(—47/T35) + |p¥ |¥sin®0 exp(—47/ TY)).

tensity of the pump pulse was the same as that used in the
FWM experiment, and the intensity of the probe pulse was
0.5% of that of the pump pulse.

3 Results and discussion

3.1 Four-wave mixing spectroscopy Figure 2(a)
shows typical FWM signals for various polarization direc-
tions, 6. At 7 < 60 ps, a beat signal was observed only for
6 = 45 °, where the |z) and |y) states were simultaneously
excited. Thus, the beat signal resulted from the coherent
superposition between the — and the y—polarized transi-
tions. This is well known as a fine-structure quantum beat
[16]. The period of the beat was estimated to be 23 ps,
which corresponds to a splitting energy of 180 peV. The
quantum beat almost vanished for # = 0 © and 90 °. This
clearly proves the polarization selection rules with respect
to |0) — |z) and |0) — |y) transitions.

For a long 7, the observed FWM signal decayed ex-
ponentially with a large time constant, indicating the long
dephasing time of the excitons in the QDs. The decay
time constants and signal intensities of the slow compo-
nent were clearly different for = and y polarizations. The
anisotropy of the decay time indicates that the 75 values
for the £ — and y—polarized transitions significantly differ
from each other. We estimated the T values to be T35 =
2.86 ns for the z—polarized transition and 7y = 1.64 ns
for the y—polarized transition [13]. The 7% value is larger
than any other 75 value reported for QD excitons so far [1,
17-20]. Using the equation ~y;, = 2k /T5, we calculated the
homogeneous broadenings of the zero-phonon lines v;, to
be ¢ =0.46 = 0.01 ueV and v} = 0.80 £ 0.01 peV.
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The polarization dependence of the FWM signal inten-
sity is related to the anisotropy of the transition dipole mo-
ment |u| for the £— and the y—polarized transitions be-
cause an FWM signal intensity is proportional to |u|8. Fig-
ure 2(b) shows the FWM intensities for 7 = 200 ps mea-
sured in various polarization directions, €, of the incident
pulses at the same incident intensities. In general, an FWM
intensity is proportional to E°|u|®exp(—47/T>), where E
represents the amplitude of the incident electric field [21].
The FWM intensity at 6 should be the sum of the FWM in-
tensities associated with the — and the y—polarized tran-
sitions. Based on the abovementioned interpretation, the
FWM intensity at ¢ is represented by the equation E§ x
(|%|3cos0 exp(—41/ TF) + | |3sin’0 exp(—41/ TY)).
The theoretical curve calculated by the equation is in ex-
cellent agreement with the experimental data shown in
Fig. 2(b). In the calculation, we used the values of T
and T} estimated from the decay time constants of the
FWM intensity. Consequently, the ratio of |u|? for — and
y—polarized transitions was estimated to be |u®/u¥|=2 =
1.72 + 0.04.

This ratio coincides with the ratio of 7% /T = 1.75 +
0.07. This agreement implies that 75 are dominated by the
radiative lifetimes, 7., because T} is proportional to || ~2.
In other words, both dephasing due to non-radiative pop-
ulation relaxation and pure dephasing without population
relaxation are very small [19]. A similar analysis was per-
formed by W. Langbein et al. They also found a radiatively
limited 75 in InAs/GaAs QDs grown on a GaAs(100) sub-
strate at shorter wavelengths [19] compared to that used in
this study. Table 1 shows the comparison of 75 and other
parameters obtained for the QDs investigated by W. Lang-
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bein et al. using the polarization-dependent FWM method
with those of our QDs. We found that the T3 for our QDs is
longer than that for their QDs, while the T2y s are similar in
both cases. This is due to the large anisotropy of || in our
QDs. One of the possible origins of the large anisotropy
is the low symmetry of the high-index substrate [15]. Our
result demonstrates that substrate orientation is one of ef-
fective factors that determine the anisotropy of |ul, i.e., a
radiatively limited 75.

Table 1 Dephasing time 7> and other parameters for strain-
compensated InAs QDs obtained from FWM measurements. For
comparison, parameters of InAs QDs reported by W. Langbein et
al. are summarized.

Parameters Present work Langbein’s work [19]
QD/spacer InAs/InGaAlAs InAs/GaAs
substrate InP(311)B GaAs(100)
wavelength 1.468 um 1.26 um
crystal axes x| [011], v || [233] @ || [110], y || [110]
T5 (temp.) 2.86 ns (3 K) 2.1ns (5K)

T (temp.) 1.64 ns (3 K) 1.6 ns 5 K)

s /1Y 1.75 £ 0.07 1.316 4+ 0.005
i 1.72 £ 0.04 1.32 + 0.015

3.2 Pump-probe spectroscopy For a more pre-
cise estimation of the radiative contribution to dephas-
ing, we measured the absolute value of 7, by using a
polarization-dependent PP technique. The time evolution
of DT is determined only by the population dynamics of
the excitons because we could ignore the effect of biexci-
ton formation due to the narrow band and the weakness of

the pump pulse. To analyse the DT decay rates, we consid-

ered the relaxation times shown in Fig. 3. 7™ and 7%

represents the population decay times due to the radiative
and non-radiative transitions from the |z) (|y)) state to |0)
state. 1Y represents the polarization relaxation time be-
tween |x) and |y).

Figure 4(a) shows the DT at various 7 for the = and
y polarizations of the pump pulse. Adhering to the polar-
ization selection rules, we selectively excited the exciton
ground state that had the same polarization as the pump
pulse at zero delay. The probe pulses were cross-linearly
polarized with respect to the pump pulses. The DT pro-
files were well fitted by single exponential functions with
different decay time constants. The DT decay times were
determined to be ¢* = 1.7 ns and ¥ = 1.0 ns, which are
clearly anisotropic.

The DT decay time is generally influenced not only by
T but also by 75 and T=Y. To simplify the anal-
ysis of the experimental results, we independently esti-
mated T7Y by measuring the polarization degree. Figure
4(b) shows the time evolution of the polarization degree
when the y—polarized state is selectively excited by the
pump pulse. The polarization degree did not change for
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7 < 1.5 ns. From the exponential fitting of the polariza-
tion degree, 1.7¢ was found to be at least longer than sev-
eral tens of nanoseconds. The value of T77¥ is considerably
longer than the typical value of 7;., which is of the order of
1 ns. Therefore, the contribution of the polarization relax-
ation to the DT decay rates observed in Fig. 4(a) is negli-
gible. In this case, the DT decay time in Fig. 4(a) is deter-

mined by 7 and T%") of the exciton ground state that

is selectively excited by the pump pulse. Since 7. is pro-
portional to || 2, the ratio 7% /T¥ should be |u®/p¥|~2.
The ratio t*/t¥ = 1.7 &+ 0.2 is in quantitative agreement
with the ratio % /p¥| =2 estimated in the FWM measure-
ments, within a margin of error. Therefore, the DT decay
time should directly correspond to 7., and for our QDs, the
non-radiative population relaxation was found to be negli-
gible compared with the radiative population relaxations.
Thus, we conclude that T} = 1.7 ns and 7Y = 1.0 ns. This
result clearly demonstrates the high crystalline nature of
our QDs. This is one of the reasons why our QDs show a
long T5.

Figure 3 Energy-level diagram and optically allowed transitions
related to exciton ground states in QD with broken rotational
invariance. |x) and |y) correspond to the £— and y—polarized
states. The parameters in the diagram represent the relaxation
times, as explained in the text.

The precise measurement of 7). enabled us to calculate
the absolute value of |z|. |u|? can be determined using the
equation [22]

9¢5/2 !
(2 + €gp)? 3mephcd,, T,

lul® = (1)

where egp and € represent the dielectric constant for the
QDs and their surrounding medium, respectively. The cal-
culated values of |u|? are |u®|> = 45 Debye and |p¥|? =
58 Debye. These values are larger than those reported for
In(Ga)As SAQDs; that is, excitons in our SAQDs strongly
interact with light. The values of |u|? were also found to
be in good agreement with those estimated from the Rabi
frequency, including their anisotropic characteristics [23].
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This agreement demonstrates the high precision of the val-
ues of 7). measured by PP spectroscopy.
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Figure 4 (a) DT of probe pulse at 3 K for Opymp =0 ° (x polar-
ization) and €pymp = 90 ° (y polarization). The probe pulses are
cross-linearly polarized with respect to the pump pulses. (b) The
time evolution of the polarization degree for pym; = 90 °.

3.3 Precise estimation of pure dephasing The
simultaneous measurement of the FWM and PP signals en-
abled us to estimate pure dephasing, v,,re, Which causes
dephasing without changing the exciton population. The
relationship between vy, 7y, and 7ypyr is expressed by the
equation 7y, = 7, + Ypure When the non-radiative popula-
tion relaxation is negligible, as described in the previous
subsection. 7, represents the dephasing caused by the ra-
diative population relaxation. From the results of PP spec-
troscopy, we calculated the radiative dephasing to be .
=0.38 £ 0.01 peV and 7Y = 0.65 £ 0.06 peV using the
relation 7, = %/T,. These values are very close to those
of vy. This confirms the conclusions made in the previous
subsections, i.e. the dephasing is mainly caused by the ra-
diative recombination process, and the pure dephasing is
very small. By comparing v, with ~,, we estimated the
values of Ypye to be v, =0.08 £ 0.02 peV and 73, =
0.15 £ 0.07 peV. Thus, the obtained 7y, is considerably
smaller than ,.. This explains the long coherence times of
the excitons in our QDs. 7y, for our QDs is considerably
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smaller than the typical values for QDs reported in previ-
ous studies.

The error in the estimation of 7y, is greater than 0.1
ueV, as described above, though the excitation intensity
was weak and no high-sensitive heterodyne detection was
performed. The estimation error is significantly smaller
than that reported in earlier studies since in our FWM
and PP measurements, we could achieve a high signal-to-
noise ratio (S/N) by using a 150-layer-stacked structure of
QDs [12]. Moreover, the simultaneous measurement of the
FWM and PP signals with a high S/N afforded a greater
accuracy in the determination of 7. than did the mea-
surement of the FWM signals alone. The highly accurate
measurement of .. greatly assists the investigation of
a pure dephasing mechanism, such as exciton-phonon in-
teractions, which still remains a critical issue in physics
of QDs. Temperature-dependent measurements of e
will provide a detailed information on the pure dephasing
mechanism, which will be published elsewhere.

4 Conclusions We performed transient FWM and
PP spectroscopies to investigate the coherent and popu-
lation dynamics of excitons in strain-compensated InAs
SAQDs grown on an InP(311)B substrate. The emission
wavelength of an exciton ground state was in the telecom-
munication wavelength range. The radiative lifetime and
dephasing time exhibited large in-plane anisotropy due
to the anisotropy of the transition dipole moment. The
anisotropy of our QDs is larger than that of the QDs grown
on a GaAs(100) substrate, which is due to the low sym-
metry of the high-index substrate employed in this study.
The polarization dependence of the decay times of both the
FWM and the PP signals is in quantitative agreement with
the polarization dependence of the transition dipole mo-
ment. This shows that non-radiative population relaxation,
polarization relaxation and pure dephasing are consider-
ably smaller than radiative population relaxation. These
results clearly indicate that our strain-compensated QDs
have excellent optical properties. The simultaneous mea-
surements of the FWM and PP signals with a high signal-
to-noise ratio allowed us to directly measure the pure de-
phasing with an accuracy of greater than 0.1 peV, which
gives a powerful tool to investigate pure dephasing mecha-
nism in QDs.
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