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Abstract: Two quantum control spectroscopic techniques were applied
to study InAs quantum dot (QD) devices, which contain different strain-
reducing layers. By adaptively control light matter interaction, a delayed
resonant response from the InAs QDs was found to be encoded into the
optimal phase profile of ultrafast optical pulse used. We verified the delayed
resonant response to originate from excitons coupled to acoustic phonons
of InAs QDs with two-dimensional coherent spectroscopy. Our study yields
valuable dynamical information that can deepen our understanding of the
coherent coupling process of exciton in the quantum-confined systems.
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1. Introduction

Semiconductor quantum dots (QDs) are promising candidates for a number of optoelectronic
applications, including lasers, photovoltaic devices, and photon detectors [1]. The optical prop-
erties of InAs QDs strongly depend on the embedded matrix of the quantum dots [2,3]. Substan-
tial efforts have been made to develop a GaAs-based 1.3-um InAs QD lasers for optical-fiber
telecommunication with advantages of low threshold current density, high thermal stability,
and rapid bandwidth modulation [4-6]. The InAs QD lasers operated at excited state (ES) was
shown to be superior to that with ground-state (GS) operation because of the advantages of
high saturation gain, reduced carrier scattering time, and large modulation bandwidth [7, 8].
However, extending the QD emission wavelength remains a challenge owing to the degraded
optical properties of InAs/GaAs QD heterostructures [9, 10]. Thus, it is crucial to advance our
knowledge of the dynamics of optically excited InAs quantum dots (QDs). We developed an
interrogative technique to directly probe into the ultrafast optical response of InAs QDs based
on adaptive control of light-matter interaction.
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The ability to control the time evolution of a quantum system is of fundamental importance
to quantum technology [11]. Coherent control had been realized with femtosecond laser pulse
shapers based on spatial light modulators (SLM) [12]. Adaptive coherent control can yield dy-
namic information of a quantum system by interrogating it without a priori knowledge of its
Hamiltonian [13]. Several feasible ways had been demonstrated to achieve the goal of adap-
tive quantum control [14—-16]. In the adaptive quantum control with femtosecond pulse shaper,
phase-only shaping affects the time ordering of the constituent frequencies in a given pulse
without changing the fundamental spectrum of the laser pulse [17]. Thus, the only way to en-
code information into the phase of a laser pulse is via coherently manipulable processes.

Current study with femtosecond coherent control technique aims not only to control the
evolution of a complex system but also to deduce the underlying dynamic mechanism from
the optimal laser field [17]. To further advance the field, it is important to derive the physical
meaning of an adaptive control from the characterization of a systems response. In this regard,
a variety of spectroscopic techniques is valuable to verify the controllability and to interrogate
control mechanisms [18].

Two-dimensional coherent spectroscopy (2D CS) had been demonstrated to be a valuable
tool to probe a quantum system with simultaneously high spectral and high temporal resolution
[19]. Many-body interactions among semiconductor excitons produce distinct features in two-
dimensional coherent spectra [20,21]. A measured variation of the dephasing rate of excitons
can reveal high-order correlations [22]. By using different polarizations or spectrally shaped
pulses [23,24], it is possible to isolate specific quantum coherent pathway and distinguish cross
coupling between spatially separated with 2D CS [24].

In this study, we investigated the dynamics of excitons at excited state in InAs QDs embed-
ded in two different types of strain-reducing layers (SRL). We probed the InAs QDs at 1.2 um
with a two-photon excitation spectroscopy using phase-only shaping technique. By adaptively
control the light matter interaction, a delayed resonant response from the InAs QDs was found
to be encoded in the optimal phase profile of ultrafast optical pulse used. We verified the de-
layed resonant response to originate from excitons coupled to acoustic phonons of InAs QDs
with two-dimensional coherent spectroscopy. Our approach may be useful to provoke further
study of the optical excitation and coupling processes of quantum confined structures and to
understand how the optical excitation delocalizes over the whole structure.

2. Experimental methods

2.1. Freezing phase algorithm for adaptive coherent control

We first illustrate the principle of the freezing phase algorithm (FPA) [25, 26] to be used for
ccTPF. Figure 1(a) shows a phase-distorted coherent pulse on the complex field plane, assuming
the pulse to have four spectral components: E(f) = Y"=1 v, (t)e! (). To freeze the spectral
phases, we first pick up a component, for example, v4¢/% and align it to the combined direction
of the rest three components [see Fig. 1(b)]. The same procedure is repeated for v3 €% vyel?2
and Vi€’ until a frozen state is reached [Fig. 1()].

2.2.  Optical apparatus

The adaptive pulse shaping apparatus used in this study comprises a CW mode-locked
Cr**:forsterite laser. The output of the laser was 280 mW with a central wavelength of 1.253
Um at a repetition rate of 76 MHz. The full-width-at-half maximum (FWHM) bandwidth was
42 nm, corresponding to 50-fs pulse duration. Two-photon excitation fluorescence spectrum
was acquired with a spectrograph equipped with a cooled CCD camera. An integrated spec-
trum over a specific wavelength range was feedback to control the phase retardation pattern of
a liquid crystal SLM in a 4-f pulse shaping system [25].
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Fig. 1. Schematic diagrams showing successive freezing steps of a phase-distorted coherent
pulse [25,26]. For simplicity, the spectral phase profile of the pulse is represented with four
components only.

Our near infrared 2D CS was built on an amplified femtosecond laser system tunable from
1.1 to 1.8 um at a repetition rate of 1 kHz. As depicted in Fig. 2(a), the laser output was split
into four parts. Each part has a pulse energy about 60 nJ/pulse. Three of the four beams were
focused into the sample under study in a boxcar phase matching geometry. The pulses right in
front of the sample were analyzed with frequency-resolved optical gating (FROG) technique.
The result was presented in Fig. 2(b), showing a FWHM duration of 125 fs. The diameter of
the focused spots was about 50um, which encompassed an ensemble of 2 x 10° InAs QDs. An
initial state of the sample is prepared by exciting the sample with the first two pulses arriving at
times #; and f,, which define the coherence time interval t=t,-t. The time interval between the
second and third pulses, called the waiting time 7=t3-,. Varying the delay time 7 allows insight
into the dissipative population dynamics within the excitation manifold. Finally at the instant of
13, the resulting quantum state was probed with the third pulse to generate new coherences that
emit an echo in the phase-matched direction 7(} = %2 — 751 + 753. The fourth beam was attenuated
by a factor of 1000 and used as a local oscillator (LO) for heterodyne detection of the echo
field. The interferogram was recorded as the delay ¢ was increased mechanically with a step
size of 3.3 fs, while the delay T was held fixed.

The excitation axis of a 2D spectrum was constructed by taking a Fourier transform with
respect to 7, while the emission axis was generated by resolving the complex field spectrum
with spectral interferometry. The excitation axis was plotted as negative because the conjugate
pulse was incident on the sample first. The resulting 2D spectrum links the dipole oscillation
frequency during the initial dephasing period with that of the final rephasing period for each
waiting time 7 [19]. The shapes of peaks appearing on the diagonal provide a measure of the
memory of the system, while cross-peaks provide information on electronic coupling.

2.3.  Device fabrication

The schematic of the device structure and the associated energy level diagram were described
in Fig. 3(a). The fabrication process started with a 300 nm-thick GaAs buffer layer on a semi-
insulating GaAs (100)-oriented substrate. A monolayer of InAs QDs with 1 X 10'° QDs / cm?
was grown at 530°C in Stranski-Krastanov growth mode with a Riber32P molecular beam
epitaxy system [2,3]. The QDs were covered with a 6 nm-thick SRL to increase the confinement
potential, reduce the compressive strain in InAs QDs, and suppress the indium segregation.
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Fig. 2. (a) Schematic showing the two-dimensional coherent spectroscopy with four phase-
stabilized pulses propagating to the sample in a boxcar phase matching geometry. The
timing diagram of the three excitation pulses and the echo pulse was depicted on the right
side. (b) Retrieved field (solid curve) and phase (dashed curve) profiles of 1.2-pm pulse
measured at a position right in front of the sample under study. Inset: the measured and
retrieved FROG patterns.

Finally, the samples were capped with a 100 nm-thick GaAs overlayer.
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Fig. 3. (a) Schematic diagrams showing the device structure and its energy level diagram.
(b)One-photon excitation photoluminescence spectrum of InAs QD devices with different
types of strain-reducing layers (Ing ;3Gag g As: blue solid curve; Ing 1§Gag g2 Asp.gSbgo:
red dashed curve).

2.4.  Photoluminescence characterization

Figure 3(b) presents the one-photon excitation photoluminescence (PL) spectra from the InAs
QD devices with different types of SRLs (S3355: Ing 138GaggrAs (blue solid line); S3357:
Ing.18Gag.g2Asp.§Sbp.2) (red dashed curve)). The PL was excited by a solid-state laser of wave-
length 532nm with an excitation power of 50 W/cm?. The PL spectrum of S3355 at room
temperature shows a strong PL peak at 1340 nm, which is from the ground state transition. The
energy separation between ground- and excited-state is about 80 meV with a FWHM linewidth
of 26 meV. The narrow linewidth of InAs QDs in Ing 1§Gag gy As indicates a small variation in
the InAs QD height. Incorporation of Sb element to form an Ing 13Gag g> Asp.s8Sbp> SRL (us-
ing a Sb flux of 1.2x10~® Torr) shifts the ground-state transition PL peak down to 1420 nm.
The longer emission wavelength was attributed to a reduced lattice mismatch between the InAs
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QDs and the SRL. InAs QDs capped by the Ing 13Gag 8> Asp.8Sbp» SRL exhibit a first excited-
state emission peak at 1310 nm. The energy separation decreases from 80 meV to 52 meV in
accompany with an increased FWHM linewidth from 26 meV to 62 meV.

3. Results and discussion

3.1. Two-photon excitation fluorescence emission

The devices under study were excited by the Cr**:forsterite CW mode-locked laser at 1.253
pm. The resulting TPF spectrum from S3355 is shown in Fig. 4(a). The peak at 895 nm is due to
the near band edge emission from the GaAs overlayer, suggesting a biaxial stress developed in
the GaAs overlayer [26]. It is well established that elastic strain induced by the lattice parameter
mismatch between epilayers results in significant energy bandgap shifts for IIIV alloys [27].

Above 950 nm, five peaks can be found at 965, 1000, 1030, 1060, and 1090 nm. These TPF
features can be attributed to the near band edge emission from the different parts of the SRL
with varying degrees of strain. Indeed, PL peaks at 940 nm, 1097 nm, and 1425 nm had been
observed on an Ing ogGag 9o As/GaAs heterojunction and were attributed to from the top free
surface, the internal strained layer, and the interfacial region of the heterojunction, respectively.
TPF from S3357 [red dashed curve in Fig. 4(a)] exhibits similar spectral profile but 30% weaker
than that of S3355, presumably due to a slight thickness variation in SRL and GaAs overlayer.
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Fig. 4. (a) Two-photon excitation fluorescence spectrum of the InAs QD device with
Ing.1§Gag gpAs SRL (S3355: black solid line) and Ing ;3Gag grAsy.gSbgr (S3357: red
dashed curve) SRL. (b) Coherent controlled two-photon excitation fluorescence spectrum
of S3355 excited by 1.253 um femtosecond laser pulse with random phase retardation pro-
file (red dashed curve) and an optimal phase retardation profile for maximal TPF (black
solid curve).

3.2.  Coherent control two-photon fluorescence (ccTPF) emission

By using an adaptive pulse shaper with FPA, we can optimize the TPF signal by adjusting the
spectral phase of the input femtosecond laser pulse. The measured TPF signal from 870 to 1010
nm on S3355 is presented in Fig. 4(b). The TPF spectrum (red dashed curve) was acquired with
shaped pulses by imposing a random phase retardation profile on the SLM. The spectrum with
black solid curve was taken with femtosecond laser pulses shaped by the optimal phase retar-
dation profile. More than four times increase in the ccTPF signal can be achieved. In contrast to
second-harmonic generation, different phase-shaped pulses always generate TPF with similar
spectral profile [26], indicating that the energy relaxation processes in TPF completely remove
the initial phase memory of optical excitation. Thus, by using the phase-only shaping technique,
the only phase manipulable processes in ccTPF are due to the two-photon absorption (TPA).
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By invoking the second-order perturbation theory, we can derive the excited-state amplitude
of TPA as

~_i\Z% 1 . ]
agﬂea):(h’) /_ dt, /_ Ay Y HembmgE (11)E (1)@t ¢, (1)

where 11; denotes the transition moment from state i to j with an associated transition frequency
@ji. We can simplify the excited-state amplitude by expressing E(t) = [ E(®)e (®*+M)d and
lett — oo . (0B )
@) =i /+°°E 0)E(Weg — 0
t—o0) = — ——— do. 2
ag%e( ) hz ;uem.umg . O — Opy — in ( )

The change rate of the deposited TPA energy per unit volume can be expressed as

d dl
<(abs0rbed energy/volume)> =—— =BP, 3)
dt . dz
where B is the TPA coefficient. The TPA transition rate per unit volume RgiAe can be related to

the TPA coefficient with

) 2
aéle(t — oo)’ B B

RTPA _ _
Ty 2hw

g8—e

“4)

with T, being the pulse duration. If ® — ®,,,, # O for all m, then the TPA can be maximized
by adjusting the spectral phase of excitation pulse to satisfy ®(@e,/2 —A) +P(Weg /2 +A) =
2nm, with A = @ — W, /2 [28]. However, if an intermediate resonant level r exists with @ —
., = 0, the integral in Eq. 2 becomes singular. In this case, we can apply Cauchys principle
value technique [28] to rewrite the integral

+o E(0)E(w,, — @ N N +oo F(0)E (00, — @ .
/ () (7%). )dw:iﬂE(wer)E(wrg)+P/ (@)e )da’:Roe_’wt’”g,
cee O — W — M oo ®— O,
Q)

- . . o E e 2
where Ry = \/(ﬂE(we,)E(wrg))er(Pffjwwdw> and fag =

O—Wer

tan ™! [7E (@0 E(@y) /P |5 O 0]

produce a 90° phase shift relative to other nonresonant TPA processes.
Assuming that the spectrum of an excitation pulse has a Gaussian profile of sp(w) =

d a)] /. Thus, any intermediate resonant level will

- 2 2 . .
Ag e~ ®/(4%%) and the spectrum of material response is narrower than that of the coherent
pulse, we can express the signal spectrum from the excited material as

o?

~ o~ = zfl'w[l
si(@) = AgRpe *%0 “,

(6)

3.3.  Spectral-phase sensitivity of ccTPF

We defined a spectral-phase sensitivity S(®) to reveal how efficient does a spectral component
interact with a material system [26], which gives S(®) = so(®)* 4 so(®)s;(®). The resulting
sensitivity profile was Fourier transformed to the time domain

S(r) = F{S(w)} = A3e "%/ + A3Roe™ 1) 002, Y

Figure 5 presents the simulated result with Eq. 7 using Ao = 1, Ry = 0.3, 4, = 300 fs, and
op = 0.01. Clearly, the main peak reflects the autocorrelation of the coherent pulse used and
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Fig. 5. Simulated result with Eq. 7 using A9 = 1, Ry = 0.3, 1;,, = 300 fs, and 6 = 0.01.

the shoulder at 300 fs originates from the material’s response with a given resonance-induced
time lag.

Experimentally, we can measure the spectral-phase sensitivity at a chosen component by
calculating the difference of the maximal and the minimal signal as the spectral phase of the
component is varied from 0 to 27. We repeat the measurement across the entire spectrum of
the coherent pulse [26]. Figure 6(a) presents the spectral-phase sensitivity profile of ccTPF
and the optimal phase retardation pattern for S3355. Several peaks and valleys were observed,
which were attributed to multiple TPA processes with different phases involved in the ccTPF
measurement. In contrast, we obtained a smoother sensitivity profile with S3357 [see Fig. 6(b)].
This can be understood in viewing that the incorporation of Sb element in SRL alters the band
offset and therefore the potential barrier to InAs QDs [3]. As shown in Fig. 3(b), the quaternary
Ing.18Gag.g2Asp.8Sbp2 SRL in S3357 shifts the transition energy of InAs QDs to outside the
excitation pulse spectrum, thus effectively removes the resonance with intermediate levels.

S(w) and the optimal phase pattern ®(®) carry the complete interaction information of light
field with a device. We compensated the phase distortion ®3357(®) of S3357 with SLM for
AD3357(0) = P3357(@) — Pspp (@) = 0. The red dashed curve in Fig. 6(c) shows the Fourier
transform of S3357(@)e’2®3357(®)_ The TPF response function is dominated by the autocorrela-
tion of the laser pulse. The blue solid curve shows the TPF response of S3355, which is given
by the Fourier transform of S33s5 (w)ei[¢3355(w)’q)3357<“’>]. Because the excited state resonance of
InAs QDs lies on the high frequency side of the laser spectrum, the response profile is not sym-
metric. It is interesting to find that except the autocorrelation peak of the laser pulse the TPF
response of S3355 peaks at 260 fs and 650 fs. Since all other TPF contributions had been prop-
erly compensated, these response peaks shall be attributed to from the resonances with excitons
in InAs QDs. We shall also emphasize that although only coherently manipulable processes are
involved in TPA, our CCD camera can pick up TPF signals even when the excitation pulse dis-
appears. Thus a wider range of dynamics can be probed with adaptive coherent control, which
may be advantageous for the interrogative technique demonstrated here.

3.4. 2D CS study at different waiting times

We applied 2D CS to decipher the underlying process of the ccTPF responses shown in Fig.
6(c). The measurement was executed by exciting S3355 with three phase-stabilized coherent
pulses at Ap=1.2um [see Fig. 2]. The spectrum of the ultrashort pulses overlaps with the first
excited level of InAs QDs. The emitted photon echo field was Fourier transformed over the
coherent time ¢. The magnitudes of the 2D spectra measured at four different waiting times,
T=0fs, 33 fs, 67 fs, 100 fs, and 234 fs, are presented in Fig. 7.

Owing to the rephasing process of 2D CS, two closely neighboring peaks at (249 THz, -249
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Fig. 6. Spectral-phase sensitivity curves of ccTPF and the spectral-phase patterns
used to generate maximum ccTPF signal from the InAs quantum dot device with (a)
Ing.13Gag g2 As, (b) Ing 13Gag g2 Asg.gSbg 2 strain-reducing layer . (c) Fourier transform of
the spectral-phase sensitivity profiles shown in (a) blue solid curve and (b) red dashed
curve.

THz) and (251 THz,-252 THz) can still be resolved in the 2D spectra. The main peak at (249,
-249) persists up to 7=234 fs without changes its position and shape. However, the peak at (251,
-252) decays rapidly and shifts to (251, -251) at T=67 fs accompanied the presence of a cross
peak at (251, -249), indicative of a coupling with the main peak at (249, -249). The coupling
damps out at 7=234 fs, leading to disappearance of the cross peak and recovery of (251, -252)
peak.

The frequency difference between the two diagonal peaks is about 2-3 THz, corresponding
to 67-100 cm~! frequency splitting. The frequency splitting is about a factor of 2.5 lower than
the calculated value of TO and LO modes in an InAs QD [29]. However, it is known that
InAs possesses a nonvanishing piezoelectric effect (Q/dE # 0). The ultrashort optical pulses
E used in ccTPF and 2D CS can generate a lattice distortion Q accompanied with exciton
generation in InAs QDs [30,31]. The resulting exciton-acoustic phonon coupling can contribute
to the 2D CS signal by modulating the third-order nonlinear optical susceptibility A}(<3) =

(8 23 /20 )Q:O -(dQ/JE ). The modulation of InAs unit cell by acoustic phonon is phase

sensitive. As the exciton generated encounters a compressed unit cell, the exciton binding may
become stronger, which may cause the anti-Stokes process to dominate the 2D CS signal. The
appearance of the cross peak at one side of the diagonal line indicates that the coherent coupling
process receives energy from the InAs lattice. Thus, we believe that the observed cross peak
shall reflect the presence of exciton-acoustic phonon coupling in InAs QDs. The amplitude of
the cross peak is relevant to the built up dynamics of acoustic phonon mode, which could last
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Fig. 7. 2D coherent spectroscopy of the InAs QDs device with an Ing 13Gag gy As strain-
reducing layer. The device was excited by three ultrashort laser pulses with a spectrum cov-
ering from 1164 nm (258 THz) to 1246 nm (240 THz). During the 2D CS measurements,
the waiting time was fixed at (a) O fs, (b) 33 fs, (c) 67 fs, (d) 100 fs, and (e) 234 fs. Note
249 THz=1029.8 meV=1203.4 nm, 251 THz=1038.1 meV=1194.4 nm, 252 THz=1042.2
meV=1189.7 nm, respectively
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for several hundred femtoseconds and be pick up by ccTPF as shown in Fig. 6(c). However, the
relaxation of exciton population in InAs QDs is much faster, which prevents 2D CS spectra to
be observed at T >234 fs.

As a final remark, exciton-phonon coupling in semiconductor nanostructures had also been
observed previously with 2D CS. For example, Moody, et al. investigated an ensemble of inter-
facial GaAs quantum dots with 2D CS and found that elastic scattering of excitons with acous-
tic phonons contributes significantly to the observed thermal broadening of the homogeneous
linewidth of excitons [32]. Bylsma, et al. also discovered that the dephasing rate of excitons
in colloidal PbS quantum dots was accelerated by the scattering of acoustic phonon [33]. At
low exciton occupancy, electronic coupling between nearly degenerate exciton states of PbS
quantum dot can occur due to phonon-assisted transitions [34]. 2D CS simultaneously offers
both high spectral resolution and high temporal resolution and becomes a unique tool to reveal
such ultrafast coherent coupling phenomena.

4. Conclusion

InAs QDs devices with different types of strain-reducing layers had been fabricated and ana-
lyzed to demonstrate the effectiveness of the strain-reducing layers. By combining one-photon
and two-photon excitation fluorescence spectroscopies, varying degrees of strain were revealed
in the Ing 13Gag g As layer. Incorporation of Sb into the SRL effectively red shifts the ground
and excited state transition energies of excitons in InAs QDs. We developed an adaptive control
scheme of light matter interaction to directly probe into the ultrafast optical response of InAs
QDs. The coherent control TPF of the devices exhibits a resonance-induced time lag response
at 260 fs and 650 fs. We further employed 2D CS to decipher the resonant response and found
it to originate from an exciton-acoustic phonon coupling in InAs QDs. The dynamical infor-
mation is valuable to provoke further study of the optical excitation and coupling processes of
quantum confined structures.
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