
 1 

 

    
v  

 

NSC 

 



 2 

NSC92-2112-M-009-014-     

( )

20 nm

An apparatus, which can offer femtosecond pulse conversion, 
characterization and coherent control functionalities on the same 
platform, has been developed and could be combined with advanced 
multiphoton optical microscopy for imaging enhancement, selective 
excitation, and coherent control purpose, etc.

1. Manufacturing industry of advanced optical microscope. Product: 
adaptive coherent controlled multiphoton luminescent microscope 
with pulse shaping and compensation; 

2. Laser industry. Product: direct complete-field characterization 
apparatus of femtosecond optical pulse 

 Femtosecond laser instrument. Product: femtosecond pulse design 
and conversion

1. New algorithm for rapid search of optimum spectral phase of 
optical field needed to achieve coherent control; 

 Pulse conversion, complete-field characterization and adaptive 
coherent control on the same apparatus;

 Direct approach to deduce complete-field characteristics of 
femtosecond coherent pulse.

1. selective excitation optical microscopy quantum-control; 
2. imaging enhancement of multiphoton optical microscopy; 

 quantum control and manipulation of optical excitation in 
nanostructured materials; etc.
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Abstract 
 The major objective of this three-year research project is to apply femtosecond laser technology for probing 

dynamics of carrier-spin and coherent phonon in condensed materials.  By employing optical pulse shaping 

technique, we hope to manipulate the coherence transport of the carrier spin and phonon generation in some 

quantum-confined systems. 

 In this second-year progress report, we present: (1) the developments of an apparatus which enables us to 

perform femtosecond pulse conversion, characterization and coherent control on the same platform. We demonstrate 

these functionalities with some semiconductor saturable absorber Bragg reflectors. We are able to realize a selective 

enhancement of two-photon excited luminescence from semiconductor microstructures with PL spectral peak 

differing by only 20 nm. 

 Solution growth technique of magnetic/noble metal core-shell quantum dots has been developed for building 

highly ordered self-assembling bulk film. This progress offers an opportunity to probe and control the spin transport 

dynamics in a low-dimensional quantum-confined system.  The results reported here reflect our efforts and well 

preparation for the next stage research. 

 

Progress Report 
I. 3C (conversion, characterization and coherent control) strategy of femtosecond laser 
pulse on a single platform[1] 

 By using the broadband property of an ultrashort laser pulse, Silberberg et al.[2] had 
developed a coherent control scheme to demonstrate selective imaging of molecules via 
single-pulse coherent anti-Stokes Raman scattering. Similar enhancement with coherent control 
technique had also been observed in two-photon fluorescence process.[3,4] Along this study, the 
question remained is whether the optimal laser field contains a set of rational rules that govern the 
dynamics. Recent study appears to reveal that the answer could be affirmative.[5] Therefore the 
purpose of femtosecond coherent control study is not only to control the evolution of a complex 
system but also to deduce the detailed dynamic mechanism from the optimal laser field used. 

 In order to have the scheme widely applicable, the apparatus shall offer the so-called 3C 
strategy, which includes the functionalities of conversion (to any desired pulse profile from a 
given coherent optical pulse), complete-field characterization (of the designed pulse to verify 
the characteristics needed), and coherent control (of the light-matter interaction) at the 
femtosecond scales. During the second year of this project, we have developed such a technique 



 4 

to fulfill the requirement of future quantum evolution control. 
 The operational principle bases on the concept that views the spectral phase components of a 
coherent pulse as a system of interacting particles. If a temperature sensor to reveal how cold it is 
at zero degree and a thermal pump to control the amount of heat to be added into or taken from 
the system are available, information about the interacting-particles can be yielded by studying 
how the system responses to a thermal excitation. 
 Our experimental implementation of this concept includes a femtosecond laser whose output 
pulses are tailored by a pulse shaper. The pulse shaper consists of a pair of gratings, two concave 
reflectors, and a liquid crystal spatial light modulator (SLM). After reassembled by the output 
grating, the shaped pulse is focused onto a sample under test. The phase distortion in the reflected 
optical pulse can be pre-compensated by the SLM. An optical pulse with constant phase can be 

produced in front of the 3-mm thick type-I β-Ba2BO4 (BBO) second harmonic generation (SHG) 
crystal. We combine BBO SHG with a photodiode to offer a functionality of constant phase 
detection. The photodiode signal is sent to a computer for generating phase compensating pattern 
with the freezing-phase algorithm. 
 This apparatus has been applied to convert single femtosecond pulse to multiple pulses, 
single pulse with rectangular or triangular profile, etc. Our technique is fast, accurate and more 
immune to the noise and laser power fluctuation than that with genetic algorithm. 
 To demonstrate the functionality of complete-field characterization, we employed the 
apparatus for investigating three types of semiconductor saturable absorber Bragg reflectors 
(SBR). The results show that our apparatus can clearly reveal the spectral phase distortion from 
slight structural changes of the devices. 
 We first use second-harmonic generation frequency-resolved optical gating technique 
(SHG-FROG) to characterize the optical field reflected from the SBR devices. The SHG-FROG 
results are shown in Fig. 1. We then compare the results deduced from our new apparatus with 
SHG-FROG. 
 The first SBR device to be studied comprises of two Ga0.47In0.53As quantum wells, 
which are embedded in an Al0.48In0.52As quarter wave layer on a distributed Bragg reflector (DBR) 
stack (hereafter is abbreviated as d-QW). The DBR stack is formed with 25 pairs GaAs/AlAs 

designed to yield a Bragg wavelength at λB=1.23 µm. The other is self-assembled InAs 
quantum-dots layer embedded in a quarter-wave-thick (QD-λ/4) or half-wave-thick (QD-λ/2) 
GaAs layer on a DBR stack. The DBR of the two devices is identical and contains 21-periods 
stack of 97 nm/112 nm GaAs/Al0.92Ga0.08As. The DBR was designed to yield high reflection at 

1.3 µm. The experimental SHG-FROG trace was retrieved with an error of 0.0025. The retrieved 
spectral phase profiles for the three SBR devices are presented in Fig. 2(c) and are found to 
overlap with each other near the central region but significant difference can be observed at the 

spectral tails of QD-λ/4 and QD-λ/2. The field strength experienced by the InAs QDs in QD-λ/2 
is smaller and therefore we expect to observe weaker pulse shaping effect and therefore larger 

phase distortion in QD-λ/2. 
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Fig. 1. The retrieved spectral phase profiles from d-QW (solid curve), QD-λ/4 (long dashed) and QD-λ/2 
(short dashed line) SHG-FROG traces. 
 

 After SHG-FROG analysis, we proceed to perform the complete-field characterization 
with our adaptive phase compensation apparatus. The results are summarized in Fig. 2, where in 
2(a); a direct comparison of the deduced spectral profile of the optical pulse reflected from the 
d-QW sample to that measured with Fourier-transformed infrared spectroscopy (FTIR) is 
presented. An excellent agreement was found, indicating that our adaptive phase compensation 
scheme not only be able to yield the spectral phase profile but also the amplitude of a coherent 
optical pulse. We then present the measured spectral phase profiles with FA for the three SBR 
devices in Fig. 2(b). The global features of the measured spectral phase profiles are similar to that 
obtained with SHG-FROG technique. The most deviations occur at the regions with small 
spectral amplitude where retrieving with SHG-FROG algorithm is usually less reliable. The slight 

shift of the QD-λ/2 spectral phase profile (short dashed curve) from d-QW (solid curve) and 
QD-λ/4 (long dashed) also appears in the FTIR spectra. Note that the device structure of QD-λ/2 
is very similar to QD-λ/4 except a twice thicker QDs embedded layer employed in QD-λ/2. The 
clearly distinguishable differences in the spectral phase profiles ensure that our new 
complete-field characterization scheme is sensitive and accurate to reveal influence on 
femtosecond optical pulse with a slight change in SBR structure. Furthermore, unlike 
SHG-FROG where the pulse characteristics are retrieved with sophisticated mathematical 
procedure, our method belongs to a direct measurement approach. 

 

Fig. 2. (a) Spectral profiles of optical pulses reflected from d-QW (open circles) measured with freezing-phase 
algorithm (FA) and from d-QW (solid curve), QD-λ/4 (long dashed), QD-λ/2 (short dashed) with 
Fourier-transformed infrared spectroscopy (FTIR) (b) Spectral phase profiles from Au-mirror (thin solid curve), 
d-QW (thick solid curve), InAs QD-λ/4 (long dashed), and InAs QD-λ/2 (short dashed) deduced with phase freezing 
scheme; (c) group delay time of the three SBR devices over the entire pulse spectral range. 

 

 Note that we can also determine the group delay times of the SBR devices by first taking 
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a difference between the spectral phase profiles of SBR and Au-mirror and then differentiating 
the phase difference profiles with respect to angular frequency. The results are presented in Fig. 2 
(c), which show that the d-QW SBR exhibits much weaker wavelength-dependent group delay 
within the entire spectral range of the optical pulse. Indeed this device had been designed for 

passively mode locking femtosecond laser at 1.25 µm and was confirmed experimentally to be 
able to generate femtosecond laser pulse with pulse duration less than 60 fs. As expected, among 

the three SBR structures the QD-λ/2 shows largest variation in group delay within the spectral 
range, especially for the spectral components with wavelength longer than 1.27 µm. The larger 
variation in group-delay by QD-λ/2 can originate from weaker field strength being experienced 
by the InAs QDs and therefore weaker pulse shaping effect is yielded. 
 

II. Coherent-controlled two-photon luminescent microscopy of semiconductor 
microstructure with freezing algorithm of spectral phases [6] 

 The core issue about this research is to develop a technology platform with improved 
control capability on light-matter interaction.  With this control power in hand, we shall be able 
to steer photon energy into specific degrees of freedom of materials, to create new materials, to 
generate new functionality from a device, or even to probe specific molecule within an ensemble 
of species. 
 In particular, we are interested in new phenomena resulting from an enhanced coupling 
between electrons and photons at nanometer scales. Photon energy with wavelength of hundreds 
nanometers had been predicted to localize to a few nanometers by using a proper control of 
transient optical phase. If the technique is verified, an approach to enhance coupling between 
photon and electron at nanometer scales shall be possible and brand new concepts for photonics 
are expected. Along this direction, we first explore the possibility of selectively enhancing the 
two-photon excited photoluminescence from a semiconductor microstructure. The experimental 
setup is depicted in Fig. 3(a). The sample used is self-assembled InAs quantum dots embedded 
inside a GaAs epilayer. The device structure and related optical transitions are shown in Fig. 3(b). 

    
Fig. 3 (a) Schematic of the adaptive coherent control multiphoton luminescence microscope, (b) the related optical 

transitions and electronic structure of semiconductor microstructure used in this study. 

 

 Two-photon excited photoluminescence near 880 nm can be observed and is attributed 
mainly due to the GaAs epilayer. The two-photon excited PL image sensitively reflects the film 
quality and the in-plane material inhomogeneity.  A typical two-photon excited micro-PL image 

obtained with femtosecond laser at 1.25 µm is presented in Fig. 4(a). By using our coherent 
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control multiphoton luminescence microscope, we can enhance the PL signal at least three times 
to yield an image with higher contrast (see Fig. 4(b)). 

  

Fig. 4 (a) Two-photon excited micro-PL image of a sample of self-assembled InAs quantum dots embedded in a 
GaAs epilayer obtained with femtosecond laser at 1.25 µm; and (b) the coherent control enhanced multiphoton µ-PL 

image on the same area. 

 

In Fig. 5(a), the two-photon excited PL spectrum from position A exhibits about 20 nm red-shift 
from that emitted at position B. The micro PL spectra are presented in Fig. 5(b). This red-shift is 
presumably originated from a localized compositional difference in the epilayer. 
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Fig. 5(a) Coherent control enhanced multiphoton µ-PL image of the same sample as Fig. 4; and (b) the two-photon 

excited PL spectra from position A and B marked in Fig. 5(a). 

 
 It is interesting to train the adaptive control multiphoton luminescence microscope to 
yield higher signal from position A and B, respectively.  For each searching, the time to reach 
the optimal phase profile usually takes less than 5 minutes, which demonstrates that our coherent 
control apparatus has achieved a status of practical usage. The optimum phase profiles for 
enhancing the PL signals at position A and B are shown in Fig. 6(a) for comparison.  The 
resulting coherent-control difference map of PL is presented in Fig. 6(b). We can clearly see fine 
feature developing near position A, indicating coherent control via femtosecond spectral phase 
leads to excitation redistribution within the semiconductor microstructure. The underlying 
mechanism can be explained by using the electronic model shown in Fig. 3(b) and will be 
detailed in a separate publication. 
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Fig. 6(a) The optimum phase profiles for enhancing the PL signals at position A and B; and (b) the resulting 

coherent-control difference map of PL signal from the semiconductor microstructure. 

 

III. Preparation of self-assembled film of magnetic-metal core-shell quantum dots 

 One of the major objectives of this research is to probe and control the carrier spin 
transport in a low-dimensional quantum system.  Magnetic quantum dots and their periodic 
arrays are the ideal advanced material system to be studied. 
 Magnetic quantum-dots (QD) such as Fe, Co, and Ni with an outer shell of noble metal 
can be prepared from solution growth technique. Furthermore, their size distribution is very 
narrow and controllable with growth duration. A sample-growing technique has been developed 
for preparing the core-shell magnetic nanocrystals and a bulk film with regular nano structure. 
The preparation schematic is depicted in Fig.7. 

 
Fig. 7 Schematic for preparing core-shell magnetic nanocrystals and a plausible route for self-assembling into a bulk 

film with high structural regularity. 

 

TEM and XRD measurement shows these solution-grown Fe/Au core-shell QDs have uniform 
particle size and high crystal quality.  We are currently endeavored to develop a method for 
fabricating a highly regular structure of the nanoparticles in silica matrix formed by the TEOS 
surfactant. The resulting sample shall be unique for probing the quantum-confined spin transport 
dynamics. 
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