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Abstract— A new microwave true-time delay (TTD) photonic
unit based on the dispersion of PbS colloidal quantum dots (QDs)
in a Polymethyl methacrylate (PMMA) and the SU8 photoresist
is presented. With this aim, the PbS-PMMA and PbS-SU8
nanocomposites are integrated on a silicon platform in the form
of a planar and ridge waveguides, respectively. When PbS QDs
on those structures are pumped below their band-gap, a phase
shift and a temporal delay in an optically conveyed (at 1550 nm)
microwave signal is performed. The results of these devices show
potential benefits over current TTD technologies, since the
proposed photonic waveguide structures allows real-time
adjustment of the temporal delay by tuning the power of the
pumping signal, more than 3.5 ps over 25 GHz, and a high level
of integration due to the novel proposed photonic waveguide
structures and the materials used.

Index  Terms— Integrated microwave photonics,
nanocomposites, optical signal processing, colloidal quantum
dots, optical delay lines, optical waveguide components

I. INTRODUCTION

ICROWAVE photonics (MWP) [1] has emerged over

the last decades as an exciting discipline based on the
transportation and processing of microwave signals over
optical carriers in order to carry out radiofrequency (RF)
signal processing functions [2], [3]. MWP enables the
broadband, interference-immune and low loss transport and
processing of RF signals, together with the possibility of
performing multiple applications that are complex or even
impossible to carry out with traditional electrical approaches,
improving the performances of broad range of fields, such as
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wireless communications, radar, signal filtering or sensing [4].
Those applications are based on basic functions such as phase
shifting (PS) or true-time delay (TTD) [5]. Therefore, MWP
solutions let broadband operations and enhanced tunability on
TTD and PSs for arbitrary waveform generation, tunable and
reconfigurable filtering, optoelectronic oscillators or beam
steering. Moreover, the MWP can be integrated in photonic
integrated circuits (PICs), field known as integrated
microwave photonics (IMWP), in order to provide additional
advantages as compactness, easiness of reproducibility and
limited costs [6].

In this way, one fundamental key block of several MWP
functionalities, for example in tunable filtering, is the TTD
device, useful to overcome limitations of the conventional
electrical approximations, like frequency-dependent losses, or
to enable ultra-wideband operations. Examples of photonics
TTDs architectures are the use of optical fiber links along with
a tunable laser to feed a phase array antenna system [7], the
use of semiconductor optical amplifiers (SOAs) [8] or
microring resonators [9]. Nevertheless, these implementations
showed some drawbacks, for instance, lack of flexibility of
optical links, relative intensity noise (RIN) limitations and
distortions of SOAs and narrowband behavior of microring
resonators in terms of tuning speed.

To overcome those constraints, a novel technology
approach able to integrate photonic TTDs in silicon platforms
is proposed. This technology is based on the use of
nanocomposites formed by the dispersion of colloidal
quantum dots (QDs) in polymers [10]. This sort of
multicomponent material is emerging as very suitable for
many photonic applications, due to the combination of the
QDs optical properties (room temperature emission and
bandgap tunability) in addition to the technological properties
of the polymers, i.e., deposition on films by different methods
and patterning by UV or e-beam lithography. Following this
interest, we have previously proposed to use the
nanocomposites as cores of active waveguides able to provide
MWP functions [10], [11], by exploiting the active properties
of the QDs. As a first approach, we presented a planar
waveguide structure fabricated by the dispersion of PbS QDs
in Polymethyl methacrylate (PMMA) and the PS functionality
studied [11]. In [12], we presented a second waveguide design
consisting of a ridge bilayer structure composed by a QDs-
SU8 core covered by a SU8 cladding to provide MWP PS
behavior. However, in order to demonstrate a broadband,
tunable and flexible MWP TTD unit based on those structures,
a new study is provided in this letter. Therefore, this work is
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focused on the practical demonstration of a continuous TTD
capability by the proposed PbS-PMMA QDs and PbS-SU8
QDs waveguides over a broadband microwave frequency
range. This paper first introduces the proposed photonic
waveguide (PhW) structures and TTD characterization set-up.
Then, it analyzes experimental time delay results and related
amplitude signals in order to provide conclusion to outline
further research.

Il. WAVEGUIDE FABRICATION

The samples used in this letter are based on nanocomposites
fabricated by the dispersion of PbS QDs in a PMMA matrix
and in a SU8 matrix. The resulting nanocomposite can act as
the core of a waveguide whose active properties can be tuned
by controlling the size, concentration and type of the
embedded QDs [13]. Since the final goal is to demonstrate
true-time delay by the absorption of these nanocrystals at
optical telecommunication windows, i.e., 1550 nm, the size of
the QD was fixed to be around 4.5 nm to show efficient
absorption at these range of wavelengths [13]. In this
particular case, absorption at 1550 nm can be saturated when
the nanocrystals are pumped at 980 nm, because absorbance
increases for short wavelengths, as depicted in Fig. 1. Then,
saturation of the absorption of the QDs [14] is expected to
vary the group index at 1550 nm and to produce a phase
change on the traveling optical signals [15] and in
consequence a temporal delay. In a first approach, the
nanocomposite was fabricated by mixing the QD colloidal
solution with PMMA with filling factor (ff) of 102 selected to
obtain a compromise between field propagation waveguiding
and QD excitation [10]. Then, it was deposited on a SiO-/Si
substrate (see Fig. 2 (a)) in order to be used as a core of an
active planar waveguide.
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Fig. 1. Absorption value for to the pump (980 nm) and probe (1550 nm)
wavelength of the PbS QD material for each PMMA and SU8 matrices, (a.u)
is for absorbance units.
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Fig. 2. Schematic view of the waveguides under study: (a) PbS-PMMA QDs
and (b) PbS-SU8 QDs bilayer structures. (c) Snapshot of the upper view
section of the PbS-SU8 QDs bilayer waveguide from optical microscope.

On the other hand, for the purpose of improving the
flexibility of the MWP device, we proposed in [12] to pattern
the nanocomposite by dispersing the PbS QDs on a SU8
matrix. A bidimensional ridge waveguide consisting of a
bilayer structure composed by a SU8+QDs layer and a SU8
cladding incorporated to decrease the propagation losses was
proposed, as shown in Fig. 2(b) and 2(c). The overall
fabrication process is described in [12].

I11. TTD PRINCIPLE OF OPERATION & MEASUREMENT SET-UP

The working principle of the TTD device is based on the
saturable absorption of the QDs when they are pumped below
their bandgap. This effect will produce a phase change of the
travelling optical signals and a temporal delay as discussed
previously. In order to characterize the behavior of these
integrated MWP QDs waveguides based on PMMA and SU8
as TTD units after photo-detection, the group index variation
is translated into a phase change 4¢ in the microwave signal,
that can be expressed as:

Q
Ap = AKL = —4n L, )
C

being k the wave vector of the signal, ¢ the speed of light in
vacuum, Q the angular frequency of the RF tone, Ang and L
the group index variation and the length of the medium,
respectively. Then, the time delay value of the TTD for an
instant bandwidth of 25 GHz (4¢) is obtained as:

-A
Ap = —274t-Af - At = —=2, 2)
27Af

where Af'is the operation frequency range where the delay is

measured [16].
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Fig. 3. Experimental laboratory set-up. LCA: light component analyzer; TF:
tapered fiber tip; WG: waveguide and OPM: optical power meter, PD:
photodetector.

The set-up used is shown in Fig. 3. A microwave tone
(10 MHz - 25 GHz) generated by a vector network analyzer
(VNA), as part of a light component analyzer (LCA) is used to
electro-optically modulate the continuous-wave (CW) laser at
1550 nm. Then, the double side band optical signal is mixed at
a wavelength division multiplexer (WDM) with a 980 nm CW
pump laser, once a time for each sample. The two beams that
are mixed at the output of the WDM are injected into the
waveguide thanks to a tapered fiber (TF) [17]. At the output
edge of the waveguide, light is collected with another tapered
fiber and pumped into a WDM in order to separate the 1550
and 980 nm signals. The 980 nm optical signal is measured by
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and optical power meter (OPM) only for calibration purposes.
The 1550 nm signal is electrically converted by a
photodetector (PD) and injected to the RF port of the LCA
where its magnitude and phase are measured.

IV. EXPERIMENTAL RESULTS

Photonic waveguide samples were tested as TTD units by
characterizing the microwave signal with the set-up explained
in section 111. Temporal delay suffered by the RF signal along
its entire bandwidth (10 MHz - 25 GHz) was calculated by
increasing the pump power at 980 nm progressively, while the
power of the signal at 1550 nhm wave was kept constant.

A. PMMA waveguide TTD results

The PbS-PMMA planar waveguide under study was pumped
at 980 nm as explained in section Ill. The waveguide length
was set to 4 mm, while the nanocomposite and PMMA
cladding thicknesses were t = 2 yum and d = 3 um,
respectively, to ensure signal propagation. In this set-up the
total optical loss was 33 dB, comprising 10 dB due to TF light
coupling, 19 dB/cm propagation losses for the PMMA QDs
PhW sample and set-up experimental losses. The time delay
performed by the excitation of the QD PbS at the pumping
wavelength of 980 nm has been studied and analyzed. The
results are shown in Fig. 4 and Fig. 5.
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Fig. 4. Time delay as a function of the microwave frequency for different
980 nm pump powers in the 4 mm long PbS-PMMA QDs waveguide.
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Fig. 5. Normalized amplitude response as a function of the microwave
frequency in the 4 mm long PbS-PMMA QDs waveguide.
The results presented in Fig. 4 indicate that the higher the
pump power the larger the time delay, saturating to values up
to 4 ps, probably due to nanocrystal saturation [18]. Note that

the variations in RF amplitude are less than 2 dB, as illustrated
in Fig. 5. In both graphs it is interesting to observe that for
pumping powers above 0.6 mW, the amplitude and delay
values reach a stable regime due to the saturation of the QDs
absorption. The irregularity peaks observed in the
measurements, lower than 0.1 ps and £0.1 dB, are not caused
by the TTD operation principle. In fact, they are attributed to
the IF bandwidths at the LCA used. These results prove the
feasibility to tune continuously a broadband TTD with the
proposed PbS-PMMA QDs waveguide.

B. SU8 bilayer waveguide TTD results

For the proposed PbS-SU8 QDs bilayer structure, different
waveguides widths and lengths were tested. In this case, as
demonstrated previously as phase shifters [12], the
narrower/longer the waveguide the higher the phase shift/time
delay produced. The best results, showed in Fig. 6, were
produced by the 4 um thick (thickness of the SiO,/Si substrate
t =4 um and of the SU8/SU8+QDs cladding d;=2 pum), 20 um
wide (w), 6 mm long and ff=10?, ensuring signal propagation.
In this set-up, the total optical loss was 22 dB, comprising
10dB due to TF light coupling and 6 dB/cm propagation
losses for the PbS-SU8 QDs PhW and set-up experimental
losses.
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Fig. 6. Time delay as a function of the microwave frequency for different
980 nm pump powers in the 20 pm wide and 6 mm long PbhS-SU8-QDs
bilayer waveguide.
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Fig. 7. Normalized amplitude response as a function of the microwave
frequency in the 20 pm wide 6 mm long PbS-SU8 QDs bilayer waveguide.

Again, the higher pump power, the larger time delay as
shown in Fig. 6. The inset in Fig. 6 indicates that for pump
power values beyond 1.05 mW, a saturation level at the
nanocrystal is obtained. Fig. 7 shows the normalized detected
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signal power for different coupled pump powers. The graph
showed a saturation level for the receiving signal, as
previously discussed. This regime is due to the fact that the
SU8 waveguide has a finite number of QDs and their
excitation reaches a saturation regime of absorption [18]. The
small amplitude variation in Fig. 7 is due to the size of the TF
light spot at the edge of the waveguide that is slightly bigger
than the thickness (di) of the single SU8-QDs cladding.
Therefore, light is propagated and confined in both claddings.

Clearly, PMMA and SU8 waveguides have been proved as
potential photonic TTD wunits with more than 3.5 ps
continuous temporal delay over more than 25 GHz range. This
frequency range and the tuning speed are limited by the RF
measurement set-up, not by the different waveguides
structures. In this letter, both waveguides samples were
selected to increase the temporal delay with a similar width
and length. However, the SU8 bilayer waveguide structure
allows confining the light better and therefore to control more
properly the delay functionality due to higher light excitation
of the QDs. The results indicate that it improves the range of
pump power absorption of the QDs due to its structure, as
showed in Fig. 6 and Fig. 7. In addition, the novel structure of
the SU8 bilayer waveguide compared with the PMMA
waveguide adds the SUS8 cladding waveguide width
parameter w as a new flexibility level of design for future
on-chip requirements, e.g., PICs width matching. Moreover,
the bilayer SU8 waveguide shows a bigger SNR than the
PMMA due to smaller optical power losses, as can be seen by
comparing Fig. 5 and Fig. 7.

The temporal delay value obtained could be improved by
modifying the design of the sample to obtain an enhanced
confinement of the light and a better excitation of the QDs. As
example, the increment of the pump conditions with a novel
characterization set-up with a dual light pumping from either
edges or a surface light pumping directly to the excitation area
will improve light confinement and nanostructure excitation.
On the other hand, novel structures with higher QDs
concentration that will improve the excitation area [19] could
be considered for further research.

V. CONCLUSIONS

In this work, a novel approach to implement MWP TTD
unit devices based on PbS-PMMA and PbS-SU8
nanocomposites with QDs integrated into silicon platforms is
reported. The results obtained prove that both structures are
able to perform a real time MWP TTD function of more than 3
ps over a broadband 25 GHz RF range for 1550 nm optical
telecommunications signals. The PbS-SU8 bilayer waveguide
shows potential design advantages over the PbS-PMMA
waveguide due to a better light confinement. This work
demonstrated a continuous and fast true-time delay tunability
under broadband RF operation with the proposed SU8-QDs
and PMMA-QDs structures. These PhW structures could be
designed to face future on-chip requirements and being
considered as effective photonic TTD units.
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