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Abstract. Due to its unique optoelectronic properties, the quantum dot (QD) has become a
promising material for realizing photonic components and devices with high quantum
efficiencies. Quantum dots in colloidal form can have their surfaces modified with various
molecules, which enables new fabrication process utilizing molecular self-assembly and can
result in new QD photonic device structures in nano-scale. In this review paper, we describe
our work on QD waveguides for sub-diffraction limit waveguiding that utilizies near-field
optical coupling between QDs, nano-scale QD photodetectors with nanogaps for sensing with
high spatial resolution and sensitivity, as well as integration of these two nanophotonic
components. The QD waveguide achieved a transmission loss of 3 dB/4 um, which is lower
than the experimental results from other sub-diffraction limit waveguides that have been
reported. It also demonstrated a comparable waveguiding effect through a waveguide with a
sharp bend. The QD photodetector showed a sensitivity of 60 pW over a device with a nano-
gap of 25 nm for detection. The compatibility between the fabrication processes for these two
components with colloidal QDs allows integration of them through self-assembly fabrications.

Keywords: quantum dot, waveguide, photodetector, sub-diffraction limit, self-assembly,
nanophotonics.

1 INTRODUCTION

The constant demand for smaller and faster computation and communication systems with
versatile functionality has been driving the miniaturization, integration density and speed of
device technologies. While electronics face challenges in speed, power consumption and
crosstalk between information channels, photonics emerges as a promising alternative.
Nevertheless, the development of photonic integrated circuits has been hindered by the
diffraction limit, which constraints the integration density one can achieve using photons as
information carrier.

Thanks to the advances in nano-fabrication technologies, nano-scale structures such as
photonic crystals [1-3] and silicon slot waveguides [4-7] have been demonstrated to transmit
optical wave with high confinement. One-dimensional nano-structures such as nanowires,
nanotubes [8-10] and 0-dimensional structures such as semiconductor quantum dots (QD) and
metal nanoparticles (NP) have also offered promising routes towards waveguiding in nano-
scale. Among various technologies, transmitting optical energy as surface plasmon
propagation can achieve true sub-diffraction waveguiding [11-15]. Plasmonic waveguide
structures that have been proposed thus far include 1-D negative index optical fibers [16, 17],
metal nanowires [18, 19], metal strips [20, 21], triangular metal wedges [22], metal slots [23-
25] and metal NPs [26-31]. The chief challenge for plasmonic waveguides is the high
transmission loss due to strong damping of the propagating surface plasmon. Integration of
the plasmonic waveguides with active semiconductor devices such as lasers or photodetectors
is also challenging. Recently, combination of dielectric waveguiding with surface plasmon
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polariton (SPP) propagation was proposed, with confinement from the SPP propagation as a
trade-off with low-propagation loss from the dielectric waveguiding [32].

Semiconductor QDs, on the other hand, are gain-enabled materials under excitation. They
have spectrally sharp emission peaks and high quantum efficiency due to their 3-D electron-
hole pair (exciton wavefunction) confinement. Their spectral response can easily be tuned by
particle size and composition. These properties make QDs ideal materials for optoelectronic
applications [33]. Conventional QD photonic devices utilizes self-organization at the interface
of strained epitaxially grown III-V or II-VI semiconductor layers to create QD nanostructures.
Such process is often not compatible with silicon CMOS fabrication. Another process to
fabricate QDs is through chemical synthesis. The resulting QDs are in colloidal form and have
been widely used as fluorescent tags in biomedicine [34]. Colloidal QDs conjugated with
streptavidin or carboxylated QDs can be fabricated into a waveguide pattern on a silicon
wafer through DNA-mediated [35] or other molecular self-assembly processes [36]. Utilizing
the optical gain within and near-field optical coupling between the QDs, sub-diffraction
optical energy transmission with low loss using such devices has been proposed [35, 37-40].

As the integration density of photonic integrated circuits progresses towards the sub-
micron regime, it becomes imperative to detect the optical signal with nanometer resolution as
well in order to preserve the on-chip integration density. The requisite photodetection devices
are critical for integration of nanophotonics with electronics. Previous approaches to near-
field optical detection using nanostructures include single [41] and crossed-nanowire [42]
devices, photosensitive carbon nanotubes [43], single-electron-transistors (SETs) [44, 45],
optical-antenna structures [46], and nanocrystal-enhanced photonic crystal structures [47].
These novel approaches, while advancing certain aspects of nanoscale photodetection, either
do not provide the fabrication flexibility and convenient materials necessary for nanophotonic
integrated circuit design or have large overall device sizes. With their unique optoelectronic
property and surface chemistry, colloidal QDs incorporated into nanostructures are promising
candidates for photodetection in nanophotonic integrated circuits. Furthermore, carrier
multiplication has been shown to be highly efficient in colloidal QDs due to confinement-
enhanced Coulomb coupling between single-and multi-exciton states, which is a unique
feature of semiconductor nanocrystals [48]. Internal quantum efficiencies as high as 700%
have been experimentally demonstrated [49], suggesting the possibility for ultra-high
sensitivity photodetection using this material. Utilizing these unique properties of colloidal
QDs, nanoscale QD photodetectors with high sensitivity (< 60 pW) have been fabricated and
demonstrated [50]. Integrated fabrication of such photodetector with the QD waveguides is
also straightforward through self-assembly fabrication [51]. The fabrication processes of
individual QD components and integration can be performed on a variety of substrates with
proper surface coating, which adds additional strength to QD nanophotonics.

In this paper, we review our previous works on QD waveguides, photodetectors, as well as
integration of these two components via self-assembly approach.

2 SUB-DIFFRACTION LIMIT QD WAVEGUIDE

Our approach combines ‘bottom-up’ self-assembly of colloidal QDs with ‘top-down’
lithography on a silicon chip to build nanophotonic components and systems. Based on near-
field interaction between photo-excited QDs, sub-diffraction optical waveguides can be built.
We have demonstrated efficient sub-diffraction limit waveguiding in self-assembled
CdSe/ZnS core/shell QD arrays including 90° bends [38, 39]. By taking advantage of the
versatility of chemical functionalization of both the substrate as well as the QDs, through
molecular recognition, the QDs can be precisely arranged into desired locations defined
lithographically [35, 52, 53]. For example, 3’aminopropyltriethoxylsilane (APTES) is an
efficient linker molecule between carboxylated QDs and a Si/SiO, substrate. Alternatively, a
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chain of molecules including 3-mercaptopropyltrimethoxysilane (MPTMS), acrylamide
modified single-stranded DNA (ss-DNA) in series can bind streptavidin QDs linked to
biotinylated complementary DNA (cDNA) to achieve self-assembly with programmability
[38].

Shown in Fig. 1(a) is the principle of the QD waveguide. The surface-anchored closely
spaced QDs in the waveguide are excited by a continuous-wave pump laser into the lowest
exciton state. The input signal stimulates the emission of the QD which will then cascade
through the waveguide. Finite difference time domain (FDTD) simulation indicates that the
intensity distribution of the stimulated emitted photons is highly concentrated around the QD
and attenuates rapidly, as shown in Fig. 1(b). Due to the strong near-field inter-dot coupling
and optical gain in each QD, low-loss transmission with low crosstalk can be achieved [35,
37].
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Fig. 1. (a) Schematic drawing of the sub-diffraction QD waveguide. (b) Intensity distribution of the
stimulated emitted photons by FDTD simulation.

Self-assembly fabrication of the QD waveguide through the mediation of APTES is shown
here as an example. The fabrication process, shown in Fig. 2, starts with oxygen plasma
treatment of a silicon wafer coated with silicon dioxide at 20 W for 60 seconds following
electron-beam lithography (EBL) of the waveguide pattern. Then, the sample is immersed
into 0.1~0.2% v/v APTES thoroughly mixed in a 95% IPA and 5% DI H,O solvent; for
instance, 4 uL APTES would be mixed in 1900 puL IPA and 100 uL DI to make 0.2%
solution. After 1 minute reaction time, the sample is removed and rinsed in IPA. The
chemisorption of APTES leads to an amine (-NH,) group presented at the terminal.
Afterwards, the sample is placed on a hot plate for 7.5 minutes at 110°C to cure the monolayer
[54]. Attachment of QDs is achieved by depositing a droplet of 0.125 uM carboxylated QDs
mixed in DI H,O with 1 mM 1-ethyl-3-(3’dimethylaminopropyl)-carbodiimide (EDC), a
coupling reagent that aids in binding amine and carboxyl groups directly on the patterned
region. After one hour wait time, the QD solution is rinsed off the substrate with 1x phosphate
buffer solution followed by 0.3 M ammonium acetate to remove the salts from the buffer. The
sample is then blown dry with N,. For the final steps, the PMMA is dissolved with
dichloromethane, CH,Cl,, via a three minute immersion process [55], and the sample is rinsed
with DI H,O and again dried under a nitrogen stream.
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Fig. 2. QD waveguide self-assembly fabrication through APTES: (a) EBL pattern a SiO,/Si sample
coated with PMMA; develop PMMA; treat with oxygen plasma to create hydroxyl groups on surface;
(b) Solution phase deposition of APTES; (c) Carboxylated QDs covalently bind to the amine groups of

APTES; (d) Strip PMMA to leave waveguide. [38]

Figure 3 shows fluorescence and AFM images of the fabricated QD waveguide in 500-nm
and 100-nm width. The fluorescence shows spontaneous emission of the QDs, while the AFM
images indicate the distribution and coverage of the QDs in the waveguide structure. In our
experiments, a 2-D array of QDs is built by self-assembly on a prestructured substrates
patterned by EBL with finite width. As discussed in Ref. [40], this does not compromise the
performance of the QD waveguide. Rather, reduced transmission can be facilitated through
cross-coupling.

We have demonstrated efficient optical signal transport in QD waveguides even with
corners and bends [38]. With a 405-nm pump laser focused on the waveguide through a 20x
objective lens and a 639-nm signal laser coupled to the waveguide through a tapered fiber, we
measured the transmitted optical signal through the QD waveguide and compared the result to
direct coupling between input and output fibers spaced at the same distance. The experimental
results, shown in Fig. 4, indicate the waveguiding effect with the QD waveguide. Both a
straight waveguide 20-um in length and a waveguide of the same length but with 90° bend in
the middle achieve similar performance. This shows the potential of flexible routing for ultra-
high density photonic integrated circuits using the QD waveguide.

Fluorescence microscopy Atomic Force Microscopy

200-nm 500-nm
spacing spacing

Single

Fig. 3. QD waveguides with 500-nm (top) and 100-nm (bottom) width in single and pair formations
spaced 200 nm and 500 nm apart. The fluorescence image shows far-field emission. The AFM image
shows details of the waveguides where individual QDs can be seen.
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Fig. 4. Ratio of the transmitted power through the QD waveguide to that through direct coupling for (a)
a straight waveguide 20 um in length; (b) a waveguide of the same length with 90° bend in the middle.

The transmission loss per unit length of the QD waveguide was characterized by
measuring the output signal across multiple lengths ranging from 4 pm to 10 pm. Waveguides
with 500 nm (Fig. 5a) and 100 nm (Fig. 5b) widths were examined. Varying the pump power
per QD from 1.18 nW to 2.08 nW produced the same upward trend in transmission at higher
optical intensities. Additionally, the narrow waveguides revealed steeper slopes.
Subsequently, we use an exponential fit to the data since the output power follows the
relation, P(z)= F, exp(—az) , with respect to the input power P, and the loss coefficient, a.

As a result, we can extract an average loss value of 3 dB per 2.26 um and 4.06 um for the 100
nm and 500 nm width waveguides across the three pump settings. The trend of lower loss for
wider waveguide is consistent with Monte Carlo simulation of the QD waveguide
transmission that takes into account of lateral cross-coupling between QDs [40].
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Fig. 5. QD waveguide loss behavior measured over multiple lengths and pump powers. (a) 500 nm wide
QD waveguides. (b) 100 nm wide QD waveguides.

Table 1 compares the reported theoretical and experimental findings for all proposed true
sub-diffraction waveguiding methods. Most of these rely on surface plasmon propagation
except the QD waveguide. With the exception of the gold insulator-metal-insulator (IMI)
junctions, the QD array waveguide has the best transmission loss figure measured
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experimentally. The transmission loss can be further reduced by improving the self-assembly
fabrication process to increase the coverage density of the QDs.

Table 1. A comparison of theoretical and experimental loss for sub-diffraction limit waveguiding

methods.
Method Device dimensions Wavelength Theoretical loss | Experimental loss
Ag pin 1D fiber 20 nm diameter core 633 nm 7.31 dB/um N/A
el =3dB/410 nm
Au nanowire [18] 200 nm width 800 nm N/A 1.7 dB/um
50 nm thickness =3dB/1.76 um
Ag wedge [22] 300 nm base 632 nm 1.9 dB/um 2.9 dB/um
40° angle =3dB/1.58 um =3dB/1.03 um
Ag nanoparticle 50 nm diameter 488 nm 4.8 dB/um N/A
aray [31] 25 nm inter-dot = 3 dB/614 nm
separation
Ag nanoparticle 50 nm diameter 570 nm 30 dB/um 31 dB/um
aray [12] 50 nm inter-dot = 3 dB/100 nm = 3.dB/97 nm
separation
Au IMI [13] 2D coverage 1.55 um 0.00076 dB/um N/A
45 nm thickness =3dB/3.9 mm
Au IMl in Si [23] 150 nm width 1.55 um 0.55 dB/um 0.8 dB/um
250 nm thickness =3 dB/5.45um =3 dB/3.75um
Au clad MIM [56] 150 nm width 633 nm 12.2 dB/um N/A
100 nm thickness =3 dB/246 nm
Au clad index- 150 nm width 633 nm 3.1 dB/um N/A
guided MIM 1361 |50 nm thickness = 3 dB/968 nm
QD waveguide 500 nm width 639 nm N/A 3 dB/4.06 um
100 nm width 3dB/2.26 um

3 NANOSCALE QD PHOTODETECTOR

A nanoscale QD photodetector that can easily be integrated with the QD waveguide is shown
in Fig. 6. Colloidal QDs are placed between two electrodes spaced with a nano-gap, so that
electrons can tunnel between the electrodes through the QDs. Electron transport in colloidal
QDs embedded in an n-i-n (metal-QD-metal) structure typically involves significant potential
barriers at the QD-QD interface as well as the QD-electrode interface. Transport between
QDs can, therefore, be considered as a problem of hopping between localized states [57], and
can be modeled by the transfer Hamiltonian approach [58]. Carriers with higher energies have
a higher probability of tunneling through the QDs and contributing to the tunneling current.
The effect of optical excitation on the electrical transport of such structures is thus to reduce
the effective potential barrier from the QD to the electrode by exciting photo-generated
carriers into higher energy states. The tunneling current increases when the QDs are photo-
excited, thus achieving photodetection.
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Fig. 6. Schematic drawing of the nanoscale QD photodetector. The photo-excitation of the QDs in the
junction will modulate a tunneling current.

Fabrication of the nano-gap electrodes can be performed using break-junction process that
involves electromigration of the Au atoms [59]. Electrodes having widths of 50 nm have been
broken with controlled gap sizes ranging from 1.5 - 25 nm. Figure 7(a) shows a large-area
device structure and the magnified nano-gap region, with a 25-nm gap obtained through the
break-junction process. Alternatively, high-resolution EBL can also be used to pattern the
nano-gap electrodes in parallel and eliminate the break-junction step, which is inherently a
serial process. This will be described later in Sec. 4 [51]. After confirmation of the break
using SEM, a 100 uM solution of CdSe/ZnS core/shell QDs in toluene is drop-cast onto the
wafer. The QDs have a nominal diameter of 5.2 nm and an emission wavelength of 620 nm.
Figure 7(b) shows an example of a device after drop-casting NCQDs into the nano-gap. [50]

(b)

Fig. 7. SEM images of (a) a pre-QD deposition break-junction electrode, and (b) a nano-scale QD
photodetector after QD deposition.

The drop-cast deposition method results in a thin film of QDs over a large area, but only
QDs in and around the nano-gap can contribute significantly to the measured current, thus
achieving high spatial resolution. To determine the effective area of the photodetector, we
used finite element modeling to simulate the electric field intensity in and around the
nanogap. Figure 8(a) shows a surface plot of the E-field intensity for a 20 nm nano-gap
device. The E-field is highest around the edges of the gap and decreases radially outward
from the center, as shown in Fig. 8(b). For this device, E/E,,x is approximately 10% when r =
50 nm. An effective area of the device is defined as the rectangular area of the nano-gap plus
a circular area with radius r defined by the distance from the electrode edge at which the E-
field is 10% of the highest value [50]. This distance scales linearly with gap size.
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Fig. 8. (a) Finite element simulation of the electric field intensity in and around a 20 nm nano-gap. (b)
E/Eax Vs. radial distance from the electrode edge.

Figure 9 shows the I-V characteristics of a 25-nm gap device under illumination and dark
conditions. The illumination intensity is 1 pW/nm’. The sensitivity and responsivity of the
device was then characterized by measuring photocurrent under various illumination
intensities with the device biased at 4 V. A Keithley 6430 Sub-Femtoamp source meter and a
Cascade Microtech M150 low-noise probe station are used for the measurements. The results
are shown in Fig. 10. The device starts to show measurable photocurrent of 80 fA under 60
pW illumination over the effective device area. No special shielding of ambient light was
done for this measurement. The device has an average responsivity of 2.7 mA/W under low-
intensity illumination, and starts to exhibit saturation effects when the optical power increases

beyond 4 nW.
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Fig. 9. I-V characteristics of the QD photodetector under dark (squares) and illuminated (circles)
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Fig. 10. Measured photocurrent versus input laser power for the QD photodetector. The device is biased
at 4V and the wavelength of the incident laser is 405 nm.

The QD photodetector described here is not likely to outperform conventional
photodetectors in terms of responsivity due to its small active volume. However, the main
advantage of the nanoscale QD photodetector lies in its high sensitivity, small size and spatial
resolution, which allows integration with sub-diffraction optical waveguides that are closely
spaced without compromising the integration density of the waveguides and the overall
nanophotonic integrated circuits. The QD photodetector is fabricated upon a silicon substrate
and does not require epitaxial growth of the material, which makes integration with other
nanophotonic waveguides such as nanowires, plasmonic materials, photonic crystals, or high-
index silicon-on-insulator devices readily achievable.

4 INTEGRATION OF QD DEVICES

Fabrication of the QD waveguide/photodetector integrated device is achieved by multiple
alignment-assisted EBL patterning of the QD waveguide, nanogap electrodes, and self-
assembled QD deposition. To minimize the effect of processing on QDs and the linker
molecules for self-assembly, we start with EBL patterning and Au evaporation of the nano-
gap electrodes. It is found that a gap size of 10 to 30 nm can be consistently achieved by
writing at 30 kV, 15.0 pA current and a dose of 0.5-0.6 nC/cm with the EBL apparatus in use
(FEI Sirion SEM). As can be seen from the SEM images shown in Fig. 11, the EBL-patterned
nano-gaps exhibit more abrupt edges and a cleaner break than those by electromigration-
induced break-junction technique (shown in Fig. 7). For the integrated device, EBL nano-gap
patterning also simplifies the process because it creates both the electrodes and nano-gaps in
one EBL writing, while the electro-migration induced break junction process requires an
additional step of breaking the junctions in series. Furthermore, EBL patterning provides
more consistent control over the nano-gap size through lithography than the electromigration-
induced break-junction technique, especially in the range of 10-30 nm.

After characterizing the size and position of the nano-gaps using an SEM, a second EBL is
performed to define the waveguide pattern, which is aligned to the nano-gap. We then
perform the self-assembly fabrication steps for the QD waveguides. For the molecular self-
assembly process, the Si/SiO, wafer is oxygen-plasma treated to create —OH groups on the
exposed SiO, surface and APTES is deposited by immersing the sample in solution to create a
surface expressing amines for further chemical reaction [53]. A droplet of carboxylated QDs
suspended in 1x phosphate buffer solution (PBS) mixed with I-ethyl-3-(3-
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dimethylaminopropyl)-carbodiimide (EDC), an amine-carboxyl coupling reagent, is applied
to the sample as the second layer. After waiting for a minimum of one hour during which the
QDs bind to the sample, excess material is rinsed off with 1x PBS buffer and the PMMA is
also removed with dichloromethane to reveal the waveguides. As an example, Fig. 11 shows
the SEM image of a QD photodetector with 12-nm gap integrated with a 52 nm-wide QD
waveguide [51].

In this first demonstration of QD waveguide and photodetector integrated device, we have
used the same QDs for the waveguide and the photodetector. To optimize the performance of
the integrated device, nanocrystal with different sizes can be chosen so that the emission peak
of the waveguide QDs overlaps the absorption peak of the photodetector QDs. Deposition of
multiple quantum dot types can be achieved by introducing an additional EBL patterning to
pattern the waveguide and nano-gap area separately.

Waveguide

Fig. 11. SEM image of a 52-nm wide QD waveguide integrated with a QD photodetector with 12-nm
gap.
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