Quantum dots-nanogap metamaterials
fabrication by self-assembly lithography
and photoluminescence studies

Laxmi Narayan Tripathi,' Tachee Kang,' Young-Mi Bahk,' Sanghoon
Han,” Geunchang Choi,! Jiyeah Rhie,! Jeeyoon Jeong,' and Dai-Sik
Kiml K]

U Center for Subwavelength Optics, Department of Physics and Astronomy, Seoul National
University, Seoul 151-747, South Korea

2 Photonic Systems Laboratory, School of EECS, Seoul National University, Seoul 151-744,
South Korea

*dsk@phya.snu.ac.kr

Abstract: ~ We present a new and versatile technique of self-assembly
lithography to fabricate a large scale Cadmium selenide quantum dots-
silver nanogap metamaterials. After optical and electron microscopic
characterizations of the metamaterials, we performed spatially resolved
photoluminescence transmission measurements. We obtained highly
quenched photoluminescence spectra compared to those from bare quantum
dots film. We then quantified the quenching in terms of an average photolu-
minescence enhancement factor. A finite difference time domain simulation
was performed to understand the role of an electric field enhancement in
the nanogap over this quenching. Finally, we interpreted the mechanism of
the photoluminescence quenching and proposed fabrication method of new
metamaterials using our technique.
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1. Introduction

Plasmonic nanogap [1-16] has generated a lot of interest in the scientific community. Metallic
nanogap has opened a new field of research called quantum plasmonics [17]. This interest in the
nanogap research is generated since a metal nanogap provides high degree of confinement of an
electric field between the gap of two metal surfaces [3,5,8, 11, 18, 19]. This field enhancement
is well suited for surface enhanced Raman scattering [8, 11, 15], infra-red and THz sensing
[9,20-23] and optical non-linearities [24]. A metal insulator metal nanogap allows physical as
well as effective mode volumes well below the diffraction limit in the gap material, even if there
is a significant loss of energy inside the metal [25]. A strong modification of emission from the
quantum dots (QDs) inside a nanogap is expected [26]. Preparation of a large scale, spacer
based and few nanometer wide gaps have been recently demonstrated using Al,O3 [5] and a
self-assembled monolayer [27]. The systematic incorporation of QDs using linker molecule
has not been demonstrated yet.

Here, we demonstrate a wafer scale fabrication method, by combining the standard pho-
tolithography and a self-assembly, to manufacture Cadmium Selenide (CdSe) QDs-silver
nanogap metamaterials. It is very difficult (time consuming) to fabricate 10 nm metal gaps, us-
ing focused ion beam (FIB), on a wafer-scale. Also, conventional e beam lithography requires a
lot of time (many hours) to pattern the structure on a substrate while the photolithography does
it rapidly (only limited by size of the wafer and a photo mask). The self-assembly of dithiols
on a metal surface is also a rapid procedure. We have combined these two rapid procedures to
fabricate the QDs inside the nanogap on a faster time scale. Although we have taken silver as
a demonstration case, the self-assembly of thiols holds equally good for gold as well. Thus,
an asymmetric metallic gap of silver and gold can also be fabricated. This shows the versatile
nature of our approach to fabricate the QDs incorporated nanogap. To understand the nature of
emission dynamics of QDs in the nanogap, we measured spatially resolved photoluminescence
(PL) through a CdSe QDs-nanogap metamaterial and simulated the electric field profile across
the CdSe QDs-nanogap using Finite Difference Time Domain (FDTD) method.

2. Experimental results and discussions

2.1. Sample fabrication

We prepared trioctylphosphine oxide (TOPO) capped CdSe QDs using a modified procedure
[28]. A linker molecule of 1-8 octanedithiol (OT) was used to exchange TOPO under heat and
excess concentration of OT. The linker molecule has two sulfur ligands which covalently bind
a metal (silver or gold) and a semiconductor [29] or between two metals [30]. Using these
functionalized QDs we prepared QDs-nanogap metamaterials.

Figure 1 briefly explains the self-assembly lithography process of QDs-nanogap metamateri-
als. A cleaned and dried substrate of sapphire was used (Fig. 1(a)) for patterning the photoresist
(PR) via photolithography (Fig. 1(b), appendix (b)). A 10 nm chrome layer was deposited over
the PR pattern using thermal evaporator at the evaporation rate of 1 A / sec (Fig. 1(c)), Fol-
lowed by evaporation of first layer of 200 nm silver film (Fig. 1(d)). In fact, shape of first layer
pattern decides the ring structures which can arbitrarily be of any shape. The nanogap width
is decided by the size of the QDs and the chain length of a linker molecule. In this particu-
lar case, chain length of OT was 1.5 nm and core diameter of QDs was 4.5+ 0.5 nm. Thus,
the gap is expected to be 8 nm. We observed gap of 9 & 1 nm. Further, evaporated silver (first
layer) was dipped in acetone and sonicated at 150 W and 36 KHz for 2 minutes for lifting off
the PR pattern (Fig. 1(e)). The sample was washed with Isopropyl alcohol and dried using N,
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Fig. 1. Schematic of self-assembly lithography technique (cross sectional view): (a) A
cleaned and dried substrate of sapphire; (b) PR pattern after using a mask aligner and UV
lithography; (c) a chrome layer of 10 nm over the PR pattern; (d) a 200 nm thick silver
film over the chrome layer using thermal evaporator; (e) first layer of metal pattern after
lift off of PR; (f) self-assembled monolayer of QDs after dipping of first layer of metal into
toluene solution of OT functionalized QDs; (g) second layer of metal deposited over self-
assembled monolayer; (h) final QDs filled nanogap metamaterial after taping off second
layer of silver.

gas. For self-assembly of QDs over the silver layer, the first layer metal pattern obtained after
lift off was dipped in a functionalized QDs for one minutes and then washed by toluene (to
remove unattached OT molecules) by dipping and shaking it for 3-4 sec, followed by drying
using N, gas (Fig. 1(f)). A second layer of 100 nm and 190 nm of silver was deposited over
it (Fig. 1(g)). Lower thickness of second layer is critical for successful taping of it. An equal
or higher thickness of second layer resulted in failure of taping of the top layer due to direct
contact between second layer of metal on the top and bottom of pattern. This contact provides
a mechanical strength to the second layer sufficient for non-taping of it. Then a scotch tape [5]
was used to tape off the top layer of metal. Thus, we get a vertical gap filled with a monolayer
of QDs inside the metal nanogap (Fig. 1(h)).

Let us denote a metamaterial of dimensions, length of 300 um, width of 50 pm, height
of 200 nm and nanogap width of 9+ 1 nm to be metamaterial R; (shown in Figs. 2(d) and
2(e)). Similarly, for dimensions, length of 20 pum, width of 20 um, height of 200 nm and
nanogap of width 9+ 1 nm, to be metamaterial R (shown in Figs. 2(b) and 2(c)). Figure 2
shows optical and electron microscopy characterizations of self-assembly lithography fabri-
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Fig. 2. Optical and electron microscopy characterization of QDs-nanogap metamaterials:
(a) UV-Visible absorption spectra and PL from pristine QDs of mean size 4.5 +0.5 nm;
(b) optical micrograph of R, through white light (unpolarized) transmittance showing ring
of dimension (20 um x 20 um); (c) Scanning electron microscope image of QDs-nanogap
metamaterial Ry. Black arrows indicate the thickness of first (200 nm) and second layer
(190 nm), while blue arrow indicates the QDs-nanogap; (d) optical micrograph of R
through white light reflection showing rectangular ring of dimension (300 um x 50 pm);
(e) cross sectional transmission electron microscope image of QDs-nanogap metamaterial
R;. Black arrows indicate the thickness of first (200 nm) and second layer (100 nm), while
red arrow indicates the QDs-nanogap further marked by doted blue line; (f) PL intensity
map (in the reflection mode) of the QDs-nanogap metamaterial (Ry).
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cated QDs-nanogap devices. The optical UV-visible absorption spectrum was recorded from
QDs dispersed in toluene. A PL spectrum was recorded from a thin film of spin coated QDs
in Polymethyl methacrylate (PMMA) matrix on a sapphire substrate with volume fraction of
4.4% at 6000 RPM for 60 seconds. CdSe QDs used were strongly quantum confined [31, 32]
due to radius being less than bulk exciton Bohr radius of CdSe, 5.6 nm. A clear Stokes shift
of 20 nm between the exciton absorption peak (574 nm) and emission peak (594 nm) can be
seen from Fig. 2(a). White light transmission image of self-assembly lithography patterned
QDs and 10 nm gaps between silver pattern of R, devices is shown in Fig. 2(b). Light passing
through it traces the rings which are nothing but lithographically patterned QDs-nanogap struc-
tures. White light reflection image of self-assembly lithographically patterned metamaterial R;
device is shown in Fig. 2(d). Cross sectional electron microscope image for the two metama-
terials, Ry and R; are shown in Fig. 2(c) and Fig. 2(e) respectively. A reflection mode optical
micrograph of PL intensity from metamaterial R; at emission wavelength of QDs (600 nm) is
shown in Fig. 2(f). A confocal microscope (Carl Zeiss microscopy, GmbH, Germany with 40
X water immersion objective) at 488 nm excitation was used for the measurement. We can see
a clear contrast of PL intensity. The line of higher emission intensity represents the QDs self
assembled on the first layer of silver above QDs-nanogap region.

2.2.  Photoluminescence transmission measurements on a QDs-nanogap metamaterial

In the QDs-nanogap metamaterial, 200 nm thick silver film reduces the background signals in
the transmission mode and only the nanogap region is allowed to transmit the incident beam.
This is an advantage for an experimentalist provided by thin film metal nanogap as opposed to
nanogaps formed by a bow tie or nanoparticles. To understand the nature of PL (quenching or
enhancement) we measured PL spectra in the transmission mode.

Figure 3 summarizes the PL spectra collected in transmission mode. As shown in a schematic
diagram of the set-up used for the transmission measurement (Fig. 3(a)), we used a super con-
tinuum laser (Fianium, SC-400) with acoustic-optic tunable filter (AOTF) to single out 514 nm
for excitation source. Incident light was focused to single nanogap through 100 X objective lens
(Nikon CF Plan, N.A., 0.8) with a spot size about 1 um and collected by a 60 X objective lens
(Olympus Uplan Apo, N.A., 0.9). Transmitted PL was detected by a spectrometer (Princeton
Instrument SP 2300i) using 300 mm groove, 500 nm blazed grating, equipped with nitrogen-
cooled CCD array. A 532 nm long pass filter was used to block the incident laser line in the
emission spectra. All spectra shown in Fig. 3(b) were collected using a 500 uW laser focused
over the nanogap and using an integration time of 60 sec from various locations of the nanogap.
Inset of Fig. 3(b) shows a PL spectrum collected from a pristine QDs-PMMA thin film using
1.6 uW laser power with an integration time of 1 sec.

We observed low intensity PL emission from the nanogap as compared to that from pristine
QDs-PMMA thin film. We had to increase the incident laser power by a factor of 312.5 and
increase the integration time by a factor of 60 to collect the PL through the nanogap. The
volume fraction of QDs in the nanogap was 24% as opposed to that in QDs-PMMA thin film
which was 4.4%. To understand the nature of PL (whether there is quenching or enhancement),

let us define an average PL enhancement factor, FE! from the QDs-nanogap metamaterial by

1
P~ (1“) XN ()
ref

Where N ]s normalization faCt( T deﬁned by
J gap gap gap gap
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Fig. 3. Photoluminescence measurement through the QDs-nanogap metamaterial: (a),
Photoluminescence measurement set-up (b), Photoluminescence spectra though the QDs-
nanogap metamaterial R,. Inset: Photoluminescence from the pristine QDs-PMMA thin
film. Here, NA: numerical aperture and CCD: Charge coupled device, LP: long pass filter.
Aexcitation: €Xcitation wavelength. Bare QD film refers to CdSe QDs-PMMA thin film.

where I, Iy are the average PL intensity counts from the QDs-nanogap metamaterial and
the QDs thin film respectively; feap, frer: volume fraction of QDs in nanogap and in the QDs-
PMMA thin film respectively; fgqp, tror: Integration time used for the QDs-nanogap metamate-
rial and QDs-PMMA thin film respectively ; Pyqp, Prs: Incident power of 514 nm laser used
for exciting QDs-nanogap metamaterial and QDs-PMMA thin film respectively; Agqp, Ares:
Area of the sample exposed to laser beam for the QDs-nanogap metamaterial and QDs PMMA
thin films respectively. We have taken the area of the nanogap Ag,, to be (1 um x 0.01 um)
while the area of the beam spot over the QDs-PMMA thin film was calculated to (7 x (0.5)?)
(uwm)?. Using these values and the experimental parameters, the value of N turns out to be
0.02. Considering 20 as the average PL counts from the QDs-nanogap metamaterials and 1000
that from pristine QDs-PMMA thin film. The average PL enhancement factor, F£! is found
to be 4 x 10~4, which is reasonably low, the reason for this low enhancement factor can be a
non-radiative energy transfer from the QDs to the silver metal [33,34].

2.3.  Two dimensional FDTD simulation of field enhancements for QDs-nanogap slit

To understand the effect of an electric field enhancement over PL intensity at the excitation
wavelength of 514 nm, we simulated the electric field distribution pattern inside the nanogap
region of nanoslit using two dimensional FDTD method (Fig. 4). For this simulation, a non-
uniform grid (minimum grid size: 0.1 nm) was considered. Slit width was taken to be 8 nm
(5 nm for QD diameter and 1.5 + 1.5 nm for linker molecule chain length on both side of the
QD). The slit thickness was taken to be 200 nm while slit material was taken to be silver with
refractive index at 514 nm as 0.14077 and absorption coefficient at 514 nm to be 2.9110. The
dielectric function of CdSe QDs [35], was taken to be 8.0 + 1.3 i. Refractive index at 514 nm
of linker molecule was taken to be 1.5. Index of refraction of sapphire substrate was assumed
to be 1.77. The average electric field enhancement in the QDs region was found to be 0.16. It is
noteworthy that a PL can be enhanced due to increased excitation rate of QDs [33] in the region
of hot spots created by an enhanced electric field in the nanogap. Since, there is no field en-
hancement inside the QDs-nanogap regions at the incident wavelength, the field enhancement

#235352 - $15.00 USD Received 4 Mar 2015; revised 21 May 2015; accepted 24 May 2015; published 29 May 2015
(C) 2015 OSA 1 Jun 2015 | Vol. 23, No. 11 | DOI:10.1364/0E.23.014937 | OPTICS EXPRESS 14943



200 2.0

1.8

1.6
100 o
14 5
k3]
1.2 2
:
E o 1.0 £
> 3
0.8 =
<
c
0.6 g
-100 — =
04 £

- s 0.2

-200 - | | 0.0

-100 0 100
X (nm)

Fig. 4. 2D FDTD simulation of the QDs - silver nanogap of an infinite slit: XY cross sec-
tional view of the electric field enhancement factor profile at 514 nm for the metamaterial
R,. Y is the direction of incident plane wave and X that of its polarization.

at the excitation wavelength cannot increase the PL intensity from the QDs-nanogap metamate-
rials. Further, from Fig. 4 we can see that there is an electric field enhancement gradient through
the nanogap region, i.e the enhancement factor has the maximum value at the entrance side of
the slit while it is minimum on the exit side. In the simulation, the enhancement factor was
calculated by dividing the electric field value in the QDs-nanogap metamaterial with incident
field value through the bare sapphire substrate.

3. Conclusion

We have demonstrated the self-assembly lithography technique for preparation of CdSe QDs-
Silver nanogap metamaterials. Since thiol linker molecule works good for both silver (Ag) and
gold (Au), these techniques can be applied to fabricate Au-QDs-Au and Au-QDs-Ag nanogap
metamaterials as well. Besides, a self-assembly does not depend on the shape of the ring, this
method will also be applicable to fabricate arbitrary shape of the nanogap. Thus, it presents a
versatile method of QDs embedded nanogap fabrication. We also measured highly quenched
PL spectra in the transmission mode. This quenching of PL in the nanogap at the incident wave-
length is supported by FDTD results. Recently, Ahn et al. [36] have shown that a field enhance-
ment from the metal nanogap will be significantly large (about 10) at near infra-red frequency
and at smaller gap width. Thus, a sub-nanometre gap-width with QDs on the top of it will be an
interesting sample for studying the decay dynamics of the QDs under strong fields. The detailed
decay dynamics of QDs inside the nanogap can further be studied using time correlated single
photon counting (TCSPC) methods. Further, we hope that these QDs-nanogap metamaterials
will find many applications in cavity quantum electrodynamics, molecular sensing, nanogap
quantum dot photo detectors etc.
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4. Appendix
4.1. Functionalization of QDs

TOPO capped CdSe QDs were cleaned twice with methanol and toluene via centrifugation for
removing the excess TOPO. Further, 500 ul (a typical concentration of 1.1 mg/ml) of thus
cleaned TOPO CdSe QDs in toluene was heated for 5 min and then mixed with 500 u/ of OT.
The whole solution thus obtained was heated at 150 °C for 5 min. The colour of solution did
not change after the exchange. Further, this solution did not show any phase separation.

4.2.  Photo lithography

A sapphire substrate was cut into 1 cm by 1 cm piece. It was cleaned using sonication at 150 W
and 36 kHz for 5 minutes each in acetone and Isopropyl alcohol (IPA) respectively and finally
was dried using N> gas. A PR adhesive, Hexamethyldisilazane (HDMS) in Xylene was spin
coated at 4000 RPM for 60 seconds over the sapphire substrates. The substrate was then baked
for 60 sec at 90 °C. A PR (AZ 5206) was spin coated at 6000 RPM for 60 sec and baked for
90 sec. A mask aligner with chrome mask of desired micro-structure (300 um by 50 um for
Riand 20 um by 20 um for R;) was selected and stamped over the sample by approaching the
sample onto the mask. This was followed by first UV exposer for 6 sec then baked at 115 °C
for 2 minutes. Again second UV exposer for 40 seconds without mask was performed. Then
developed using MIF 300 for 3 seconds followed by rinsing with DI water. The developed
pattern was checked for clean image (with reflected rainbow colours at the edges), a proof of
fully developed pattern. If necessary, the development process was repeated for one or more
times. A note for caution is that an excessive development process led to washing of the PR
patterns.
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