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Higher emission rates and controllable emission direction are big concerns when it comes to finding a good single
photon source. Recently, surface plasmons are introduced to this application, as they can manipulate and
enhance the luminescence of single emitters. Here, we experimentally achieve a wide-area multiple directional
enhanced light source through periodic metal grating structures. The surface-plasmon-coupled emission can have
multiple precisely emission angles by just changing the period of the grating. Our result indicates that metal
plasmonic grating can be used as a productive quantum device for unidirectional quantum light sources in quan-

tum optics.
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In recent years, semiconductor quantum dots (QDs) have
been widely used as photon sources in quantum optics due
to their special properties®?, such as high quantum effi-
ciency?, narrow and tunable emission spectrum?, easy
manipulation?, and so on. The spontaneous emission of
QDs also depends on the surrounding environment!?.
For example, people put QDs in a cavity to enhance their
emissions, which is known as the Purcell effect?. Addition-
ally, surface plasmon polaritons (SPPs) are also used to
enhance the luminescence intensity™ 2, which are collec-
tive charge oscillations on the surfaces of metals. SPPs
could confine the electric field to the deep sub-wavelength
scale and increase the density of the state of optical modes,
thus increasing the spontaneous emission rates of QDs.

On the other hand, when putting QDs near periodic
structures (such as photonic crystals, gratings, and so
on), the QD emissions could be further modulated:2,
For instance, using photonic crystals, both the polariza-
tion and the propagation direction of the emissions could
be engineered?. In particular, if the periodic structure is
metallic, both propagated SPPs and localized SPPs are
formed; thus, luminescence enhancement and emission
modulation could be realized simultaneously22,

It should be noted that the radiation of QDs near a
smooth metal surface exhibits as a damped oscillator de-
pending on the separation between QDs and metal®2. If
QDs are too close to the metal, most emissions will be dis-
sipated through non-radiative paths, which is also known
as the quenching effect?d. Therefore, QDs usually need a
thin layer of oxide coating to avoid quenching?.
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In this Letter, we utilized a plasmonic grating to dem-
onstrate that the emission direction of the QDs’ lumines-
cence could be engineered by tuning the grating constants.
In the meantime, the luminescence of QDs is also im-
proved two times due to localized SPPs. This work may
be useful for the investigation of quantum single-photon
sources.

The experimental setup is shown in Fig. 1(a). For pho-
toluminescence (PL) measurements, a continuous-wave
laser at 532 nm was focused on the sample with an objec-
tive lens (OLYMPUS 100x, NA =0.9). Then, the light
emitted from the sample was collected with the same ob-
jective and sent to a spectrograph (Princeton Instrument
Acton SP2500) after a dichroic mirror (DM). Two conju-
gate lenses and a pinhole are used to filter the background
noise in a non-focal plane and non-focal points in the
focal plane. In spite of the emission spectrum, we also
studied the emission directionality with back focal plane
imaging®, which could transform the angle information
into position information in the Fourier plane. An
electron-multiply charge-coupled device (EMCCD) was
put behind a series of lenses so that the fluorescence in
the back focal plane was collected. Through the positions
of the lights in the back focal plane, we obtain the emission
direction of the PL from the grating intuitively.

We use the electron beam evaporation coating tech-
nique to coat a 140-nm-thick Au film on a silica substrate
(with 10-nm-thick Ti as an adhesive). Then, we use
focused ion beam (FIB, FEI Company Helios 650) lithog-
raphy to pattern an Au grating onto an SiO, substrate.
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Fig. 1. (a) Schematic description of the experimental setup.
(b) The SEM image of the metal grating sample; the period
of the grating is about 450 nm. (c¢) Luminescence spectrum of

QDs.

The FIB milling parameter is 30 kV accelerated voltage
and a 24 pA ion current. The milling time is controlled
to get Au gratings etched through (transparent Au gra-
ting) and not (opaque Au grating). We made five samples,
called samples A (grating sample p =450 nm), B
(p =500 nm), C (p =650 nm), D (p=_850 nm), and E
(p = 1050 nm). Last, we use atomic layer deposition
(ALD) to deposit 10 nm Al,O3 as the isolation layer to
avoid the direct contact of the QDs and the Au film
(avoiding the quenching effect). It has been shown that
the optimal spacing between the QDs and metal is about
11 nm?¥. The QDs were dispersed onto the Au grating by
spin coating and were diluted from the QDs solution in
decane. We also did experiments for the control group,
in which QDs are deposited onto a bare silica substrate.

Figure 1(b) displays the scanning electron microscope
(SEM) image of our grating sample A, with a grating
period of 450 nm. The QDs we used were colloidal CdSe
core/ZnS shell QDs. The PL spectrum of a typical QD
with a 4-nm-diameter-core and a few nanometers shell
is shown in Fig. 1(c) and peaked at 655 nm. The initial
quantum yield of the QDs is about 0.5.

Figure 2(a) displays the back focal plane image of the
QDs emissions for sample A, which have two arcs inside
a circular view field. The circular view field represents
the collection area of our objective, which is determined
by the NA of the objective lens. The gray background
inside the view field comes from the free emission of the
QDs, since we collected the reflected signal. The two
bright arcs correspond to the SPP-coupled emission
(SPCE). For a typical SPCE (the emission of QDs depos-
ited on a metal film), we expect the back focal plane image
to be a ring, since luminescence is emitted at a specific
angle according to the momentum matching condition.
The reason for obtaining two arcs in our experiment is
that the grating modified the QDs’ emission direction.
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Fig. 2. (Color online) (a) The back focal plane image of the lu-
minescence in grating sample A. (b) Phase relation for wave vec-
tors of emissions and SPPs. k; represent the actual direction of
the emission light, and p is the grating period. (¢) Schematic im-
age of the Fourier plane. The black circle represents the actual
view field, which we can observe from the back focal plane.

A quantitative explanation is as follows. Because the
wave vector of the SPPs is larger than that of the PL
at the same frequency, the SPCE will not happen during
propagation on a flat surface since the momentum does
not match. When a grating with period p is introduced,
the SPPs are scattered into free space at each tooth
and interfere with each other. As shown in Fig. 2(b),
the phases of SPCE between adjacent teeth should satisfy
(in the X-direction on the X—Z plane):

kop cos 0 — ky,,p = £n - 27. (1)

Divided by p on both sides, we get

Eair€A
k 0=k, £nG = |—"20 Lk +£nG. 2
() COS Spp n Euir + an 0 n ( )

Here, k is the wave vector of the emitted light in free
space, k, is the axis whose direction is perpendicular to the
direction of the grating groove inside the sample plane, &,
is vertical to k,, 0 is the angle between k, and ky, kg, is the
wave vector of the surface plasmon propagating in the
metal grating, €, and &,, are the permittivity of air
and gold. G = 2x/p is the grating vector, and n is an
integer.

The schematic momentum diagram of Eq. (2) is shown
in Fig. 2(c). The solid black circle represents the view field
of our objective, whose radius is NA*k, (NA = 0.9 in our
experiment). The two dotted blue circles correspond to the
propagating SPPs. They are shifted by +G (toward the
left and right for n = +1, respectively) due to the Au gra-
ting, resulting in two arcs inside the view field that can be
observed with back focal plane imaging. With different G,
the SPCE can be tuned to different emission directions.
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Note that the dotted blue circles are shifted along the
k,-axis only here because our grating is 1D. That is the
reason why we observe the arcs’ shapes. If the grating
is 2D, we then can engineer the SPCE to be shifted along
the whole k-plane, and the emission of QDs can be fully
controlled into arbitrary direction.

The experimental results are displayed in Fig. 3. We
measured five samples, which are labeled as samples A,
B, C, D, and E, with different grating constants 450,
500, 650, 850, and 1050 nm [Figs. 3(a)-3(e)]. The
corresponding back focal plane images are shown as
Figs. 3(f)-3(j), respectively. We noticed that the image
patterns are not the same, which can be explained as fol-
lows. According to Eq. (2), when p is small, G is so large
that only the first-order (n = 1) SPCE can be collected by
our objective [see Figs. 3(f)-3(h)]. As p increases, G de-
creases; thus, the high-order SPCE also emerges inside
the view field [see Figs. 3(i)-3(j)]. The accurate emission
angles for the different-order SPCEs of the five samples
are summarized in Table 1, shown below.

Note that, for sample C, kg, # G, resulting in 6 — 90°
when n = 1. So the two arcs are very close to each other, as
shown in Fig. 3(h). In fact, it also has a second-
order SPCE with 6 = 14.8635°, but this is not visible in
Fig. 3(h), because the emission angle exceeds the objective
collection angle [arccos(NA) ~ 25.8°]. With higher NA or
using an oil immersion objective lens, more emissions
could be observed. The fact that the signal-to-noise ratio
(SNR) of our back focal images decreases as the grating
constant increases is probably due to the energy dissipa-
tion to more channels (more radiation angles). We have
also investigated the opaque samples that are not etched
through (50-nm-thick Au grating on top of 150-nm-thick
Au film). The results are presented in Figs. 3(k)-3(0).
Obviously, the basic SPCE patterns with arcs remain
the same, but the SNRs drop significantly compared to

Fig. 3. (a)-(e) The SEM images of five samples, in which the
Au gratings are etched through. The grating constants are
(a) 450, (b) 500, (c) 650, (d) 850, and (e) 1050 nm, respectively.
(£)—(j) The back focal plane images of the luminescence for the
corresponding grating samples. (k)—(o) The back focal plane im-
ages of the luminescence for the corresponding grating samples,
which have the same grating constant but are not etched
through.

Table 1. Directional Emission Angles for the Five
Samples

0
Sample n=1 n =2 n=3
A (450 nm) 66.0016°
B(500 nm) 74.8614°
C(650 nm) 87.6415° 14.8635°
D(850 nm) 73.8438° 60.5061°
E(1050 nm) 64.8471° 78.5347° 34.6557°

transparent samples. One possible reason is that more
SPPs propagate along the Au film and dissipate, rather
than being coupled to free space (the signal is decreased).
Another reason is that probably the channel for the scat-
tered SPPs to transmit to the silica substrate is forbidden
(the noise is increased).

As we have analyzed, the propagating SPPs contribute
to engineering the SPCE directionality via the grating.
There are also localized SPPs in the Au grating, which
would greatly enhance the luminescence of the QDs.
The mechanism is the Purcell effect, which could be veri-
fied by measuring the emitter’s spontaneous emission rate.
As shown in Fig. 4, the lifetimes for the QDs on the bare
silica substrate and Au grating are both measured. By fit-
ting them with exponential functions, the lifetime of the
QDs on the bare silica substrate is about 11 ns, while
the lifetime of the QDs on the Au grating is about
3.3 ns, indicating a three times enhancement. We get a
nearly two times enhancement in the experiment. We
may have lost part because some energy was reduced in
the propagating process in form of SPPsEY. The experi-
mental results are consistent with the previous Letter.
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Fig. 4. (Color online) (a) The lifetime of QDs on bare silica sub-
strate, where ¢ = 11.66 ns. (b) The lifetime of QDs on the Au
grating, where ¢t = 3.28 ns.
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In conclusion, we report an enhanced QDs photon
source with directional emission using a plasmonic gra-
ting. The emission direction depends on the grating con-
stant and the wavelength of QDs’ luminescence. The
emission intensity also gets enhanced by the localized
SPPs in the grating, which is confirmed by the decrease
of the QDs’ lifetime. We also verify that a grating that
is etched through is important in improving the SNR of
the source. This grating-assisted directional photon source
can be integrated on an optical chip and has great poten-
tial for developing an integrated directional single-photon
source.
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