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Abstract: We present experimental and numerical investigations of photonic molecules obtained
from laser patterned SU-8 photoresist strips on photonic crystal waveguides. Properties of cavities
defined by a single strip are investigated and we show that two adjacent strips on a waveguide form
a pair of optically coupled cavities. Simulation results and micro-photoluminescence mapping
measurements demonstrate that the coupling strength is tunable by controlling the separation
between the strips. Confocal mapping with decoupled collection and excitation points is used to
explicitly show coupling between two cavities of a photonic molecule.
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1. Introduction

A system of two coupled optical cavities forms a photonic molecule (PM), so-called for the
similarity of its optical modes to the bonding and anti-bonding orbitals of a diatomic molecule [1].
PMs coupled to quantum dots (QDs) have attracted significant interest for applications in the
fields of quantum optics and cavity quantum-electrodynamics, including demonstrations of
entangled photons [2] and ultrafast control of light-matter interactions [3]. Additionally, it has
recently been shown that an unconventional photon blockade [4—6] can be achieved, which can
operate with a weakly coupled emitter [7], rather than the more experimentally challenging
requirement of an emitter strongly coupled to a cavity mode [8,9].

Photonic crystal (PhC) cavities are particularly tailored to applications requiring light-matter
coupling using QDs due to their high quality factor (Q), small mode volume (V) optical modes and
their inherent scalability [10-12]. QD-cavity coupling is usually sought after for the achievement
of efficient solid-state, on-demand single photon sources [13—15], often for applications in
quantum-cryptography protocols [16] or optical quantum computing operations [17,18]. A
wide variety of PM structures can also be realized in PhC devices by placing individual cavities
in close enough proximity that they can couple evanescently to each other. PMs based on L3
cavities [19-23], LS cavities [24] or engineered defects in waveguides [25,26] are frequently
used, with coupling strength between the cavities tunable by altering the cavity separation or the
PhC hole shapes and sizes [27].

Achieving coupling of a self-assembled QD to a PhC cavity mode is difficult in practice due
to the random distribution of QD positions and emission wavelengths resulting from epitaxial
growth. Obtaining the necessary spatial and spectral overlap of the QD emission with the cavity
mode often relies on chance, with typical methods relying on a brute-force approach in which
many devices are fabricated with a low yield of successful coupling [28-30]. Clearly, this is
impractical for reliable production of on-chip devices containing multiple coupled dot-cavity
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structures.

In our previous work, we demonstrated a novel technique to fabricate cavities optically by
placing a disk of SU-8 negative photoresist on a photonic crystal waveguide containing embedded
quantum dots [31]. The advantage of this technique is the potential to position the cavity mode
to overlap with a single QD, located using micro-photoluminescence (UPL) measurements. In
this work we show that a similar technique can be used to define PMs using two strips of SU-8
photoresist patterned perpendicular to the waveguide. As in our previous work [31], the approach
used here is capable of locating single QDs, thus giving a deterministic way of obtaining a
PM-dot coupled system. Therefore, this technique could facilitate a practical implementation of
the unconventional photon blockade in a QD-PhC system in subsequent work.

We first report on an improved single cavity device design using an SU-8 strip instead of a
disk to generate the optical modes, which proves to be a more reliable fabrication technique and
results in a similarly high Q/V ratio that is favourable for dot-cavity coupling experiments. We
then show successful fabrication and characterisation of PMs from two adjacent SU-8 strips on
the PhC waveguide. We demonstrate that by altering the separation between the SU-8 strips,
we can alter the coupling strength between the two resulting cavities, enabling us to observe the
transition from independent, uncoupled cavities to strongly coupled PMs with delocalized optical
modes. Finally, confocal mapping techniques with independent control over the excitation and
collection positions enable us to probe the individual cavities of an SU-8-defined PM to show
optical coupling between the two cavities explicitly.

2. Single SU-8 strip cavity modes

The placement of a small disk of SU-8 photoresist on top of a PhC membrane waveguide results
in a local increase in refractive index. Even a small increase in refractive index is sufficient to
generate a locally confined cavity mode with a high Q/V ratio [32]. The method for fabricating
such a cavity is detailed in our previous work [31], which we have now refined to improve its
reproducibility. In this work, strips of SU-8 are written perpendicular to the PhC waveguide, as
seen in Fig. 1. This is similar to the inkjet printed cavity design presented in the work by Brossard
et al. [33]. The main advantage of this design is that it eliminates the possibility of misalignment
between the SU-8 and the waveguide, which could occur when writing SU-8 disks on the PhC.
Misalignment between the SU-8 disk and waveguide was found to reduce the reproducibility of
the cavities and in some instances was found to reduce the Q of successfully fabricated cavity
modes.

Finite-difference time-domain (FDTD) simulations were performed using Lumerical FDTD
Solutions software [34] to model a PhC waveguide in a 200 nm-thick GaAs membrane with
refractive index n = 3.33 [35]. The waveguide is formed along the x-direction from a missing
row of holes in a triangular PhC lattice with a lattice spacing of a = 340nm and hole radius
r = 0.27a. Simulated cavity mode parameters for a 1 um-wide SU-8 strip (to match the size
of the focused laser spot of the uPL system) with refractive index 1.57 [36] on top of the PhC
waveguide are presented in Fig. 2(a). The SU-8 strip spans the extent of the PhC in the y-direction,
perpendicular to the waveguide. Values of the quality factor and mode volume are presented for
a range of strip thicknesses from 50-550 nm. In addition to the total quality factor, Qioal, the
in-plane and out-of-plane components, Qj, and Qy respectively, are calculated. In similarity to
our previous cavity design defined by an SU-8 disk, we observe that Oy, is limited by Qj,, which
is much smaller than Qg due to coupling of the confined TE-like mode to leaky TM-like modes,
facilitated by the broken z-symmetry of the structure [37]. The calculated quality factors for the
SU-8 strip cavity are marginally lower than those of the SU-8 disk cavities, but this is offset by the
smaller mode volume of the SU-8 strip cavities, which results in a similarly high Q/V ratio as is
favourable for Purcell enhancement. The calculated values of Qyoa/V are presented in Fig. 2(a).

We note that potential infiltration of the PhC holes with SU-8 beneath the strip is not expected to
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Fig. 1. AFM image of an SU-8 strip PhC waveguide cavity with a mean thickness of 90 nm
over the PhC and a Q of 7400.
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Fig. 2. (a) FDTD simulation results for a 1 ym-wide SU-8 strip on a PhC waveguide. The
width of the waveguide, defined as the separation between the centres of the two rows of holes
either side of the waveguide, is given by W = 0.98V3a. (b) Experimental data obtained from
a batch of successful SU-8 strip cavities. Q values were measured by uPL. measurements
and the mean SU-8 strip thickness has been extracted from AFM measurements of each
device via profile averaging across the extent of the PhC.

have a detrimental effect on the cavity mode properties: a simulation of a 1 pm-wide, 100 nm-thick
strip, with PhC holes completely covered by the strip filled in with SU-8 (across the 200 nm depth
of the membrane), yielded Q = 7860 and V = 1.20(1/n)*, compared to values of Q = 7020
and V = 1.36 (1/n)? for unfilled holes. This suggests that if SU-8 infiltration occurs — which
is difficult to determine in practice — it is unlikely to be a problem, which is in agreement with
similar investigations into the effect of hole infiltration in PhC cavities [38]. In fact, SU-8
infiltration may prove beneficial for the cavity modes, increasing the Q/V ratio.

Devices were fabricated on a GaAs chip with embedded high density self-assembled InGaAs
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QDs (~100 dots/um?) to allow study of the SU-8 strip cavities using pPL techniques. The PhC
waveguides were patterned onto a coating of poly(methyl methacrylate) using a 100kV VB6
Leica e-beam machine and reactive ion etching was used to transfer the design to the substrate.
Suspended PhC membranes were produced by selectively etching away an underlying sacrificial
AlGaAs layer using 32% HCI treatment. A more detailed description of the fabrication process
can be found in the work by Brossard et al. [11]. The PhC lattice constant and hole size were
tailored to produce cavity modes in the optical telecommunications O-band.

The sample was spin-coated with SU-8 photoresist solution, prepared as stated in our previous
work [31] with some minor adjustments. A ratio of 1 part SU-8 2007 diluted in 7 parts
cyclopentanone was used, which results in a more concentrated solution than previously used.
This, together with the addition of an extra spin phase, was designed to improve the reliability
of the SU-8 adhesion to the sample surface. The additional spin phase was a slow initial spin
at 500 rpm with an angular acceleration of 200 rpm/s before spinning the sample at 2800 rpm.
SU-8 strips were exposed over the PhCs using a 405 nm laser diode with a power of 17.5 uW at
the output of the 100 x magnification, 0.5 NA microscope objective. The objective, which was
mounted on a piezo-actuated 3-axis translation stage with 0.3 nm resolution, was moved to write
the strip perpendicular to the waveguide. The writing speed was chosen in the range 0.125 um/s
to 1 um/s to control the exposure dose and therefore the thickness of the SU-8 strip.

Micro-photoluminescence mapping measurements taken before and after writing the SU-8
lines were compared to confirm the creation of new cavity modes. This comparison process
is described in more detail in our previous work [31] — the single SU-8 strip cavities showed
clear evidence of the creation of new cavity modes after writing them, similar to the SU-8 disk
cavities. Photoexcitation above the band gap was provided by a He-Ne continuous wave laser
(632.8 nm) focused to a ~1 um diameter laser spot through the same objective used for SU-8
exposure, with a power of ~10 uW after the objective. The sample was mounted in a continuous
flow liquid helium cryostat, which was cooled down to 8 K. Photoluminescence from the sample
was collected by the objective and directed through a 0.3 m spectrometer onto a 1024 pixel, liquid
nitrogen-cooled (=100 °C) InGaAs array. The maximum effective resolution of the spectrometer
was 0.03 nm at 1280 nm, defined from one pixel width. The maximum resolution was used for Q
measurements; a grating with a lower resolution of 0.1 nm at 1280 nm was used for uPL mapping
measurements in this work.

Data collected from the SU-8 strip cavities are presented in Fig. 2(b). The mean thickness of
the SU-8 strip over the extent of the PhC was extracted from atomic force microscope (AFM)
measurements of each device. As can be seen from the AFM image in Fig. 1, the SU-8 strips
are highly uniform over the PhC. Profile averaging was performed to extract the mean profile of
the SU-8 strip, which was fitted with an inverse polynomial to obtain the mean SU-8 thickness
presented against Q in Fig. 2(b). We observe that Q values of up to 8600 are achievable, which
exceeds the maximum value of 7000 reported for SU-8 disk cavities in our previous work. A
trend of higher Q for thinner SU-8 strips is clearly observed, matching predictions from the
FDTD simulations presented in Fig. 2(a).

3. Modeling SU-8 strip photonic molecules

By placing two SU-8 strips on a single PhC waveguide, it is possible to create two distinct
cavities. If the SU-8 strips are in close enough proximity, the modes of the individual cavities
can become optically coupled and we observe the formation of supermodes attributed to a PM.
In these simulations, we focus on the two lowest energy modes of the system, which follow
symmetric (S) and antisymmetric (AS) boundary conditions for the fields about x = 0 [as shown
in Fig. 3(a)]. In all cases simulated, the S mode constituted the lowest energy mode. In the case
of a strongly coupled PM, the modes form S and AS supermodes, arising from the in-phase and
out-of-phase oscillations of the constituent cavity modes [1]. The simulated E| field profile of
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the S and AS supermodes expected in an SU-8 strip PM with a strip separation of 2 pm is shown
in Fig. 3(a). The observation of such a mode is only possible when the coupling strength, J,
between the two cavities is sufficiently high and the cavity detuning, A1, between the two cavities
is sufficiently small. The cavity detuning refers to the difference in resonant wavelength of the
isolated individual cavities; a large detuning will result in modes more localized in the individual
cavities, rather than the highly delocalized modes seen in a strongly coupled PM [26]. Therefore,
the task of realizing a strongly coupled PM experimentally is a good test of the uniformity of our
SU-8 strip cavities.

The S and AS modes of a PM are expected to exhibit an energy splitting, as predicted by
coupled mode theory [39]. For two uncoupled cavity modes with equal linewidths and finite
cavity detuning A4, the mode splitting, AQ), induced by a coupling strength J between them is
given by:

AQ = \(AL)? + 42 (1)

and in the case of zero detuning (A4 = 0), the mode splitting is given by AQ = 2J. FDTD
simulation results for SU-8 PMs of varying strip separation with zero detuning are presented in
Fig. 3(b). The results predict a reduction in coupling strength (equal to half the mode splitting) as
the strip separation is increased, as would be expected from the reduced evanescent field overlap
of the individual cavity modes.

To further characterise the PMs, we computed the PM mode profiles that we expect to observe
using our uUPL mapping system. The mode profiles were calculated by convolving the squared
magnitude of the time-averaged electric field profile along the centre of the waveguide with a
1 um Gaussian to represent the excitation spot. The resulting AS mode profile always contains
two peaks [similar to the M2 mode profile in Fig. 5(c)] which are spaced sufficiently far apart to
be resolved by the system (we note that at larger strip separations, the S mode is also predicted to
have two resolvable peaks localized at the strip positions). We define the AS peak separation
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Fig. 3. FDTD simulation results of SU-8 strip PMs with 100 nm-thick, 1 ym-wide strips. (a)
Ey field profile of the S (top) and AS (bottom) modes with an SU-8 strip separation of 2 ym
(centre-to-centre). Red and blue represent opposite polarities of the field and the dotted
lines show the positions of the SU-8 strips over the PhC. (b) Calculated wavelength splitting
between the S and AS mode and spatial separation between the two peaks of the AS mode
(when convolved with a 1 um Gaussian) as a function of SU-8 strip separation. The dashed
blue line is to guide the eye, indicating strip separation equal to AS peak separation. A strip
separation of 1 um corresponds to a single SU-8 strip of 2 um width.
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as the centre-to-centre distance of the two peaks, which can be compared to experimental uPL
mapping results to help verify that the SU-8 PMs have been fabricated successfully. As shown
in Fig. 3(b), at large strip separations (around 4 um) the AS peak separation matches the strip
separation, as the peaks of the mode are highly localized at the cavity positions. The mode
splitting tends to zero, indicating that the coupling strength is small and coupling would be lost in
a physical system with non-zero detuning, resulting in uncoupled or very weakly coupled cavities
with highly localized modes. As the strip separation is reduced, the increased coupling strength
is signified by an increased mode splitting and also an increase in the AS peak separation beyond
the separation of the SU-8 strips. For short separations, the system gradually evolves from a PM
to a single cavity, which is characterized by its large mode splitting and significant divergence of
the AS peak separation away from the line of equality with strip separation. Data for a 2 um-wide
single SU-8 strip cavity are shown, which is equivalent to a strip separation of 1 um. Evidently,
for a single cavity, the AS peak separation becomes comparable to the size of the 2 um-wide
single strip.

The FDTD results in Fig. 3(b) demonstrate the ability to control the coupling strength of the
PM by altering the SU-8 strip separation. This enables a degree of control over the mode splitting
with little detrimental impact on the Q of the cavity modes, which simulation results showed to
be greater than 4900 (indicating linewidths of ~0.26 nm or narrower) for all S and AS modes
tested. This is comparable to the Q of 7000 calculated for a 2 um-wide SU-8 strip single cavity
[we note that these Q factors are expected to increase as the strip thickness is reduced, as in
Fig. 2(a)]. The ability to choose the strip separation and therefore determine the mode splitting
using post-fabrication uPL techniques makes this method promising for applications that rely on
matching the mode splitting to an experimentally measured system, such as coupling the PM
modes to multiple excitonic transitions of a QD [2].

4. pPL mapping of SU-8 strip PMs

A batch of double SU-8 strip devices was written on a sample with the same characteristics as
outlined in section 2, using the same SU-8 processing techniques. Two strips were written on each
device with a separation along the waveguide ranging from 1 ym to 5 um in 0.5 um increments.
An example with a strip separation of 2.5 pm is shown in Fig. 4. The writing speed was varied
between 0.25 um/s and 0.5 um/s to control the SU-8 strip thickness; the exposure parameters
were selected to guarantee reliable fabrication rather than the thinnest possible, highest Q factor
SU-8 strips. Consequently, Q factors were typically between 3500-5500. uPL maps at 8 K were
performed before and after writing the SU-8 strips to confirm the creation of new cavity modes.
For each device, the laser spot was moved along the waveguide in 0.2 um steps in order to map out
the mode profiles [26]. Movement of the laser spot was enabled by piezo-controlled movement
of the microscope objective. A power of ~50 uW after the objective was used for mapping.
Figure 5 shows some selected examples of uPL maps from devices with a range of strip
separations. The behaviour of the two lowest energy modes, which we call M1 and M2,
demonstrates evidence of increased coupling between the cavities as the strip separation is
reduced. At a large separation of 4.5 um [Fig. 5(a), device D1] two independent, highly-localized
cavity modes are observed corresponding to two uncoupled cavities. In this case, the wavelength
splitting between the two modes is dominated by the cavity detuning. The most likely source
of this detuning is from fabrication inconsistencies; imperfections in the photonic crystal and
variation in the SU-8 strip geometry and dimensions result in shifts in the cavity emission
wavelength. In Fig. 5(b) (strip separation 3.5 um, device D2) the two cavities are evidently
coupled, with a moderate degree of mode delocalization. The presence of cavity detuning
prevents fully delocalized supermodes: previous work on a similar coupled cavity system has
demonstrated that the smaller the ratio of J/AA, the more localized towards the individual cavities
the modes are [26]. A high degree of mode delocalization is evident for the device in Fig. 5(c)
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Fig. 4. Scanning electron microscope image of two SU-8 strips written on a PhC waveguide
at a separation of 2.5 um. The mean thickness of the strips was determined from AFM
measurements to be 0.55 um, obtained by averaging the thickness of the strips over the width
of the PhC.

(strip separation 2.5 um, device D3), for which the characteristic S and AS supermodes are
observed. This shows evidence of a strongly coupled PM with large coupling strength relative to
the detuning. An AFM image of the same device is provided in Fig. 5(d).

We further characterize the PMs by measuring the delocalization of the M2 mode, which
enables the cavity detuning and the coupling strength to be estimated. From coupled mode
theory, the modes of the coupled system, ¥, (r) and W_(r), are given by linear combinations of
the isolated cavity modes, ¢ (r) and ¥ (r):

Yo(r) = (sin 9) Ualr) + (cos 9) vi(r) @)
2 2

¥-(r) = (cos § Juatr) - fsin 5 r(r) ®

tan@ = 2J/AA (€]

where 6 is a weighting factor. The delocalization factor, F, of a given mode is defined as the
ratio of the electric field energy at the centres of the two cavities of the PM. It is always defined
as the lowest divided by the highest of the two field energies. Assuming that the isolated cavities
have relatively well confined modes, cross-terms can be neglected from Eqgs. (2)—(3) and the
delocalization factor is given by [26]:

_ sin®(0/2)
"~ cos2(6/2)
hence the delocalization factor is dependent on the ratio J/AA, related to 6 by Eq. (4). For
an ideal PM with identical cavities and zero detuning, the M2 peaks will correspond to AS

supermode peaks with equal amplitude and therefore F will have its maximum value of 1. For
finite detuning, F’ decreases as the ratio of coupling strength to detuning decreases, which predicts

tan’(6/2) (%)
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a mode profile increasingly localized towards one of the individual cavities. We estimated the
delocalization factors of the measured M2 modes by calculating the amplitude of the dimmest
peak divided by the amplitude of the brightest peak. The measured F values of coupled cavity
devices D2 and D3 were 0.33 and 0.77 respectively, while the uncoupled cavities of D1 yield an
F value of less than 0.01. These observations are consistent with expectations from Eq. (5): as
the separation is increased, the decrease in coupling strength results in a lower J/AA ratio, which

yields a decrease in F. By rearranging Eq. (4) for 6 and substituting into Eq. (5), it can be shown
that the J/AA ratio is related to F by:

J VF

M 1-F ©)

which, combined with Eq. (1), enables J and AA to be estimated from the measured values of F
and AQ:

VF

1= || A @)
1-F

M—(HF)AQ (8)

-

n
@
>

\oNeN\
)
o2}
w
=2
[
i1

(i) woud
)
[o3]
N

(c) D3

(d)

1283
31282
@
%1281
=2
5 1280
3
1279 8 e ‘ ‘
s 4 ° 0 200 400 600
X () Height (nm)

Fig. 5. (a)-(c) uPL maps from selected SU-8 double strip devices, showing increasing
coupling as the strip separation is reduced. (a) Device D1, separation 4.5 um. (b) Device
D2, separation 3.5 um. (c) Device D3, separation 2.5 um. Devices D1, D2 and D3 show
uncoupled, coupled and strongly coupled cavity modes respectively. (d) AFM image of

device D3. Note that the full size of the holes in the PhC is not resolved by the AFM tip, so
they appear smaller than their true size.
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For devices D2 and D3 we estimate coupling strengths of Jp, ~ 0.4nm and Jp3z ~ 1.1 nm
from mode splittings of 0.97 nm and 2.33 nm, respectively. The estimated detunings of the
devices are Adpy ~ 0.5nm and Adp3 ~ 0.3 nm and we estimate a detuning of Adp; = 1.27 nm
from the mode splitting of the uncoupled cavities of D1. The differences in the detuning values
are anticipated to result predominantly from random variation of the disorder-induced detuning
caused by e-beam fabrication imperfections, although minor fluctuations of the SU-8 strip
thickness may also contribute. We note that the strongly coupled device D3 in particular is
predicted to have a high coupling strength and small detuning, which correlates with its highly
delocalized AS supermode.

Experimental data from a large batch of 87 devices were collected for comparison with the
FDTD simulation results presented in Fig. 3(b). The mean mode splitting between the M1 and M2
modes for each SU-8 strip separation is presented in Fig. 6(a). The data match the trend predicted
by the FDTD results well, except for the additional effects of fabrication imperfection-induced
cavity detuning not accounted for in the simulation. Instead of converging to zero as in the
zero detuning case, Eq. (1) predicts that the mean mode splitting should converge towards the
mean value of A4 (which is expected to be independent of the strip separation) as the strip
separation is increased and J tends to zero. At large separations, the cavity detuning is expected
to be the sole source of the mode splitting. Therefore, we estimate a mean cavity detuning
of A1 = (1.15 + 0.13) nm from the mode splitting of the PMs with a strip separation of 4 um or
more. The magnitude of this detuning is comparable to e-beam defined PhC PMs reported in the
literature [20,21, 26,27], which supports our novel SU-8 writing technique as a reliable method
for creating PMs and suggests that the additional photolithography step is not a significant source
of cavity detuning beyond the PhC fabrication imperfections.

The mean peak spacing for each strip separation is shown in Fig. 6(a), which was measured
as an analogue to the AS peak spacing defined in section 3. Due to the presence of cavity
detuning that was not accounted for in the FDTD simulations, it was not always possible to
measure the AS peak separation in practice. In the case of a high J/AA ratio, the M2 mode is
highly delocalized and contains two resolvable peaks (such as for devices D2 and D3), from
which the centre-to-centre peak separation can be measured and is equivalent to the AS peak
spacing. However, for a low J/AA ratio, the M2 mode may only have one clear peak (such as for
device D1). In this case the peak spacing is defined as the separation of the M1 and M2 peaks.
We observe that the peak spacing converges towards the strip separation at large separations
(corresponding to the cavity positions), for which the inter-cavity coupling is weak. This matches
expectations of the AS peak separation from the simulation results and we see a comparable
trend: as the strip separation is reduced and the coupling strength increases, the peak spacing
becomes larger than the strip separation. A single cavity is formed for a 1 um strip separation.

To verify the trend in coupling strength with strip separation experimentally, we applied two
different methods to estimate variation of the mean coupling strength with strip separation for
the whole batch of devices. In method A, the coupling strength was calculated independently
for each device from the measured AQ and F values using Eq. (7). The mean coupling strength
was then calculated from devices with the same strip separation, which is presented in Fig. 6(b).
Also shown are the mean coupling strengths estimated via method B, in which the mean mode
splitting from Fig. 6(a) is used with the estimated mean detuning, AA = 1.15 nm, to calculate
the coupling strength using Eq. (1). We note that method B cannot be used to estimate J for
individual devices like method A, since the disorder-induced detuning can vary significantly
from cavity to cavity and A4 often does not accurately represent the detuning of a single device.
Therefore method B can only be used to estimate the mean values of J at each separation,
assuming that the mean detuning is independent of strip separation. We observe that the two
methods give consistent results within error and both confirm the expected trend of decreasing
coupling strength with increasing strip separation. For a given cavity separation, we found
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Fig. 6. (a) Mean values of mode splitting and peak spacing for each SU-8 strip separation in
a batch of successful devices. Error bars represent estimates of the standard error of the
mean at each separation. The dashed orange line represents the estimated mean detuning
AA = 1.15 nm and the dashed blue line represents equality of strip separation to peak spacing,
included to guide the eye. (b) Estimated mean coupling strength as a function of SU-8
strip separation, calculated using two different methods. Method A calculates the coupling
strength of each individual device using the measured AQ and F before taking the mean,
whereas method B uses the mean mode splitting at each separation and the estimated mean
detuning A2 from (a). Note that the datapoints have a small artificial horizontal offset either
side of the true strip separation for ease of reading; the strip separations are the same as in
(a). The mean coupling strength cannot be calculated for some separations using method B
because the mean mode splitting is smaller than AA. Error bars for method A represent the
standard error of the mean and for method B the errors are propagated appropriately from
the parameters used.

the magnitude of the estimated mean coupling strength to be comparable to other photonic
crystal-based PMs in the literature [19-21], especially when compared to devices operating at a
similar wavelength to the SU-8 PMs presented [22,26]. We note that the accuracy of method A
could potentially be improved by using confocal collection techniques in subsequent work, as the
reduced light collection area may improve estimates of F' obtained from pPL mapping of the
M2 mode. However, since method B predicts the mean coupling strength independently of the
measured F' values, the close agreement between methods A and B supports the effectiveness of
the measurements of F' obtained in this work.

Both methods A and B rely on the approximation that the linewidths of the two cavities of
an SU-8 PM would be equal in the absence of coupling. From AFM characterization across a
representative sample of 37 devices, we found on average only 5% variation in thickness between
the two strips of the SU-8 PMs. Since the Q factor of a single strip cavity mode is highly
correlated with the SU-8 thickness, we deduce it is a reasonable assumption that the uncoupled
cavity modes have approximately equal linewidths. We note that since the SU-8 strips were
optimised for reliable fabrication rather than high Q factor, the resulting batch of SU-8 strips was
moderately thick: the median strip thickness from the representative sample was 0.25 um.

5. Confocal mapping of an SU-8 strip PM

To directly show coupling between two cavities of an SU-8 strip PM, a system was implemented to
enable the cavities to be excited and collected from independently. A piezo motor actuated mirror,
in combination with a telecentric 4 f lens system, was used to enable independent movement of the
He-Ne laser spot from the collection area, the latter being controlled by the piezo stage-mounted
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microscope objective. For this experiment, light collected by the objective was focused through a
multi-mode fibre to achieve a confocal collection area of ~2.2 ym FWHM. We examined the
double-peaked M2 mode of a PM with a strip separation of 3 um and a peak spacing of 3.3 um —
sufficiently far apart to enable us to probe the two cavities independently. From these confocal
measurements, we estimate a coupling strength J ~ 0.5 nm and cavity detuning A1 ~ 0.5nm
using the mode splitting of 1.14 nm and F' = 0.36 obtained for this device.

In Fig. 7(a), the confocal map obtained by scanning the microscope objective is shown. In
this map, the overlapping excitation and collection areas were moved simultaneously, giving
the full profile of the mode. The two peaks of the M2 mode are in close proximity to the SU-8
strips, which are labelled as cavities A and B. The significant difference in intensity between
the two peaks arises from localization of the mode towards B due to detuning. Figures 7(b)
and 7(c) show the resulting maps when moving the excitation independently of the collection
area. In this configuration, the collection is fixed over one cavity and the He-Ne laser spot is
moved. As the confocal light collection area is sufficiently small to exclude light emitted by the
adjacent cavity of the PM, we only expect to observe light emitted by the cavity over which the
collection is centred. Coupling between the two cavities of the PM is proven by the presence of
an intensity peak at the collection cavity when the excitation spot is positioned at the opposite
cavity. This is confirmed for fixed collection at either cavity. The ability to independently
probe the cavities with this technique could prove beneficial for experimental implementations
of the unconventional photon blockade, such as exciting one cavity of the PM and observing
antibunched photons from the non-pumped cavity [6]. This individual probing was not possible
using the uPL mapping technique in section 4, which collected light from both cavities at once
due to a large, non-confocal collection area.

The possibility of insufficient light exclusion by the confocal collection area may be a concern,
as it could result in unwanted light being collected from the adjacent cavity. The advantage of
investigating a PM with a moderately low F is that information from the relative intensity of the
two M2 mode peaks can be used to demonstrate that the light isolation is sufficient. We observe
that the intensity of the two peaks when collecting at cavity A in Fig. 7(b) is consistent with
the (lower) intensity of peak A in the objective map. Similarly, the intensity of the two peaks
when collecting at cavity B in Fig. 7(c) is consistent with the (higher) intensity of peak B in the
objective map. This provides strong evidence that the confocal technique adequately excludes
light from the adjacent cavity, resulting in collection from one cavity only. Therefore, we are
confident that these confocal mapping measurements show coupling between the two cavities
of the PM explicitly. We note that for an optimised PM geometry with thinner SU-8 strips, the
increased Q and evanescent field overlap (from a larger mode volume) should enable stronger
coupling at larger distances, which would benefit the confocal collection technique by further
guaranteeing adequate exclusion of light from adjacent cavities.

6. Conclusion

In summary, we have demonstrated successfully the benefits of fabricating single cavities using a
strip of SU-8 on a PhC waveguide (compared to the SU-8 disk cavity presented in our previous
work [31]) and shown that these cavities have sufficient reproducibility to create PMs from
adjacent strips on the same waveguide. The SU-8 strip single cavity design yielded Q values of
up to 8600, with improved fabrication reliability due to less stringent conditions on the alignment
of the photoresist with the waveguide. We have shown using uPL mapping techniques that PMs
formed from two adjacent SU-8 strips on a waveguide have adjustable coupling strength according
to the distance between the two strips. The ability to write the SU-8 strips using photolithography
techniques in the same UPL system used for measurements offers the potential to position the strips
to overlap with single QDs (located via photoluminescence), making the technique promising
for coupling a QD to a PM. The potential for deterministic PM-dot coupling offers additional
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Fig. 7. Confocal uPL maps of the M2 mode of an SU-8 PM device with a strip separation
of 3 um, recorded at a wavelength of 1281.3 nm. All maps use the same colour scale for
intensity. (a) Objective map showing local maxima of the mode labelled as A and B,
corresponding to the two cavities of the PM. The collection and excitation are scanned
simultaneously. (b) and (c): scanning mirror maps with collection fixed at peak A or B
maxima respectively. The laser excitation spot is scanned independently of the collection
area, from an origin (0, 0) which coincides with the position of the collection area.

advantages over those addressed in our previous work relevant to single cavity-dot coupling with
this technique. The ability to alter the strip separation to tune the coupling strength and mode
properties, in a manner not easily possible with a single cavity, holds promise for coupling a PM
simultaneously to two excitonic transitions, which could help achieve a Purcell-enhanced source
of entangled photons [2]. Additionally, the challenging experimental requirement of a strongly
coupled emitter needed to achieve a photon blockade in a single cavity-dot system is potentially
alleviated by the unconventional photon blockade in a PM-dot coupled system, which would
require only weak coupling [4-6].

As part of an investigation into a large batch of devices, trends in the mode splitting and peak
spacing of the PMs were observed and shown to agree well with results from FDTD simulations.
Measurements of the delocalization factor and mode splitting enabled the coupling strength and
cavity detuning of individual PM devices to be estimated. Finally, a confocal mapping technique
with independently movable excitation and collection areas — with resolution exceeding the strip
separation — was used to probe individual cavities of a PM to prove optical coupling between
them.

Data for the figures can be downloaded at: https://doi.org/10.5287/bodleian:-Mz6Pp1Gz0
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