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Strong coupling of light with excitons in direct bandgap semicon-
ductors leads to the formation of composite photonic-electronic
quasi-particles (polaritons), in which energy oscillates coherently
between the photonic and excitonic states with the vacuum Rabi
frequency. The light-matter coherence is maintained until the
oscillator dephases or the photon escapes. Exciton-polariton for-
mation has enabled the observation of Bose-Einstein condensa-
tion in the solid-state, low-threshold polariton lasing and is also
useful for terahertz and slow-light applications. However, main-
taining coherence for higher carrier concentration and temperature
applications still requires increased coupling strengths. Here, we
report on size-tunable, exceptionally high exciton-polariton cou-
pling strengths characterized by a vacuum Rabi splitting of up
to 200 meV as well as a reduction in group velocity, in surface-
passivated, self-assembled semiconductor nanowire cavities. These
experiments represent systematic investigations on light-matter
coupling in one-dimensional optical nanocavities, demonstrating
the ability to engineer light-matter coupling strengths at the na-
noscale, even in non-quantum-confined systems, to values much
higher than in bulk.

cavity ∣ waveguide ∣ cadmium sulfide

Exciton-polaritons (1, 2) are fundamental to many exciting
observations due to their hybrid photonic-electronic proper-

ties, including reduced effective mass when compared with exci-
tons, bosonic particle statistics, long coherence lengths, and large
scattering cross-sections (3). While strong optical coupling in the
single-quantum limit provides tremendous possibilities for quan-
tum information processing through quantum electrodynamic
effects, (4, 5) it is through the use of strong optical coupling in
many particle systems that phenomena such as Bose-Einstein
condensation in the solid-state (6, 7) and low-threshold polar-
iton lasing and light emission (8, 9) have been discovered. In
addition, many particle strong coupling provides tremendous
possibilities for slow-light (10) and terahertz (11) applications
using collective effects.

The strong-coupling regime in the solid-state is generally
obtained by confining excitons in semiconductor quantum dots
(QD) and wells (QW) in order to enhance their oscillator transi-
tion strengths and coupling them to the low-loss optical mode of
small mode volume optical cavities that enhance the electromag-
netic field density (2, 12–15). The coupling strength is expressed
as the Rabi frequency, g ∝

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n � f∕Vm

p
, (4, 13, 16) with n the num-

ber of oscillators, f their oscillator strength, and Vm the mode
volume, noting that the photon lifetime as determined by cavity
quality factor (Q) should be long enough to allow for the Rabi
oscillation to occur. The extremely high Q of micropillar cavities,
(13) photonic slab crystals (14), and micro-toroids (15) have pre-
viously allowed QWs and QDs embedded at optical field anti-
nodes to exhibit strong coupling, even though the oscillator
strengths were not necessarily optimal due to the choice of
material (GaAs) as dictated by the state of the art in thin-film
processing technology. Additionally, these top-down fabricated

structures have a large footprint coupled with the challenges
of preventing surface roughness and exciton dead layers during
etch processes for laterally confined systems, which strongly limits
their potential to achieve very high coupling strengths.

The need for a very highQ cavity can be avoided by using semi-
conductors with high intrinsic exciton oscillator strengths such as
ZnO, CdS, and GaN, (1, 3, 17) or organic materials (18), provid-
ing a logical starting point for the observation and manipulation
of strong-coupling phenomena. Indeed, exciton-polariton forma-
tion in bulk ZnO and CdS crystals has been measured up to room
temperature. (1) However these polaritons are a bulk phenom-
enon and consequently not much attention has been devoted
to manipulating their coupling strengths beyond bulk values,
aside from some studies where only the bulk polariton coupling
strength was recovered in large lateral cavities by placing λ∕2 and
2λ thick active GaAs layers between distributed Bragg reflectors
(DBRs) (19).

Here we demonstrate the manipulation of bulk polaritons into
one-dimensional cavity-polaritons with size-tunable enhance-
ment of the light-matter coupling strength, using self-assembled,
surface-passivated excitonic CdS nanowire optical waveguide
cavities (seeMaterials and Methods) exhibiting strong lateral con-
finement, circumventing surface roughness and electronically
dead layer problems associated with top-down fabricated nano-
cavities. We measure the guided emission emerging from the
nonexcited nanowire ends and extract the energies of the stand-
ing wave Fabry-Pérot modes that form along the length of the
wires. This method allows us to reconstruct the energy-wavevec-
tor dispersions in these nanowires cavities (20), which is not
possible with angle resolved measurements due to diffraction
effects at the subwavelength apertures at the nanowire ends.
The measured dispersions are fitted by a one parameter (coupling
strength) model that was recently developed for the incorpora-
tion of light-matter coupling effects in the waveguide dispersion
of nanowires (21). This technique allows us to systematically
study the coupling strengths in these experimentally difficult-
to-access cavities of varying sizes. Additional surface passivation
that preserves the polaritonic nature of the excitations at small
nanowire diameters (22) allows us to push the observed vacuum
Rabi splitting to values of up to 200 meV in comparison to bulk
values of 82 meV. These results provide new avenues to achieve
very high coupling strengths (beyond bulk) potentially enabling
application of exciting phenomena such as Bose-Einstein conden-
sation of polaritons, efficient light-emitting diodes and lasers,
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optical switching, and slow-light applications, all in a subwave-
length waveguide geometry with a small footprint that can be
readily integrated into nanophotonic circuitry.

Results and Discussion
In order to investigate the influence of cavity size and dimension-
ality on the light-matter coupling strength in CdS crystals, single-
nanowire cavities were studied by scanning electron-beam micro-
scopy (SEM) (Fig. 1A) and spatially resolved photoluminescence
(PL) spectroscopy at 77 K. From electron backscatter diffraction
(EBSD) data (Fig. 1A, upper inset), we determined that the CdS
nanowires had the wurztite crystal structure with the [101̄0] direc-
tion (a-axis) oriented along the nanowire long axis. The config-
uration of the optical experiments (Fig. 1B) consists of a focused
laser spot exciting one end of the nanowire cavity whilst detecting
the spatially and spectrally resolved polariton emission which has
been guided to the other end of the wire (Fig. 1C). This experi-
mental geometry enables the clear observation of standing wave
modes that form along the length of the nanowire. Emission spec-
tra of the guided polaritonic emission collected at the nonexcited
end of the wires (Fig. 2 A, C, and E, for wires with diameters of
260, 190, and 200 nm and lengths of 7.9, 8.1, and 2.46 μm respec-
tively) show multiple intensity modulations due to longitudinal
Fabry-Pérot modes caused by reflections at the nanowire ends.
The energetic positions of these cavity resonances were extracted
by fitting with a series of Lorentzian line-shapes with quality fac-
tors ranging from 350–950 and can be used to reconstruct the
energy-wavevector dispersion of the propagating mode by placing
these peaks at integer multiples of π∕L in the wavevector space
(20). We note that due to the strong damping of modes close to
the exciton energies, no Fabry-Pérot peaks were detected at en-
ergies higher than ∼2.55 eV. The experimental points are plotted
in Fig. 2 B,D, and F for the nanowires with diameters of 260, 190,
and 200 nm respectively. It is apparent that these experimentally
determined dispersion curves of the propagating modes show
significant curvature which is not expected for purely photonic
modes (20).

In wurtzite CdS, the valence band is split into three bands due
to spin-orbit coupling and the crystal field with the valence bands
labeled A, B, and C, resulting in the formation of excitons A, B,
and C from lowest to highest energy. We fitted our model for the
waveguide dispersion in a polaritonic circular cross-section step-
index semiconductor waveguide (21), with the resonance fre-
quencies of the CdS A and B excitons (at 77 K) as were deter-
mined in our propagation spectroscopy experiments, (23) and
from the corresponding PL peaks (22), to the experimentally

determined Fabry-Pérot peaks. For the 260 nm diameter wire
of length 7.9 μm (Fig. 2B), an excellent fit was obtained by strong
coupling of the B-exciton to the fundamental HE11 guided mode
using the bulk value of 1.3 meV for the longitudinal-transverse
splitting (ΔELT), (24) a quantity which is proportional to the
oscillator strength (25). However, good fits to the HE11 funda-
mental mode can only be obtained for the 190 nm × 8.1 μm
and 200 nm × 2.46 μm (diameter × length) wires by increasing
ΔELT to 4.5 and 6 times the bulk value respectively. Although
thicker nanowires can support multiple modes that in principle
could also couple to excitons, we can eliminate coupling to modes
other than the fundamental HE11 mode for several reasons.
Firstly, the lowest order mode is the better confined mode mak-
ing it easier to sustain standing waves along the wire length caus-
ing the emission spectrum detected at the end of the wire to be
dominated by Fabry-Pérot peaks of the HE11 mode. Secondly,
the polarization properties of the involved excitons and the

Fig. 1. CdS nanowire waveguide cavity and low-temperature spatially
resolved micro-photoluminescence experimental geometry. (A) SEM picture
of a representative CdS nanowire laying on the SiO2 measurement substrate.
(Scale bar, 1 μm). In the top inset the electron backscatter diffraction pattern
is shown, indicating wurtzite CdS with a unit cell orientation as is shown in
the lower inset. (B) Schematic of the experimental geometry showing a
nanowire laying on the substrate inside a cryostat at 77 K. The wire is excited
at the left end and only the wave-guided polaritonic emission is collected at
the right end, in order to resolve the Fabry-Pérot cavity modes. (C) Low-
resolution optical micrograph of the PL resulting from exciting the CdS na-
nowire from the left side. A clear polaritonic emission spot can be seen at the
right end which is caused by guiding from the left end. (Scale bar, 2 μm).

Fig. 2. Photoluminescence spectra of the guided polaritonic emission and
size-dependent light-matter coupling strength. (A, C, E) PL spectra of polari-
tonic emission collected at the guided (nonexcited) ends of nanowires with
diameter × length dimensions of, A, 260 nm × 7.9 μm, C, 190 nm × 8.1 μm,
and E, 200 nm × 2.45 μm. The wire in Ewas passivated by an ∼5 nm SiO2 layer
resulting in the observation of emission from free A and B exciton recombi-
nation (the two highest energy peaks). The spectra show multiple Fabry-
Pérot interference peaks, caused by reflection of guided light between
the nanowire ends, which have been fitted by Lorentzian line shapes to
determine the resonance energies. (B, D, F) Energy-wavevector dispersion
in the z-direction (along nanowire length) for the three wires shown in A,
C, and E. The square data points indicate the Fabry-Pérot peaks, which have
been placed in wavevector space at integer values of π∕Lz with Lz the nano-
wire length. The solid lines show the results of numerical calculations for the
fundamental HE11 guided mode, including light-matter coupling with
the CdS B-exciton (dotted horizontal line), resulting in avoided crossing at
the exciton resonance due to the quantum-mechanical noncrossing rule
for two interacting energy levels. (21) Exciton spatial dispersion is omitted
due to the small curvature at wavevectors close to kz ¼ 0. Importantly, as
is shown by the arrows indicating 2 � ℏg, accurate fits could only be obtained
by increasing the light-matter coupling strength (ΔELT ) from 1× (bulk value)
in D to 4.5× in E, and to 6× in F.
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waveguide mode (26) should be considered. Due to the wurztite
crystal structure and the a-axis along the growth direction of the
nanowires, the A-exciton oscillator has no dipole moment along
the transverse nanowire cavity directions whereas the B-exciton
has its maximum dipole moment oriented along the transverse
directions (24). Therefore, A-excitons do not couple to the trans-
versely polarized fundamental HE11 mode, in accordance with
our measurements. Thirdly, each mode has a distinct group ve-
locity (∂ω∕∂k) so that good fits to other higher order waveguide
modes such as the TE01 and TM01 could not be obtained, leading
to our assignment of coupling of the B-exciton to the fundamen-
tal HE11 mode.

To elucidate the strong dependence of light-matter coupling on
individual nanowire dimensions, we numerically calculated the
electromagnetic fields of the confined fundamental modes in
our nanowire waveguide cavities using full three-dimensional
and cross-sectional models, taking into account interaction with
the SiO2 substrate but not the <5 nm SiO2 passivation shell
grown on some wires (see further) because this does not signifi-
cantly influence the confinement of the optical fields. To account
for the occurrence of excitons throughout the entire crystal, not
just at the positions of maximum field (field antinodes) as is the
case in most single emitter experiments, we calculate the effective
volume V eff instead of the mode volume Vm to quantify the
average field strength instead of the maximum field strength
(see Materials and Methods). Fig. 3A shows a two-dimensional
projection of the obtained three-dimensional electric-field distri-
bution jEj2 for the HE11 confined mode in a 200 nm × 5 μm
nanowire at λ ¼ 480 nm resulting in Vm ¼ 0.026 μm3 and V eff ¼
0.18 μm3. The effective mode index (black line) of the confined
HE11 mode as well as the effective volume (blue line), real na-
nowire volume (purple line), and mode volume (green line) at a
fixed nanowire length of 1 μm are shown as a function of nano-
wire diameter in Fig. 3B. It can be seen that at larger nanowire
diameters, the effective volume equals the real volume whereas at
smaller nanowire diameters it decreases more slowly than the real
volume, until at a nanowire width of 120 nm the smallest effective
volume is reached. Further reduction of the nanowire width re-
sults in a dramatically larger effective volume which coincides
with the effective mode index dropping to that of the SiO2 sub-
strate (dashed line), indicating loss of confinement. Cross-
sectional plots of the normalized electric field in nanowires with
diameters of 260, 160, 130, and 110 nm (Fig. 3 C–F) respectively

confirm that this increase in effective volume is caused by the loss
of electric-field confinement resulting in leakage of the fields to
the substrate. Thus, it is expected that minimum effective volume
in our nanowire cavities can be achieved in the diameter range of
130–150 nm, given the same cavity lengths.

The results for the Rabi frequency, g, in 28 different nanowire
cavities with diameters ranging from 130–575 nm and lengths ran-
ging from 2.5 to 21 μm are summarized in Fig. 4A, with square
and circular data points for as-grown and SiO2 surface-passivated
nanowires respectively. As the effective volume is reduced, a tran-
sition from a region with constant coupling strength to a region
with strongly enhanced, size-dependent coupling strength takes
place. For large volume cavities, the coupling strength remains
constant at g ¼ 6.42 × 1013 Hz over a large range spanning from
V eff ¼ 1.15 to 3.5 μm3, consistent with the reported bulk polar-
iton coupling strength in CdS of 41 meV (Rabi splitting, 82 meV)
indicated by the blue dotted line in Fig. 4A, and also obtained
from (25):

gbulk ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ω0ωLT

2

r
[1]

with ω0 the CdS B-exciton resonance frequency and ωLT its long-
itudinal-transverse splitting of 1.3 meV in macroscopic crystals
(24). This consistency shows the validity of our Fabry-Pérot inter-
ference based experimental and theoretical analysis of these
nanoscale cavities.

As we further decrease the cavity effective volume to values
smaller than 1.15 μm3 (210ðλ∕nÞ3), the coupling strength in-
creases dramatically until at an effective volume of 0.079 μm3

(20ðλ∕nÞ3) the coupling strength, g, becomes 2.4 times the bulk
coupling strength (2ℏg ¼ 200 meV). Since smaller diameter
nanowires, due to their larger surface to volume ratio, provide
relatively more nonradiative recombination pathways that com-
pete with exciton(-polariton) formation surface passivation is
essential to preserve the excitonic nature of the excitations (22)
enabling the observation of such strongly enhanced coupling. In
this regime of enhanced coupling strengths, the data clearly
follows the aforementioned square-root dependence of coupling
strength on inverse effective volume (Fig. 4A, red dotted line) and
not other dependencies such as g ∝ V−1 or g ∝ V−2 (see Fig. S1)
which demonstrates that we are now dealing with confined cavity-
polaritons. (2, 13, 25).

Fig. 3. Numerical mode volume calculations of CdS nanowire waveguide cavities (Also see Materials and Methods). (A) Two-dimensional projection of the
obtained three-dimensional electric-field distribution jEj2 for the HE11 confined mode in a 200 nm wide and 5 μm long nanowire at λ ¼ 480 nm. (B) Effective
mode index of the fundamental HE11 mode (black line and square symbols, left axis) and effective volume Veff (blue line and down triangle symbols), V (purple
line, up triangle symbols) and Vm (green line, circle symbols) for a wire with a length of 1 μm (right axis) as a function of nanowire cavity width. As the nanowire
width decreases, the mode volume and the effective mode index decrease until at a width of ∼110 nm the mode index attains the refractive index of SiO2

substrate (dashed line), which causes a dramatic increase in effective andmode volumes. (C–F) Plots of the normalized electric-field jEj2 for nanowire diameters
of (C) 260 nm, (D) 160 nm (E) 130 nm and (F) 110 nm, confirm that this increase in Vm is caused by loss of electric-field confinement for the smallest cavities thus
providing a lower limit on the nanowire cavity lateral dimensions.
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In order to extract the relevant oscillator strength f ðV Þ in our
systems, we use the expression relating coupling strength with
mode volume obtained for cavity-polaritons in microcavities
(13), but with mode volume replaced by effective volume to
account for the averaging effect of excitons not confined to posi-
tions at antinodes of the electric field (also see Methods and
Materials) (16, 25):

gcavity ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

e2

4ε0εrm0

nðV Þ � f ðV Þ
V effðV Þ

s
[2]

with e the elementary charge, ε0 the permittivity of vacuum, εr the
relative permittivity of 8 for CdS, m0 the electron mass and the
quantities nðV Þ the number of oscillators, f ðV Þ their oscillator
strength, and V effðV Þ the effective volume, which are all functions
of nanowire volume. A good fit (R2 ¼ 0.949) of Eq. 2 to the
experimental data in the cavity regime (Fig. 4A, red dotted line)
was obtained with effective oscillator strength nðV Þ � f ðV Þ ¼
2.27 × 107 as a fit parameter. However, to determine the actual
oscillator strength, f , for each nanowire, it is necessary to first
consider its value in the bulk regime. To understand the constant
coupling strength in the bulk regime, we propose that in this
regime both nðV Þ and V effðV Þ are directly proportional to the
nanowire cavity volume (see Fig. 3B) while f remains constant,
resulting in a constant effective oscillator strength per unit
volume, and hence constant coupling strength. The validity of this
hypothesis is proven by an excellent linear fit (R2 ¼ 0.992) to the
values of nðV Þ � f ðV Þ vs. crystal volume for the “bulk-regime”
data points, showing that the oscillator strength per oscillator
remains constant in this bulk regime (see Fig. S2). By extrapolat-
ing this linear relation to the volume per CdS exciton oscillator
(nðV Þ ¼ 1, V unitcell∕2 ¼ 4.98 × 10−29 m3) a value of f bulk ¼ 2.27 ×
10−3 per B-exciton in wurtzite CdS at 77 K is obtained, in excel-
lent agreement with f ¼ 1.94 × 10−3 in bulk CdS obtained from
Dagenais et al. (27) (Also see SI Text). This result also signifies
that the exciton-polariton wavefunction is delocalized over the

entire nanowire crystal, even up to our largest volume sample
measuring 575 nm in diameter and 13.2 μm in length.

In the cavity regime (V eff < 5.47 × 10−19 m3), values for the
oscillator strength are obtained from Eq. 2 by determining for
each nanowire the value of nðV Þ from the volume, the volume
per oscillator, and the corresponding values of V eff and coupling
strength. The obtained oscillator strengths in the cavity regime
are plotted as a function of V eff in Fig. 4B, where it can be seen
that for the highest coupling strength the oscillator strength
reaches a value of 1.15 × 10−2, a sixfold enhancement over the
bulk value. We note that the oscillator strength values obtained
here represent upper limits because the exciton diffusion length
in CdS is more than the nanowire diameters so that the excitons
can preferentially move to positions of high optical field (28),
making it necessary to account for this exciton distribution by
using a volume in Eq. 2 that lies in between the mode volume
that would be used for oscillators at the antinodes of the optical
field and the effective volume as used in this paper for a spatially
averaged field (see Fig. 3B).

Enhancement of exciton oscillator strengths is known to occur
in semiconductor crystals when several oscillators coherently
combine into one larger dipole with quadratically higher strength,
mediated by coupling to the same optical mode (29, 30). The
oscillator strength enhancement has an optimum value at inter-
mediate crystal dimensions approximately equal to the wave-
length of light in the material (∼170 nm for CdS) due to the
optimization of the number of oscillators constructively contri-
buting to the dipole (30, 31). Therefore we assign the observed
enhanced oscillator strength in nanowires to such a polaritonic
effect, where the crystal sizes are in between the quantum-
confined and macroscopic regimes. We must also stress that
our cavity dimensions are two orders of magnitude larger than
those where quantum confinement effects in CdS arise, excluding
these effects as the source of the enhanced oscillator strength and
strong light-matter coupling.

We propose that the remarkable enhancement of light-matter
coupling strength in these nanowire cavities is the result of two
complementary processes; firstly, the reduction of effective
volume directly results in increased coupling by increasing the
electromagnetic energy density in the cavity, analogous to micro-
cavities (Eq. 2), which is also corroborated by our experimental
observation that shorter wires display higher coupling strength for
a fixed diameter. Secondly, at smaller effective volumes we ex-
tract an enhanced oscillator strength which we attribute to the
formation of a coherent dipole with enhanced oscillator strength
by delocalization effects. Although, we did not find an expected
maximum in the coupling strength due the significant evanescent
field intensities for nanowire diameters smaller than ∼120 nm
(see Fig. 3) precluding observation of Fabry-Pérot modes re-
quired for our analysis, the nanowire cavities provide an excellent
natural match between minimal effective volume and maximal
oscillator strength, resulting in the observed exceptionally strong
light-matter coupling.

Due to the increased coupling strengths, the group refractive
index of the nanowires also increases dramatically, as shown in
Fig. 4C. The maximum group index enhancement for light that
made at least a round trip in the cavity (Fabry-Pérot peaks) is
sixfold when compared to the bulk group index (Fig. 4C) and six-
teen- fold when compared to the light line in CdS, which occurs
when there are no excitons present. The group index of light cor-
responding to the lower-polariton branch that traveled along the
entire length of the nanowire (Fig. 4C, inset) can even reach
values three orders of magnitude larger than in the purely photo-
nic case, although the propagation distance is small due to large
damping (i.e., absence of Fabry-Pérot modes). This large increase
in group index demonstrates that the size-dependent strong cou-
pling can be used to tune the signal velocity over a wide range in
nanowire waveguides and illustrates the importance of tunable

Fig. 4. The transition from the bulk-polariton to the confined cavity-polar-
iton regime. (A) Coupling strength, g, vs. effective volume for 28 nanowire
waveguides with diameters ranging from 160–575 nm and lengths ranging
from 2.45 to 21 μm. For larger effective volumes, the coupling strength
remains constant and can be fitted by Eq. 2 with a constant quotient
nðVÞ�f∕VeffðVÞ (blue line). For smaller volumes, the coupling strength g in-
creases by up to 2.4 times which can be fitted by Eq. 2with n � f ¼ 2.27 × 107.
(B) In the bulk polariton regime the oscillator strength per oscillator f remains
constant whereas in the cavity-polariton regime it peaks due to the increased
electric-field amplitude and enhanced oscillator strength effect. (C) Group
refractive index vs. energy for nanowires with Rabi splitting of 82 meV (bulk,
dashed line), 140 meV (blue line), and 200 meV (purple line). The experimen-
tally determined Fabry-Pérot peaks are indicated by squares. Inset. Group
refractive index obtained for a wire with 200 meV Rabi splitting that is
cut off at the highest observed guided polaritonic emission for the lower-
polariton branch (see Fig. 2E).
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light-matter coupling strength for slow-light applications such as
switching and sensing (10).

Conclusions
We have shown the transition from three-dimensional bulk exci-
ton-polaritons to one-dimensional cavity-polaritons by reducing
the cavity size using CdS nanowire waveguides. The squeezing
of the polaritons in nanowires results in a drastic increase of
the light-matter coupling strength, much beyond the bulk values,
which we attribute to the superior surface properties, increased
electric-field intensity inside the small volume cavities, and
enhanced oscillator strength at smaller volumes, due to the
matching of the size of our cavities with that for enhanced oscil-
lator strength effects. Besides increasing the robustness of strong
light-matter coupling for high carrier concentration applications
such as polariton lasing and condensation, and a dramatic
increase of the phase shift for switching applications, the large
coupling enhancement also reduces the signal group velocity
by up to three orders of magnitude in comparison to the speed
in vacuum, which is extremely useful for slow-light applications at
the nanoscale.

Materials and Methods
Nanowire Growth and Surface Passivation. CdS nanowire crystals were
obtained by evaporating pure CdS powder (99.999% Sigma Aldrich) at
760 °C for 3 h in an argon flow [99.999% purity, 100 Standard Cubic
Centimeters per Minute (SCCM)] in a quartz tube oven. Silicon substrates cov-
ered by a 5 nm thick gold film deposited by Plasma Sputter Deposition were
placed at a distance of 10 cm downstream of the vapor source at a tempera-
ture of approximately 500 °C. After the synthesis, the oven was allowed to
cool down to room temperature over 4 h while continuously flushing the
system with a flow of argon (100 SCCM). CdS nanowire passivation with
SiO2 was carried out by using Atomic Layer Deposition (Cambridge Nanotech)
using alternating O3, 3-aminopropyltriethoxysilane, and H2O pulses which
deposited a conformal coating of ∼5 nm on the nanowires (22).

Spectrally and Spatially Resolved Micro-Photoluminescence Measurements. CdS
nanowires with the wurtzite crystallographic a-axis aligned along the length
of the wire as determined from EBSD were dispersed onto silicon oxide sub-
strates and mounted with silver paint in a continuous flow optical microscopy
cryostat, which was kept at 77 K using liquid nitrogen. The experimental geo-
metry is schematically depicted in Fig. 1B. A continuous wave 457.9 nm Ar ion
excitation laser beam was expanded onto the back aperture of a 60 × 0.7 NA
objective (Nikon) resulting in a Gaussian spot with a width of 800 nm provid-
ing nonresonant excitation with an average excitation power density of 1 ×
104 W∕cm2 resulting in an estimated excited carrier density of 1 × 1016 cm−3

when using a carrier lifetime of 350 ps. This laser spot was directed at one end
of the wire where it produced local photoluminescence, which was subse-
quently guided to the other end of the wire where it was emitted, as can
be seen in Fig. 1C. The guided PL from the individual wires was collected
by the same objective and split off using a dichroic mirror and a laser blocking
filter (Chroma). The magnified sample image was projected onto either a
small CCD for color imaging or the focal plane of an optical fiber fitted with

a focusing lens. When the optical fiber was moved through the image plane
using piezoelectric translators (Physik Instrumente), light could be collected
from specific parts of the nanowire with a spatial resolution of ∼200 nm. The
light collected by the fiber was coupled to a 0.5 m spectrometer (Acton), dis-
persed by a 300 grooves∕mm 500 nm-blaze grating and detected by a cooled
2048 horizontal pixel CCD (Princeton Instruments) resulting in a full width at
half-maximum (FWHM) wavelength resolution of 0.1 nm.

Numerical Effective Volume Calculations. We calculated the effective volume
Veff and mode volume Vm of our CdS nanowire waveguide cavities at the
B-exciton resonance energy by numerically calculating the electric and
magnetic fields of the purely photonic confined fundamental HE11 wave-
guide mode in waveguides with circular cross-sections laying on a SiO2 sub-
strate, using a finite element (FE) method (COMSOL). Maxwell’s equations
were solved for the magnetic field with continuous boundary conditions
at the nanowire interfaces and a scattering boundary condition located at
a distance of 3λ from the nanowire surface. The crystal structure was assumed
to be uniaxial with the optical axis perpendicular to the length of the wire
resulting in εx ¼ εz ¼ 8.27 for the in-plane dimensions and εy ¼ 8.63 for the
out-of-plane direction y. Since the nanowire length is much longer than the
lateral dimensions i.e., Lz ≫ Lx , Ly , we can obtain the effective volume and
mode volume from the fields calculated in a two-dimensional cross-section by
using (16):

V eff ¼
R
V εðrÞjEðrÞj2d3r

ðRVwire εðrÞjEðrÞj2d3rÞ∕Vwire

¼ L �
R
A εðrÞjEðrÞj2d2r

ðRAwire εðrÞjEðrÞj2d2rÞ∕Awire
[3]

Vm ¼
R
V εðrÞjEðrÞj2d3r
ðεðrÞjEðrÞj2Þmax

¼ L∕2 �
R
A εðrÞjEðrÞj2d2r
ðεðrÞjEðrÞj2Þmax

: [4]

With VðAÞ the simulation volume (area), VwireðAwireÞ the actual nanowire
volume (cross-sectional area), and the maximum values taken inside the
wire domain. For large volumes, Eq. 3 returns the nanowire crystal volume,
transforming Eq. 2 into that for bulk polaritons (25), whereas at smaller
nanowire diameters Veff > V , caused by leaking of the waveguide field into
the surroundings leading to a lower averaged field inside the nanowire.
Calculated effective mode volumes were checked down to nanowire lengths
of 2 μm by performing full three-dimensional FE and finite-difference time-
domain (MEEP) calculations which yielded similar results.
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