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We present a method to implement 3-dimensional polariton confinement with in-situ spectral

tuning of the cavity mode. Our tunable microcavity is a hybrid system consisting of a bottom

semiconductor distributed Bragg reflector (DBR) with a cavity containing quantum wells

(QWs) grown on top and a dielectric concave DBR separated by a micrometer sized gap.

Nanopositioners allow independent positioning of the two mirrors and the cavity mode energy

can be tuned by controlling the distance between them. When close to resonance, we observe a

characteristic anticrossing between the cavity modes and the QW exciton demonstrating strong

coupling. For the smallest radii of curvature concave mirrors of 5.6 lm and 7.5 lm, real-space

polariton imaging reveals submicron polariton confinement due to the hemispherical cavity

geometry. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4878504]

Strong coupling between quantum well (QW) excitons

and photons in a semiconductor microcavity leads to the for-

mation of quasiparticles known as exciton-polaritons.1 Due to

their part-matter part-photon nature, polaritons possess a

large nonlinearity arising from exciton-exciton interactions

that can be probed through coupling to their photonic compo-

nent. Recently, microcavity polariton systems have attracted

much interest since polaritons exhibit interesting phenomena

such as non-equilibrium condensation,2 superfluid like behav-

iour,3,4 and soliton formation.5 Conventional semiconductor

microcavities are comprised of two semiconductor distributed

Bragg reflectors (DBRs) separated by a mk=2 cavity contain-

ing one or more QWs located at electric-field antinodes. In

these monolithic cavities, the spectral features are fixed in

energy and in-situ tuning of the cavity mode is limited to

tapering of the cavity length along the sample.1 In an open

cavity system, the microcavity is split into three separate

parts; a bottom DBR with cavity region, an air gap, and a top

DBR. The cavity resonance can then simply be tuned by

changing the distance between the mirrors. Open cavity sys-

tems have been used to study cavity quantum electrodynami-

cal effects with a variety of emitters.6–11

Due to the low in plane effective mass of polaritons mi-

crometer sized lateral confinement leads to the discretisation

of the polariton modes. Smaller confinement causes the aver-

age polariton-polariton distance to be reduced and the non-

linear exciton interaction to increase for the same excitation

power. Combined with narrow polariton linewidths this lat-

eral confinement may lead to the currently unobserved effect

of polariton blockade.12 Several systems have been devel-

oped to achieve zero-dimensional polaritons based on exci-

tonic or photonic confinement. Spatial modulation of the

polariton potential has been introduced using cross propagat-

ing surface acoustic waves (SAWs) but the confinement size

is limited by the small penetration into the microcavity at

high SAW frequencies.13,14 The application of controlled

stress can be used to spatially localise the exciton wavefunc-

tion but the energy spectrum remains a quasi-continuum due

to weak confinement.15,16 Alternatively, photonic confine-

ment can be introduced through the growth of mesa struc-

tures using patterned regrowth,17 post growth etching into

micropillars,18 and photonic crystals.19 Typically, micropil-

lars and photonic crystal microcavities suffer from increased

losses as the dimensions are reduced and in all mentioned

cases the spectral tuning of the cavities is limited.

In this Letter, we present a fully tunable zero dimensional

polariton system based upon strong photonic confinement in

an open hemispherical microcavity.20 The tuneable cavity con-

sists of a dielectric DBR containing concave features of vari-

ous radii of curvature (RoC) and a semiconductor DBR with a

cavity region containing QWs grown above. The hemispheri-

cal cavity geometry leads to strong lateral photonic confine-

ment which is then imprinted in the polariton wavefunction.

The combination of both longitudinal and lateral confinement

creates photonic confinement in 3-dimensions and leads to the

formation of 0-dimensional polaritons.

The dielectric DBR contains an array of concave mirrors

fabricated using focused ion beam (FIB) milling before coat-

ing with dielectric layers.20 In contrast to fiber based open

microcavities, where the concave feature is fabricated using

laser ablation into the end of an optical fiber6–9 FIB milling

on a planar substrate allows both the fabrication of smaller

RoCs and allows a single sample to contain an array of con-

cave mirrors. We note that laser ablation has also been used

to form concave depressions in a planar substrate to fabricate

a similar cavity to that described here, rather than using a

fiber based approach.10 Fig. 1(a) shows the set-up of the

open cavity system consisting of a top dielectric concave

DBR array and a bottom semiconductor DBR with a cavity

region containing QWs that are separated by a micron sized

gap. The two mirrors were mounted on to two separate xyz-

piezo closed loop attocube nanopositioner stacks allowing

full spatial and spectral tuning of the cavity. In this study, we

report on experiments using a semiconductor MBE grown 27

paired Al0.85Ga0.15As/GaAs DBR with a cavity region grown

on top consisting of two sets of three 10 nm InGaAs QWs
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placed at E-field antinodes using GaAs spacer layers. The

dielectric concave mirrors have RoCs of 19 lm, 16 lm,

12 lm, 10 lm, 7.5 lm, and 5.6 lm with the desired RoC mir-

ror placed into the optical path using the xy-stages. For the

semiconductor mirror, the piezo stack also consists of two

tilt goniometer stages allowing full control of the parallelism

between the mirrors. For low temperature measurements at

4 K, the homemade system is placed in a bath cryostat with a

small amount of He exchange gas and is securely fastened

inside a liquid He dewar. Optical access to the samples is

provided via an optical table placed on top of the insert with

free space access through an optical window.

For a hemispherical cavity, stable modes are only

formed when the stability condition Lphys � RoC is satis-

fied,21 where Lphys is the physical cavity length and must

take into account the field penetration into the DBRs. For

our composite cavity, the physical length is defined by

Lphys ¼ Lþ LDBR1 þ LDBR2 þ LQW ; (1)

where L is the tunable mirror separation distance as indicated

in Fig. 1(a), LDBR1 and LDBR2 are the physical field penetra-

tion depths into the dielectric and semiconductor DBRs, and

LQW is the physical length of the cavity-QW containing

region. The longitudinal spectral resonances of the cavity are

determined by the condition that the round trip phase in the

cavity /ðk; LÞ is an integer multiple of 2p

/ðk; LÞ ¼ 2kLþ /DBRðkÞ ¼ 2mp; (2)

where m is an integer, k is the vacuum wavenumber, and L is

the mirror separation distance. The structural constant

/DBRðkÞ is the sum of the reflection phases of the top DBR

and combined bottom DBR and cavity region and may be

calculated using a transfer matrix technique. This formula

may be rearranged to allow extraction of the mirror separa-

tion L from the free spectral range Dk ¼ kðm�1Þ � kðmÞ
between adjacent longitudinal modes. The usual expression

becomes modified to account for the difference in DBR

reflection phase D/DBR ¼ /DBR;ðm�1Þ � /DBR;ðmÞ at the two

wavelengths of the adjacent longitudinal modes

L ¼ k2
m

2Dk
1þ D/DBR=2pð Þ: (3)

Fig. 1(b) shows a typical photoluminescence (PL) spec-

trum with the longitudinal cavity mode at a large negative

exciton-photon detuning of around �22.7 meV. In this re-

gime, the lower polariton is largely photonic and the optical

characteristics of the cavity can be probed. We use non-

resonant excitation close to a cavity reflectivity minimum

using a 685 nm laser diode. Spectroscopy is performed using

a 0.75 m monochromator with a cooled CCD at �70 �C. In

addition to the ground longitudinal cavity mode I, we

observe a number of higher order transverse modes (labeled

II, III, IV, and V) with equal energy spacing due to lateral

confinement. This suggests that the transverse photonic

potential created by the curved top mirror is nearly parabolic.

Fig. 1(c) shows that for a concave mirror of 19 lm, mode I

exhibits a splitting between orthogonally polarised modes of

�110 leV, which probably arises from birefringence in the

bottom and/or in the top mirror due to stress. Higher order

transverse modes also split into a doublet with an energy

splittings of the order of �100–200 leV as seen in Fig. 1(b)

due to a combination of birefringence and breaking of the

cylindrical symmetry in the shape of the top mirror as dis-

cussed below.

Fig. 1(d) shows the photonic Q-factor as a function of L
measured for mirrors with different RoC, where L was

deduced from white light reflectivity spectra using Eq. (3).

The photonic Q-factor of the microcavity increases with cav-

ity length due to the increased photonic lifetime up to a max-

imum value of �35 000 at L¼ 9 lm for the mirror with

RoC¼ 19 lm and 16 lm. The Q-factor then decreases as L
and hence Lphys increase further. This can be attributed to the

diverging beam waist on the concave mirror leading to larger

losses as we approach the limits of the stability condition.20

We estimate that the minimum mirror separation before

touching that we can reach is L� 1 lm.

In order to spectrally tune the cavity resonance, we

apply a DC voltage to the bottom z-piezo nanopositioner

which decreases the mirror separation L. By scanning the

cavity length in this manner, we tune the cavity modes

through resonance with the QW exciton energy. Fig. 2(a)

shows the characteristic avoided crossing in PL between the

cavity modes and QW exciton. It is clear that both mode I

and higher order transverse modes all display an avoided

crossing with the exciton resonance. The Rabi splitting

XRabi, when mode I is at resonance with the QW exciton at a

mirror separation L� 5 lm, is 4.4 meV and is comparable

across all modes due to the negligible dependence of the

coupling strength with exciton wavevector. Fig. 2(b) shows a

spectral slice at zero detuning between mode I and the QW

exciton. The confined upper polariton has a weaker PL signal

FIG. 1. (a) The open cavity system formed by an array of dielectric concave

DBRs and a semiconductor DBR containing QWs. The inset shows the

formed hemispherical cavity with the mirrors separated by a small gap. (b)

Typical PL spectrum with mode I at a large negative exciton-photon detun-

ing of around �22.7 meV showing the formation of a ground longitudinal

mode I and higher order transverse modes due to lateral confinement (c) The

ground longitudinal mode I shows an orthogonally polarised splitting of

110 leV due to birefringence. (d) Photonic Q-factor of mode I as a function

of mirror separation for concave mirror RoCs of 19 lm, 16 lm, 12 lm,

10 lm, 7.5 lm, and 5.6 lm.
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as polaritons tend to relax towards the lowest energy states

of the trap. The upper polariton is significantly broader than

the lower polariton due to scattering with phonons and QW

disorder potential to the lower polariton and the exciton res-

ervoir.22 At zero exciton-photon detuning at the minimum

effective cavity length, we measure a lower polariton line-

width of 0.26 meV. The bare QW exciton linewidth is

1.2 meV and the photonic linewidth is around 78 leV. At the

minimum cavity length, the maximum observed vacuum

Rabi splitting at resonance is 5.6 meV, which is comparable

to the values obtained in monolithic 6 QW 3k=2 microcav-

ities. In Fig. 2(c), we plot the Rabi splitting at zero exciton-

photon detuning as a function of L for cavities formed with

each of the concave RoCs. The splitting is expected to be

inversely proportional to the square root of the cavity effec-

tive length Leff, which is given by the ratio of the integrated

electric energy density in the cavity divided by the density at

the QWs.23 At fixed energy Leff is proportional to LþC,

where L is the mirror separation and the constant C accounts

for the fraction of the mode energy located in the DBRs

and QW region. The fit in Fig. 2(c) corresponds to

XRabi / 1=
ffiffiffiffiffiffiffiffiffiffiffiffi

Lþ C
p

, with C� 7.6 lm. No dependence on the

RoC was observed.

To enable imaging of the polariton modes, we employ a

wound fiber bundle consisting of a 4� 4 mm array of single

mode fibers. Each single mode fiber in the array acts like a

single pixel allowing the image focused on one end of the

fiber to be emitted from the other end. We then image the

real or k-space image of the polariton on to one end facet

and image the other end on to the slits of a spectrometer.

Fig. 3(a) shows position-wavelength images of cavity

modes when longitudinal mode I is negatively detuned with

respect to the exciton. Here, the emission intensities are plot-

ted for different wavelengths versus position across the line

going through the middle of the cavity. These spatial mode

profiles correspond to the modes that we display spectrally

in Fig. 1(b) at slightly larger negative detuning of

�4:7XRabi ¼ �24:4 meV and provide direct evidence of the

micrometric sized confinement and spatial discretization of

modes. Fig. 3(b) shows the position-wavelength images of

polariton modes when the mode I is close to resonance with

the QW exciton. Here, we can clearly see the imprinting of

the photonic spatial distribution into the polariton modes

UPI and LPI and UPII and LPII. Modes UPI and LPI are char-

acterised by Gaussian spatial distribution, whereas modes

UPII and LPII have two distinct maxima at 61 lm. For the

longitudinal mode I, we measure a Gaussian beam waist size

of 1.16 lm on the concave mirror with RoC¼ 19 lm at

L� 1.7 lm. For the RoCs of 7.5 lm and 5.6 lm, we measure

beam waist sizes of 0.85 lm and 0.78 lm—better than the

confinement achieved in mesa17 or micropillar18 structures.

We note that the beam waist size on the planar semiconduc-

tor part is slightly smaller than the beam waist on the con-

cave mirror when Lphys � RoC.21

The inset in Fig. 3 shows the real space PL images of

photonic modes revealing profiles for modes I, II, III, and

IV, which resemble helical Laguerre-Gaussian (LG) trans-

verse modes. Formation of such modes is expected in a sys-

tem with perfect cylindrical symmetry.24 Nevertheless,

spectrally resolved images reveal that LG in our system

actually are not the eigenstates and are split into a family of

Mathieu and Ince-Gaussian modes25 probably due to break-

ing of the cylindrical symmetry of the top mirror. The

detailed investigation of this effect is beyond the scope of

the present manuscript and will be presented elsewhere.

FIG. 2. (a) Typical avoided crossings as the cavity modes are tuned through

resonance with the QW exciton. The RoC of the concave mirror was 19 lm

and the mirror separation decreases with increasing piezo voltage. As well

as the longitudinal mode, we observe strong coupling between the exciton

and all observed higher order transverse modes. (b) Spectral slice close to

resonance between the ground mode I and QW exciton. The blue dashed and

dotted lines indicate the lower (LPI) and upper (UPI) polariton arising from

exciton coupling with mode I with a splitting of 4.4 meV at zero detuning.

The red indicates the lower (LPII) and upper (UPII) polariton branches aris-

ing from transverse mode II. The mirror separation L� 5 lm. (c) Rabi split-

ting at zero exciton-photon detuning as a function of mirror separation for

concave mirror RoCs of 19 lm, 16 lm, 12 lm, 10 lm, 7.5 lm, and 5.6 lm.

FIG. 3. (a) Position-wavelength images of cavity modes when longitudinal

mode I is at a very large negative exciton-photon detuning of around

�4:7XRabi ¼ �24:4 meV. The black vertical line indicates the QW exciton

energy. The concave mirror RoC was 19 lm. Insets I–IV: real space PL

images of photonic modes revealing profiles for modes I, II, III, and IV. (b)

Position-wavelength images of cavity modes when ground mode I is close to

resonance with the QW exciton. The formation of both UPI/LPI at resonance

and UPII/LPII at a positive exciton-photon detuning of approximately

1:5XRabi ¼ 7:8 meV are labelled. At longer wavelengths, we see a number

of high order transverse modes associated with another longitudinal mode at

lower energy.
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In summary, we present a system to achieve

3-dimensional polariton confinement with in situ tuning of

the cavity modes. When the cavity is formed with concave

DBRs with RoCs of 7.5 lm and 5.6 lm, we measure submi-

cron polariton beam waist sizes. Combining the submicron

confinement with very narrow lower polariton linewidths has

the potential to lead to strong nonlinear interactions between

polaritons and the observation of the polariton blockade

effect12 in single or coupled polariton boxes.26,27

This work has been supported by the EPSRC

Programme Grant EP/J007544, ERC Advanced Investigator

Grant EXCIPOL, and by the Leverhulme Trust.

1C. Weisbuch, M. Nishioka, A. Ishikawa, and Y. Arakawa, Phys. Rev. Lett.

69, 3314 (1992).
2J. Kasprzak, M. Richard, S. Kundermann, A. Baas, P. Jeambrun, J. M. J.

Keeling, F. M. Marchetti, M. H. Szymanska, R. Andre, J. L. Staehli, V.

Savona, P. B. Littlewood, B. Deveaud, and L. S. Dang, Nature 443, 409

(2006).
3A. Amo, J. Lefrere, S. Pigeon, C. Adrados, C. Cuiti, I. Carusotto, R.

Houdre, E. Giacobino, and A. Bramati, Nature Phys. 5, 805 (2009).
4A. Amo, D. Sanvitto, F. P. Laussy, D. Ballarini, E. del Valle, M. D.

Martin, A. Lemaitre, J. Bloch, D. N. Krizhanovskii, M. S. Skolnick, C.

Tejedor, and L. Vina, Nature 457, 291–295 (2009).
5M. Sich, D. N. Krizhanovskii, M. S. Skolnick, A. V. Gorbach, R. Hartley,

D. V. Skyrabin, E. A. Cerda-M�endez, K. Biermann, R. Hey, and P. V.

Santos, Nat. Photonics 6, 50 (2012).
6Y. Colombe, T. Steinmetz, G. Dubois, F. Linke, D. Hunger, and J.

Reichel, Nature 450, 272 (2007).
7D. Hunger, T. Steinmetz, Y. Colombe, C. Deutsch, T. W. Hansch, and J.

Reichel, New J. Phys. 12, 065038 (2010).
8A. Muller, E. B. Flagg, J. R. Lawall, and G. S. Solomon, Opt. Lett. 35,

2293 (2010).
9J. Miguel-Sanchez, A. Reinhard, E. Togan, T. Volz, A. Imamoglu, B.

Besga, J. Reichel, and J. Esteve, New J. Phys. 15, 045002 (2013).

10R. J. Barbour, P. A. Dalgarno, A. Curran, K. M. Nowak, H. J. Baker, D. R.

Hall, N. G. Stoltz, P. M. Petroff, and R. J. Warburton, J. Appl. Phys. 110,

053107 (2011).
11Z. Di, H. V. Jones, P. R. Dolan, S. M. Fairclough, M. B. Wincott, J. Fill,

G. M. Hughes, and J. M. Smith, New J. Phys. 14, 103048 (2012).
12A. Verger, C. Ciuti, and I. Carusotto, Phys. Rev. B 73, 193306 (2006).
13E. A. Cerda-M�endez, D. N. Krizhanovskii, M. Wouters, R. Bradley, K.

Biermann, K. Guda, R. Hey, P. V. Santos, D. Sarkar, and M. S. Skolnick,

Phys. Rev. Lett. 105, 116402 (2010).
14E. A. Cerda-M�endez, D. Sarkar, D. N. Krizhanovskii, S. S. Gavrilov, K.

Biermann, M. S. Skolnick, and P. V. Santos, Phys. Rev. Lett. 111, 146401

(2013).
15V. Negoita, D. W. Snoke, and K. Eberl, Appl. Phys. Lett. 75, 2059

(1999).
16R. Balili, V. Hartwell, D. Snoke, L. Pfeiffer, and K. West, Science 316,

1007 (2007).
17O. El Daif, A. Baas, T. Guillet, J. P. Brantut, R. Idrissi Kaitouni, J. L.

Staehli, F. Morier-Genoud, and B. Deveaud, Appl. Phys. Lett. 88, 061105

(2006).
18L. Ferrier, E. Wertz, R. Johne, D. D. Solnyshkov, P. Senellart, I. Sagnes, A.

Lemaitre, G. Malpuech, and J. Bloch, Phys. Rev. Lett. 106, 126401 (2011).
19S. Azzini, D. Gerace, M. Galli, I. Sagnes, R. Braive, A. Lematre, J. Bloch,

and D. Bajoni, Appl. Phys. Lett. 99, 111106 (2011).
20P. R. Dolan, G. M. Hughes, F. Grazioso, B. R. Patton, and J. M. Smith,

Opt. Lett. 35, 3556 (2010).
21A. E. Siegman, Lasers (University Science Books, 1992).
22V. Savona and C. Piermarocchi, Phys. Status Solidi 164, 45 (1997).
23A. V. Kavokin, J. J. Baumberg, G. Malpuech, and F. P. Laussy,

Microcavities, Series on Semiconductor Science and Technology (Oxford

University Press, 2007).
24R. Meucci, A. Labate, and M. Ciofini, Quantum Semiclass. Opt. 9, L31

(1997).
25G. Nardin, Y. L�eger, B. Pietka, F. Morier-Genoud, and B. Deveaud-

Pl�edran, Phys. Rev. B 82, 045304 (2010).
26M. Bamba, A. Imamoglu, I. Carusotto, and C. Ciuti, Phys. Rev. A 83,

021802(R) (2011).
27We have recently become aware of a preprint showing lateral polariton

confinement using a fibre based approach, B. Besga, C. Vaneph, J.

Reichel, J. Esteve, A. Reinhard, J. Miguel-Sanchez, A. Imamoglu, and T.

Volz, “Polariton boxes in a tunable fiber cavity,” e-print arXiv:1312.0819.

192107-4 Dufferwiel et al. Appl. Phys. Lett. 104, 192107 (2014)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

129.67.116.41 On: Sat, 29 Nov 2014 14:13:41

http://dx.doi.org/10.1103/PhysRevLett.69.3314
http://dx.doi.org/10.1038/nature05131
http://dx.doi.org/10.1038/nphys1364
http://dx.doi.org/10.1038/nature07640
http://dx.doi.org/10.1038/nphoton.2011.267
http://dx.doi.org/10.1038/nature06331
http://dx.doi.org/10.1088/1367-2630/12/6/065038
http://dx.doi.org/10.1364/OL.35.002293
http://dx.doi.org/10.1088/1367-2630/15/4/045002
http://dx.doi.org/10.1063/1.3632057
http://dx.doi.org/10.1088/1367-2630/14/10/103048
http://dx.doi.org/10.1103/PhysRevB.73.193306
http://dx.doi.org/10.1103/PhysRevLett.105.116402
http://dx.doi.org/10.1103/PhysRevLett.111.146401
http://dx.doi.org/10.1063/1.124915
http://dx.doi.org/10.1126/science.1140990
http://dx.doi.org/10.1063/1.2172409
http://dx.doi.org/10.1103/PhysRevLett.106.126401
http://dx.doi.org/10.1063/1.3638469
http://dx.doi.org/10.1364/OL.35.003556
http://dx.doi.org/10.1002/1521-396X(199711)164:1<45::AID-PSSA45>3.0.CO;2-7
http://dx.doi.org/10.1088/1355-5111/9/4/002
http://dx.doi.org/10.1103/PhysRevB.82.045304
http://dx.doi.org/10.1103/PhysRevA.83.021802
http://arxiv.org/abs/1312.0819

