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Abstract
Room-temperature luminescence of exciton polaritons was observed from InGaN/GaNquantum
wells (QWs) sandwiched in Fabry–Perot (FP)microcavity (MC). Angle resolved photoluminescence
measurements revealed unambiguous anti-crossing behavior, indicating strong coupling between
excitons and photons. The Rabi splitting value varied from40meV–130meV, depending on the
excitation power, whichwas larger than previous publications. This large Rabi splitting valuewas
ascribed to our highMCquality factor (Q>3000) and large oscillator strength induced by coupled
QWs structure. The sensitive dependence of the Rabi splitting in InGaNQWson excitation power
indicates that exciton-exciton scatteringmechanismplays an important role in exciton- photon
coupling.

SemiconductorMC in the strong light–matter coupling region has generated significant impact over the past
few decades [1]. A large number of experiments have been performed to study the properties of photons and
excitons [2, 3].When the excitons interact with cavity photons at resonance frequencies, half-matter/half-light
quasi-particles known as ‘cavity polaritons’were producedwith an anti-crossing behavior. The exciton
polaritonswith lower polariton branch (LPB) and upper polariton branch (UPB), were first demonstrated in the
angle resolved photoluminescence (PL) experiments byHoudre in 1994 [4]. Exciton polaritons havemuch
lighter effectivemass (typically four orders ofmagnitude smaller than exciton) and tunable energymomentum
dispersion. These unique propertiesmade the exciton polaritons beenwidely adopted in studying cavity
quantum electrodynamics, such as Bose–Einstein condensates (BECs) and other fundamental physics [5, 6].
BECs of cavity polariton have receivedmuch attention recently, because of their relatively high condensation
temperatures [7]. Furthermore, exciton polaritons are also promising for ultra-low threshold laser and
parametric amplification [8–11].

Most of the studies on exciton polaritons in planarMCwere conducted at relatively low temperatures and in
material systems such asGaAs andCdTe [12–15]. So far, the electrically injected cavity polariton based onGaAs
cavity has been reported [16, 17].Moreover, the polaritonic nonlinearities has been observed under electrical
injection inGaAs cavity at cryogenic temperature[18, 19]. However, it was hard to achieve the polariton lasing at
room temperature due to the small exciton binding energy inGaAs andCdTe systems.When temperature
increases, strong coupling disappears because thermal broadening of the exciton resonance exceeds exciton’s
binding energy in theGaAs andCdTe [13].

It is noted that, GaN-based semiconductorMC is considered to be a good candidate for studying the exciton
polaritons at room temperature due to the following: (1)GaN-based semiconductors have relatively large
exciton binding energy (26 meV for bulkGaN,∼46 meV forQWs) and large exciton oscillator strength [13],
which satisfied the prerequisite for the strong coupling and room temperature exciton polariton [20, 21].
(2)GaN-based semiconductors have fast relaxation rate, which can effectively suppress the polariton bottleneck
effect to benefit polaritons’ condensation [22]. Several research groups have reported the exciton polaritons in
bulkGaNmaterial due to their simple structure and good optical properties [23, 24]. In addition, room

RECEIVED

6March 2019

REVISED

8April 2019

ACCEPTED FOR PUBLICATION

16April 2019

PUBLISHED

24April 2019

© 2019 IOPPublishing Ltd

https://doi.org/10.1088/2053-1591/ab1a05
https://orcid.org/0000-0002-7057-7214
https://orcid.org/0000-0002-7057-7214
https://orcid.org/0000-0001-9537-5179
https://orcid.org/0000-0001-9537-5179
mailto:longhao@xmu.edu.cn
mailto:bzhang@xmu.edu.cn
https://crossmark.crossref.org/dialog/?doi=10.1088/2053-1591/ab1a05&domain=pdf&date_stamp=2019-04-24
https://crossmark.crossref.org/dialog/?doi=10.1088/2053-1591/ab1a05&domain=pdf&date_stamp=2019-04-24


temperature polariton lasingwas achieved in bulkGaN andGaNnanowire embedded in double-side dielectric
DBRsMC [25–28]. However, from the view of electrically injected devices, QWs structure should bemore
suitable for low threshold laser diodes (LDs). AmongGaNbasedQWs structure, theAlGaN/GaNQWswere
considered to bemore appropriate than InGaN/GaNQWsdue to its lower inhomogeneous broadening [29].
Unfortunately, the p-type doping AlGaNwas difficult with increasing the Al content Because of the inferior
crystalline quality and difficulty in p-type doping of AlGaN [30], InGaN/GaNQWs seems to be a better choice
for electrical injected polariton device. However, large inhomogeneous broadening due to the composition
fluctuation in InGaNQWswas detrimental to the strong coupling [31]. It was anticipated that exciton polariton
in InGaN/GaNQWs can only be observed under small inhomogeneous broadening and aMCbased on double-
side dielectric DBRs [32].

The cavity polariton and electrically pumped InGaN-based exciton polariton light emitting diodes have been
demonstrated at room temperature by Tawara and Lu, respectively [33, 34]. The exciton polaritonwith giant
Rabi splitting inGaN/InGaN core–shell wire and resonant reflection and suppressed absorption in periodic
systems of InGaNQWshave also been reported, respectively [35, 36]. In this paper, exciton polariton due to
strong coupling between exciton and cavity photon in InGaNMCwas reported.We fabricated 4λMC,which
consisted of InGaN/GaN coupledQWs active layers and high-qualityMCbased on double dielectric DBRs. An
anti-crossing behavior of strong exciton-photon couplingwas observed by angle resolved PL spectra at room
temperature. Our Rabi splitting energy from40 meV–130 meVdependent on the excitation powerwas
confirmed to be larger than any other results in InGaN thin film F-PMC systems [20, 28, 34].

The epilayer used in this workwas grown bymetal organic chemical vapor deposition on sapphire substrate,
included low temperature nucleation layer, 2 μmu-GaNbuffer layer and 3 μmn-GaN layer, followed byQWs
and 200 nmp-GaN (figure 1(a)). TheQWs consisted offive periods of 4 nmGaN/4 nm InGaN.On the surface
of the epilayers, 16.5 pairs of SiO2/Ti3O5DBRwasfirst evaporated by E-beam apparatus (figure 1(b)). Then the
structure was bonded to a quartz substrate (figure1(c)), followed by the laser lift-off of sapphire (figure 1(d)).
Then, chemicalmechanical polishing (CMP)was used to grind the u-GaN and achieve the designed cavity
thickness (figure 1(e)). TheMCwas accomplished by depositing topDBR (figure 1(f)). Before depositing the top
DBR,we performed the atomic forcemicroscope (AFM) on the surface of polished sample. Reflective
interference was used tomeasure cavity length. The rootmean square (RMS) roughness of the surfacewas
0.1 nm. The sub nano-scale surface smoothness of 0.1 nmprovided the conditions for the growth of highly
reflectiveDBRs, hence guaranteed the high qualityMC.

The properties of InGaNQWswere investigated by PL. Figure 2(a) shows the PL spectra at low temperature
(13 k) and room temperature (300 k), corresponding to 3.048 eV and 3.032 eVpeak energy respectively. It is
noted that low temperature full width at halfmaximum (FWHW)was dominated by inhomogeneous
broadening. In this work, the inhomogeneous broadening was about 38 meV, which satisfied the requirement of

Figure 1.The schematic process ofMC fabricationwith dielectric DBRs: (a) the epitaxial wafer structure: (b) evaporating the bottom
DBRon thewafer; (c) bonding to a quartz substrate; (d) removing of sapphire substrate by laser lift off; (e) polishing and thinning
cavity; (f)MCstructure after evaporating the topDBR.
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strong coupling [32]. The linewidth of the PL spectrum at room temperaturewas 54 meV,which convolution
homogeneous broadening and inhomogeneous broadening. The oscillator strength ( f ) is another key
parameter that is necessary to achieve the strong coupling. However, f in the InGaNQWs is usually strongly
reduced by quantum confined Stark effect (QCSE) resulting fromboth spontaneous and piezoelectric
polarizations.With increasing excitation energy, we observed a tiny blue shift with the linewidth broadening at
the high-energy side (figure 2(b)). This observation indicated negligibleQCSE and the existence of band-filling
effect [37, 38]. Calculated by the envelope function approximation, the oscillator strengthwas about
1.33×1013 cm−2, which is about three times larger thanGaAsQWs exciton [4].

Wemeasured the room temperature angle-resolved PL to investigate the characteristic of cavity polaritons
with the experiment set-up shown infigure 3. TheNd:YAG 355 nmexcitation sourcewas incident on the rear of
the samplewith 50 Hz frequency,maximum300 μJ/pulse excitation energy and 20 ns pulsewidth. The spot size
of the laser focused by 50×UVmicroscope objectivewas about 10 μm.The angle-resolved PL informationwas
collected by an objective lens and optical fiber located on a rotational unit.

Figure 4(a) shows the angle resolved PL spectrums under the excitation power of 13 nJ/Pulse. The dash lines
represent free exciton energy of InGaNQWs epilayer. Two emission bands near the free excitonwere clearly
observed in this spectrum. As the detection angle increased, the two peaks appeared to have an anti-crossing
behavior due to strong coupling between theQWexcitons and cavity photons. Plotting the peak energies of the
two peaks as function of angles, we obtained energymomentumdispersion curves (figure 4(b)). Thefigure
shows that the experimental results (dots) agreedwell with the theoretical calculation by coupled harmonic
oscillatormodels (solid line):

Figure 2. (a) Low temperature and room temperature PL spectra of InGaNQWs. (b)The normalized PL spectra as a function of
excitation energy from48.36 nJ/pulse to 241.8 nJ/Pulse.

Figure 3.The setup of angle resolved PL. (P: prism;M:Mirror; RND: rotational neutral densityfilters; L: Lens; BS: Beam splitter;MO:
Microscope objective; FC: Fiber collimator; OF:Optical fiber.)RND1 is the neutral density filter which regulates the excitation
intensity (monitored by the powermeter) andRND2 is used to prevent saturation of the detection devices. TheMO2 and a 400 μm
coreUVoptical fibermounted on a rotating arm.
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where Eexe andEcav represent the energy of excitons and photons respectively.Ω is the Rabi splitting value. This
confirmed that the two emission peakswere LPB andUPBof polariton luminescence, respectively. The detuning
value, defined by the difference between cavity photon and exciton energy, plays an important role in
determining the energy dispersions of two polariton branches and portions of exciton and photons in polaritons
[34]. In our case, the detuningwas−3.0 meV at zero detection degree, where the cavity photon and exciton
energy are 3.045 eV and 3.048 eV, respectively, yields 46.67% exciton portion in LPB at k=0. Rabi splitting
value represents the coupling strength between cavity photon and exciton in aaMC. In our sample, the Rabi
splitting value of 45 meVwas deduced.

In order to understand the relaxation process of exciton polariton, we furthermeasured the polariton
emission spectra at different excitation energywith afixed detection angle of 6° at room temperature. At this
angle, the detuning valuewas close to zero. The PL spectra as function of excitation energy from4.65 nJ/pulse to
23.25 nJ/pulsewere shown infigure 5(a). At low excitation energy, two resolved polariton peakswith large
splitting value of 130 mevwere observed.Whereas, the two peaks progressivelymerged into a single emission
peak as the excitation energy increased, the Rabi splitting value decreased to 40 meVwith the increase of
excitation energy (figure 5(b)), whichwas caused by increase of the exciton homogeneous broadening
originating from the exciton-exciton scattering [28]. The scattering is known to increase and deteriorate exciton
linewidth and coupling strength, respectively, andfinally reduce the Rabi splitting value. Therefore, increasing

Figure 4. (a)Angle-resolved PL spectra of InGaNQWsdielectricMCwith the angle degrees changing from0° to 16° at 300 K.
(b)Polariton energy dispersion curves as function of angle. The solid curves in (b) indicate the theoretical calculations based on a
coupled harmonic oscillatormodel.

Figure 5. (a)PL spectra of polaritonswith the excitation energy from4.65 nJ/pulse to 23.25 nJ/pulse at room temperature.With
increasing excitation energy, theUPB and LPBpeaks close to each other, leading to a decrease of Rabi splitting value. (b)TheRabi
splitting value as a function of excitation energy.
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further the excitation energy leads to the disappearance of the Rabi splitting indicating a transition from strong
toweak coupling.

Strong couplingwith large Rabi splitting value is essential to exciton polariton device application and
research on fundamental physical phenomena. In our sample, the large Rabi splitting observedwas attributed to
the coupledQWs structures and extremely highQ factors of our F-P cavity. The relationship between the
exciton density andRabi splitting value (Ω) is given by equation (2) [34]:

g N L2 ,
4
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where γex and γph represent the luminescence linewidth of excitons and photons, respectively. g(N, Leff) is a
coupling factor related to the oscillator density coupledwith cavitymode and Leff is the effective cavity length.
The coupling factor is given by [39]:
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where εr (ε0) is the relative (vacuum) permittivity, e is the electron charge,m is the electronmass, f is the exciton
oscillator strength, N is the oscillator density coupled to the cavitymode. It can be seen that the Rabi splitting
value can be increased by increasing exciton oscillator ( f ) and the exciton density coupled to the cavitymode
(N). In our experiment, a coupledQWs structure was utilized as active regions. Calculation indicates that the
oscillator strength decreases with increasing the thickness of barrier inQWs (figure 6). The oscillator strength of
our coupledQWs (4 nm/4 nm) is 1.33×1013 cm−2 perQW, and the coupledQWs transfer to the uncoupled as
the barrier width increases to 10 nm, the oscillator strength is 4.37×1012 cm−2 in uncoupledQWs. The
oscillator strength of coupledQWs excitons is about three times larger than the one of uncoupledQWs excitons.
Moreover, the thin barrier layer in the coupledQWs can not only increases the oscillator strength, but also
enhances the density of exciton (N) coupled to the cavitymode. The optical confinement factor describes the
coupling strength between theQWs and opticalfield. Inserting theQWs located at the antinode of opticalfield,
the optical confinement factor can be expressed as [40]:
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whereΓz is the axial confinement factor, Lc is the cavity length and Lais the thickness ofQWs. The parts in the
bracket can be defined as enhancement factor (ξ), which can be expressed as:

k L k L1 sin 5z a z ax = + ( )

In this study,five pairs coupledQWswere used as the active layer in theMC. Therefore, ξ=1.7 could be
achieved, showing amore effective coupling between theQWs and internal opticalfield. For comparison, the
enhancement factor was calculated to be one in the uncoupledQWs (10 nmbarriers). The higher optical
confinement factor increased the possibility of interaction between photons and excitons, reflectingmore
excitons coupled to the cavitymode. The results indicate that the coupledQWs can greatly improve the Rabi
splitting value.

Secondly, we adopted high-QF-P cavities in our structure. Comparedwith the-state-of-the-art Q<1000, a
Q value exceeding 3500was observed in our previous sampleswith identical fabrication process in our previous
work [41]. TheMCused the double-side dielectric DBRs, where theDBRs can be deposited easily by electron
beam evaporation and yield extra-high reflectivity (>99.9%). The effective cavity length is 4λ, which reduces the
single round trip absorption of light, hence can improve theQ value. Atomic forcemicroscopy (AFM) scans

Figure 6.The oscillator strength and enhancement factor as a function of barrier thickness inQWs.
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indicated a rootmean square (RMS) roughness of about 0.1 nm in a scan area of 2 μm×2 μmafter CMP, as
shown infigure 7(a). The sub-nanometer level surface roughness not only provides the conditions for the
growth of highly reflectiveDBRs, but also reduces the scattering loss to 0.001%. For normal incidence, the
scatter loss from a slightly roughened surface is approximated as [42]:

S A 1 exp 4 6scatter
2pd l= - -{ [ ( ) ]} ( )

where δ is the RMS surface roughness,λ is the operating wavelength, A is correction factor calculated here to be
1.02 according to the ratio between the total reflectance of the topDBR versus air and that versusGaN. The
above factors play important roles in improving theQ value ofMC. It should be noted that, a highQ value of a
cavity yields a longer photon lifetime and higher possibility of strong couplingwith excitons. In ourwork
therefore, theQ value of theMCwas about 3230, as shown infigure 7(b).

In conclusion, strong exciton photon coupling at room temperature has been demonstrated in a InGaN/
GaNQWsMC, confirmed by the anti-cross behavior observed in the angle resolved PL. The inhomogeneous
broadening and oscillator strengthwere 38 meV and 1.33×1013 cm−2 respectively in the coupled InGaN/GaN
QWs. Rabi splitting value of 40 meV–130 meVwas contributed by our highQ cavity and coupledQWs
structures. From the PL spectra at different excitation fluence, it was shown that the Rabi splitting energy
decreased by increasing the excitation power, whichwas induced by the exciton-exciton scattering effect. Large
Rabi splitting indicated stronger coupling and robust polaritons, whichwould benefit the room temperature
polariton devices, including polaritonic LED, polaritonic lasing and polaritonic transportation devices. These
results open a newway to study the exciton polariton and also reveal that theMCs based on dielectric DBRs are
promising candidates for practical polariton devices.
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