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Room temperature electrically pumped inversionless polariton lasing is observed from a bulk GaN-based
microcavity diode. The low nonlinear threshold for polariton lasing occurs at 169 A=cm2 in the light-
current characteristics, accompanied by a collapse of the emission linewidth and small blueshift of the
emission peak. Measurement of angle-resolved luminescence, polariton condensation and occupation in
momentum space, and output spatial coherence and polarization have also been made. A second threshold,
due to conventional photon lasing, is observed at an injection of 44 kA=cm2.
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The possibility of generating coherent light by sponta-
neous radiative recombination from a coherent exciton-
polariton condensate in a suitable microcavity was proposed
by Imamoglu et al. [1]. Under conditions of strong coupling
between cavity photons and excitons, new exciton-polariton
eigenstates are created [2–6]. Polariton relaxation is made
possible by polariton-phonon, polariton-electron, and polar-
iton-polariton scattering. A coherent condensate at k ∼ 0 is
produced by stimulated polariton-polariton scattering, which
is a phase coherent process and which is the relevant gain
mechanism. The separation of stimulation and emission
leads to coherent emission without the requirement of
population inversion. It is expected that the threshold energy
for coherent emission from this device, called a “polariton
laser,” would be much smaller than that of a conventional
laser. Dynamic condensation of polaritons and polariton
lasing in different material and nanostructure systems and
with different dimensionality of the polaritons have been
demonstrated in a series of elegant experiments using optical
excitation [7–22], with a lowest reported threshold power of
120 nW [20], and a lowest threshold energy of 92 nJ=cm2

[21]. Electrically pumped GaAs-based quantum well polar-
iton lasers, operating at cryogenic temperatures, were
recently demonstrated for the first time by Bhattacharya
et al. [23] and Schneider et al. [24]. While this is a very
important milestone in the development of this unique
coherent light source, the realization of a room temperature
electrically pumped device has remained elusive.
GaN-based room-temperature optically excited polariton

lasers have been designed with all-semiconductor or hybrid
dielectric-semiconductor microcavities having bulk, quan-
tum well, or nanowire active regions [11,12,21,25,26].
Low-threshold operation of a bulk GaN electrically injected
device has been theoretically predicted [27]. In this Letter
we describe the room temperature operation of a bulk GaN
diode microcavity in which current injection and optical
feedback in the microcavity are in orthogonal directions.

The device operates as a polariton laser with an injection
current threshold of 169 A=cm2 (4 mA). The nonlinearity
in the output characteristics is accompanied by linewidth
narrowing and a small blueshift of the emission peak. We
have measured and analyzed the polariton dispersion
characteristics from which we derive a Rabi splitting of
32 meV. The measured population redistribution in
momentum space and spatial coherence as a function of
injection current confirm polariton condensation. The out-
put polarization below and above threshold has also been
characterized. Finally, a second threshold in the output
corresponding to photon lasing by population inversion of
injected carriers is observed at an injection level of
44 kA=cm2 (1.04 A).
The bulk GaN diode consists of a 430 nm thick GaN p-n

junction grown by plasma-assisted molecular beam epitaxy
atop a 300 nm lattice matched n-doped In0.18Al0.82N layer
on a GaN-on-sapphire substrate. The large band gap
In0.18Al0.82N confines photons and minimizes substrate
leakage of the electroluminescence. The microcavity itself
consists of a 690 nm (5λ) ×40 μm ridge defined by reactive
ion etching and focused ion beam milling, with six and five
pairs of SiO2=TiO2 distributed Bragg reflector (DBR)
mirrors deposited on opposite sides along the cavity length
(690 nm). The fabrication and characteristics of the device
are described in more detail in the Supplemental Material
[28]. Polaritons in the microcavity are two dimensional.
The device, which is schematically shown in Fig. 1(a), can
also be viewed as an in-plane very short-cavity Fabry-Pérot
laser. A plan-view scanning electron micrograph (SEM) of
the device is shown in Fig. 1(b). Low excitation photo-
luminescence measurements (see Supplemental Material
[28]) were made on undoped strain-free bulk GaN with
light propagation perpendicular to the c axis. The XA
exciton transition is dominant up to room temperature
and this has been considered in analysis of data [21,29–31].
The linewidth of this exciton transition at 10 K is 4.8 meV.
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The quality factor (Q) of the microcavity is derived to
be 1911 from microphotoluminescence measurement (see
Supplemental Material [28]) of the cavity mode at 3.413 eV
with a linewidth γc ¼ 1.7 meV, corresponding to a cavity
mode lifetime of 0.387 ps. Such a high value of Q is
considered necessary to achieve low injection polariton
lasing [32] and short-cavity photon lasing in this material
system.
The polariton dispersion characteristics were determined

from angle-resolved electroluminescence spectra measured
under low forward bias current at room temperature and are
shown in Fig. 1(c). The normal is along the length of the
cavity and perpendicular to the DBR mirrors. Two distinc-
tive features are observed in the spectra. A dominant peak is
observed below the exciton (XA) resonance, which gradu-
ally approaches the exciton energy at large angles ∼30°. A
much weaker peak is identified at energies above the
exciton resonance at higher angles. The two peaks are
identified as the lower (LP) and upper (UP) polariton
transitions. No other transitions were visible in the spectra.
The corresponding angle-resolved polariton dispersion
characteristics are shown in Fig. 1(d). It should be noted
that the identified UP transitions have energies that are
resonant with continuum states within the band. Therefore
there is some degree of uncertainty regarding their origin.
The measured dispersions have been analyzed by the
coupled oscillator model considering the strong coupling

of the cavity photon to the XA exciton and are shown by the
solid curves in Fig. 1(d) alongside the measured data. The
cavity-to-exciton detuning δ and the interaction potential,
or Rabi splitting, Ω are determined to be −7 meV, and
∼32 meV, respectively. The splitting value is close to those
reported for bulk GaN microcavities [33–35].
To investigate the nonlinear output characteristics of the

GaN microcavity diode, the electroluminescence from the
device was measured in the normal direction as a function
of continuous wave (cw) forward bias. A distinct nonlinear
threshold is observed in the light output at a current density
of 169 A=cm2 as shown in Fig. 2(a). This corresponds to a
threshold current of 4 mA. However, it should be noted that
the actual current through the microcavity region is much
smaller. It may be noted from Fig. 2(a) that the slope of
the light-current characteristics is sublinear in the
prethreshold regime. We believe this behavior is due to
nonradiative recombination and carrier leakage from the
active recombination region and we have analyzed it with
the relevant polariton rate equation in the steady state (see
Supplemental Material [28]). The calculated output is
shown alongside the measured data. The nonlinear thresh-
old is accompanied by a steep reduction of the emission
linewidth of the LP emission, also depicted in Fig. 2(a). The
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FIG. 1 (color online). (a) Schematic representation of the GaN
microcavity diode. The inset shows a scanning electron micros-
copy image of the SiO2=TiO2 DBR mirror on one side,
(b) scanning electron microscopy image of the fabricated device,
(c) angle resolved electroluminescence spectra measured at room
temperature, (d) calculated polariton dispersion from a coupled
harmonic oscillator model alongside the measured data of (c).

(c)

(a) (b)

3.38 3.39 3.40 3.41

6

12

18

24

30

E
L 

In
te

ns
i ty

 (
ar

b.
 u

ni
ts

)

Energy (eV)

 21.1 A/cm2

 42.3 A/cm2

 84.5 A/cm2

 169 A/cm2

 211.3 A/cm2

T= 300 K

3.38 3.40 3.42

6

12

18

24

30

E
L 

In
te

ns
ity

 (
ar

b.
 u

ni
ts

)

Energy (eV)

J= 211.3 A/cm2

1.5 meV

0 10 20 30 40 50 60

2

4

6

8

 

 

P
ow

er
 (

µW
) 

Current density (kA/cm
2
)

  

(d)

3.40 3.42

In
te

ns
ity

(a
rb

. u
ni

t s
)

Energy (eV)

102 103 104 105

10-3

10-2

10-1

100

101

P
ow

er
(µ

W
)

Current density (A/cm2)

T = 300 K

10-6

10-5

Current density (A/cm2)

Current (mA)

Ecav

In
te

gr
at

ed
In

te
n s

ity
(a

.u
.) EX,A

1.2

1.6

2.0

2.4

2.8

Linew
idth

(m
eV

)

0

6

12

18

24

B
lue

S
hift(m

eV
)

T=300K

1 10

100 1000

FIG. 2 (color online). Polariton and photon lasing character-
istics at normal detection angle. (a) Integrated EL intensity, LP
emission linewidth, and blueshift of peak emission as a function
of injected current density. The solid lines are guides to the eye
and the dashed green line shows the calculated intensities, (b) EL
spectra measured at various injection levels. Inset shows the
spectra above threshold (5 mA), (c) light-current characteristics
of photon lasing observed in the same device at higher injection
levels. Inset shows EL spectra measured above photon lasing
threshold (1.04 A), (d) two threshold lasing behavior with the
nonlinearities due to polariton and photon lasing.
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LP spectral characteristics are shown in Fig. 2(b). Beyond
380 A=cm2, the emission linewidth increases again due to
exciton-exciton interaction. The LP density at the nonlinear
threshold, taking into account all possible sources of
uncertainties in the measurement, is calculated to be
ð4.7�1.1Þ×1016 cm−3 with the relation nLP ¼ Jτtotal=qd
where the measured total lifetime of excitons ∼ 575 ps
(see Supplemental Material [28]) has been used. Also
depicted in Fig. 2(a) is the measured small blueshift of
the LP emission, caused by polariton-polariton and
polariton-exciton interactions [36]. From the measured
blueshift δE of 1.9� 0.28 meV around the nonlinear
threshold, the polariton density can be estimated using
δE ≅ 3.3πEB

x a3BN3D [11]. Here EB
x and aB are the exciton

binding energy and Bohr radius, respectively. Using values
of EB

x ¼ ð28� 8Þ meV [37,38] and aB ¼ ð3.5� 0.1Þ nm,
a value of N3D ¼ ð1.53� 1.13Þ × 1017 cm−3 is derived
which is slightly larger than the value derived from the
measured current density. A larger value results because the
formula for the blueshift quoted above takes only phase
space filling into account, while the measured blueshift can
include both saturation of the oscillator strength and phase
space filling. These densities are smaller than the trans-
parency density of ∼3 × 1018 cm−3 [39] and the Mott
density of 1–2 × 1019 cm−3 in GaN [11]. Avalue of the LP
coherence time of ∼ 2.8 ps is calculated from the minimum
linewidth of 1.5 meV in Fig. 2(a). With further increase of
injection current and using a pulsed mode bias beyond
2 kA=cm2, a second threshold is observed at 44 kA=cm2.
This second nonlinearity in the output, as shown in
Fig. 2(c), is believed to be due to photon lasing via
population inversion and stimulated emission. The line-
width of the emission for photon lasing is ∼5 Å ð4.6 meVÞ,
as shown in the inset to Fig. 2(c). Device heating lowers the
energy of the peak by a small amount (1 nm or 12 meV).
The two thresholds are shown together in Fig. 2(d). From
the photon lasing threshold condition [40], we estimate the
cavity loss to be ∼31 cm−1. The novelty of the present
device lies in the fact that a low resistance diode can be
fabricated, strong feedback can be achieved with high
quality DBR mirrors, and both polariton lasing and photon
lasing can be observed.
The multimode nature of polariton lasing is evident in

Fig. 2(b). Closely spaced peaks in polariton lasing spectra
have been reported to be present in GaN [11], ZnO [18,19],
and CdTe [8,41] microcavities. They ultimately result from
strong localization of polariton modes. In our case, where
2–3 closely spaced peaks are observed [see inset of
Fig. 2(b)], the average spacing is ∼0.055 nm (1.8 meV).
The linewidths plotted in Fig. 2(a) are those of the dominant
peak in the spectra. The GaN diode, grown on a GaN-on-
sapphire template, has ∼107–108 cm−2 defects. We specu-
late that these defects can cause lateral filamentation along
thewidth of the cavity, as in a broad-area photonic laser, and
cause strongly localized polariton condensates. There can

also be small fluctuations in the optical thickness of
the cavity along the width due to imperfections in the
dielectric DBR. Both features will give rise to the spectrally
separated modes.
The dynamic condensation of polaritons as a function of

injectionwas also investigated. Figures 3(a)–3(c) show false
color plots of the momentum distribution of polariton
emission intensity obtained from angle resolved measure-
ments for different injection currents. Below the threshold
current density, the emission exhibits a broad distribution in
both energy and momentum, whereas above threshold for
J ¼ 422.5 A=cm2, a condensate is formed around k∥ ∼ 0
withΔE ¼ 1.3 meV andΔk ¼ 0.53 × 104 cm−1 (the angu-
lar resolution of measurement corresponds to Δk ∼ 0.30×
104 cm−1). The multimode polariton emission discussed
above is evident in the false color plots. The LP occupancy
in k∥ space for different injection levels is plotted in
Fig. 3(d). From a nonthermal distribution below threshold,
a Boltzmann-like distribution emerges just below and at
threshold. A bimodal distribution and strong peaking of the
occupation at and near k∥ ¼ 0 is observed for injection above
threshold. From a fit to the data for I ¼ 2.5Ith a value of the
normalized chemical potential, α¼−μ=kBTLP¼ lnð1þ
N−1

0 Þ¼0.059 is derived, confirming the establishment of
quantum degeneracy in the system. There is no evidence of a
polariton relaxation bottleneck at any injection level.
The condensation of the polaritons was further inves-

tigated by measuring the spatial polariton distribution with
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FIG. 3 (color online). (a)–(c) False color plots of energy-
momentum distribution of polaritons at different current injection
densities obtained from angle resolved EL measurements. (d) LP
ground state occupancy for different k∥ states obtained from
angle-resolved data.
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near field imaging and its coherence. Below threshold the
uniform incoherent emission is observed (see Supplemental
Material [28]), which transforms to multiple condensates as
threshold is approached. These are coexisting nonequili-
brium polariton condensates that are formed as a result of
defects in the active region and are shown in Figs. 4(a) and
4(b). The width of the indicated island is plotted in Fig. 4(c)
as a function of injection current. It is quite likely that the
spectrally separated peaks in the polariton lasing spectra may
originate from the different spatially isolated condensates. It
is known that polariton lasing generally originates from a
nonequilibrium Bose-Einstein condensate (BEC) obtained
by a dynamical balance between injection and polariton
(photon) loss. One of the characteristics of this condensate,
similar to that of an equilibrium BEC, is long-range spatial
coherence. We have measured the spatial coherence proper-
ties of the polariton emission with a Mach Zehnder
interferometer [23]. The visibility of the observed fringes
is plotted in Fig. 4(d) as a function of displacement (x)
between the two identical images of polariton emission. A
value of ∼48% is obtained for I ¼ 1.75Ith. While peak
visibility should ideally approach unity at x ¼ 0, such high
values have not been experimentally reported. Several
potential reasons have been cited, including quantum fluc-
tuations in the condensate and the theoretical prediction that
the condensate fraction of the polariton gas should be less
than 50% [42]. The full width at half maximum (FWHM) of

the distribution gives an estimate of the spatial coherent
length or size of the condensate. In this case, a condensate of
∼ 1.5 μm is estimated, which is in good agreement with the
data of Figs. 4(b) and 4(c). We have also measured the
polarization of the k∥ ∼ 0 polariton emission as a function of
injection. The emission is depolarized at low current
injection levels. Above threshold a linear polarization of
30% develops spontaneously.
In conclusion, we demonstrate polariton lasing from

a bulk GaN microcavity diode at room temperature.
The nonlinear threshold is observed at 169 A=cm2.
Conventional photon lasing is also measured in the same
device at a higher injection current density. The coherent
output observed from a polariton device is due to a physical
process that is very different from stimulated emission of
radiation in a conventional photon laser. The device
reported here has a threshold current density almost a
hundred times smaller than GaN-based edge-emitting and
surface-emitting lasers [43–46]. This first demonstration of
room temperature operation of such a device with electrical
injection opens up the possibility of realizing useful ultra-
low energy coherent light sources with a variety of
materials and should help to move the field of light-matter
coupling into a more applied arena.
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FIG. 4 (color online). Spatial distribution and coherence of
polariton condensates above threshold showing (a) multiple
condensate droplets, (b) enlarged image (by 3.3 times) of a
single condensate identified by the arrow, (c) variation of
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