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We have experimentally investigated the dynamic polariton condensation behavior in a 

single GaN nanowire strongly coupled to a dielectric microcavity under non-resonant 

optical excitation. Both time-integrated and time-resolved polariton luminescence 

measurements have been made in the temperature range of 25 to 100K (corresponding to 

exciton-cavity photon detuning of -3.0 to +4.2 meV). Polariton lasing is observed in the 

entire temperature range, with the lowest threshold energy of 57 nJ/cm2 measured at 50K 

(δ = -1.3 meV). All the measurements indicate that at the lower temperatures, the 

degenerate polariton condensate is not in thermal equilibrium with the phonon bath. At 85 

and 100K (δ = +2.3 and 4.2 meV) the system attains a state close to thermal equilibrium 

via dynamic Bose condensation. The best results are obtained at Tlatt = 85K, for which TLP 

= 88.8K, and this is the highest temperature recorded for an equilibrium phase transition in 

exciton-polariton condensates.  
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 Microcavity exciton-polaritons, which are elementary excitations in strongly coupled 

exciton-photon systems, have been the subject of interest and intense research since their first 

observation almost two decades ago1-3. Research in this field with semiconductors has been 

driven with two interrelated goals. The first is the achievement of a coherent light source, also 

termed a polariton laser4-9, wherein a degenerate and coherent state of exciton-polaritons is 

generated by a combination of polariton-phonon and stimulated polariton-polariton scattering. 

The coherent polariton states generate coherent light by spontaneous radiative recombination. 

Optically excited polariton lasers have been demonstrated with different quantum confined and 

nano-scale materials and microcavities6-8,10. While the polariton lifetime has to be comparable to 

the relaxation times for such lasing to occur, the system is in a metastable condensed state in 

which the bosonic polaritons in the degenerate condensate are only in equilibrium amongst 

themselves, and not with the lattice. At the other extreme is the case of a degenerate Bose-

Einstein condensate in perfect thermal equilibrium with the lattice and the polariton lifetime is 

extremely long, leading to long-term temporal coherence and long-range spatial coherence11-13. 

In real systems, the polaritons have a finite lifetime, which is rather short. However, by 

engineering the polariton dynamics and the temperature it is possible to achieve dynamic 

condensation, where the system can attain a state close to thermal equilibrium. The exciton-

cavity detuning δ plays an important role in contributing to the kinetics and the thermodynamics 

of strongly coupled systems14-17. In the negative detuning regime, or at low temperatures, the 

polariton-phonon scattering rate is small and it is difficult to attain thermodynamic equilibrium. 

The system is thus kinetically limited. In contrast, for positive detunings, the increased polariton-

phonon scattering rates help to thermalize the lower polaritons (LPs) at k|| ~ 0 at some effective 

temperature which can be close to the lattice temperature. However, the critical density for 
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condensation increases with the increase of positive detuning and temperature. Therefore, there 

are optimum detunings, or a range of temperatures, for the observation of polariton lasing and for 

attaining a state close to thermal equilibrium. It is important to note that the LP-LP scattering 

does not reduce the temperature of the lower polaritons; this is achieved only by LP-phonon 

scattering. 

 We had recently reported the strong coupling characteristics of a single GaN nanowire 

embedded in a dielectric microcavity9. The nanowires, grown on silicon, are relatively free of 

extended defects and the polarization field in them are very small18-24, leading to a large 

oscillator strength. The cavity field is mainly within the nanowire region even without additional 

confinement in the transverse direction. Strong coupling effects characterized by a Rabi splitting 

of 48 meV have been observed, together with room temperature polariton lasing with an ultra-

low optical excitation threshold energy of ~ 93 nJ/cm2. It is therefore an ideal system to study the 

effects of exciton-cavity photon detuning on strong coupling and dynamic Bose condensation. In 

this work, we have investigated the time-integrated momentum distribution and dynamics of 

polaritons in a single GaN nanowire-dielectric microcavity by angle-resolved and time-resolved 

spectroscopy. Measurements have been made over the temperature range of 25-100K (a 

corresponding detuning range of -3.0 to +4.2 meV). Polariton lasing is observed at all 

temperatures, showing a progression from the kinetic to the thermodynamically controlled 

regime, with a minimum threshold excitation power at 50K. In terms of dynamic Bose 

condensation, the best results are observed at 85K with a positive detuning of 2.3 meV. The 

temperature of the lower polaritons TLP becomes almost equal to the temperature of the lattice 

Tlatt and the polariton relaxation time is smaller than the polariton lifetime at k|| ~ 0 by a factor of 

2. 
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 The sample being characterized is a single GaN nanowire of diameter 60 nm and length 

750 nm, with the c-axis parallel to the length (growth direction), placed at the central antinode of 

a dielectric microcavity. The latter consists of a SiO2 λ-cavity sandwiched by distributed Bragg 

reflectors (DBRs) on either side consisting of seven pairs of SiO2/TiO2 layers. The microcavities 

that have been investigated are mesa-shaped of 10 μm diameter. A detailed description of the 

sample and the experimental techniques used for its fabrication have been described elsewhere9. 

Typical micro-photoluminescence spectra from the nanowire before being inserted into the 

cavity exhibit the three free exciton and the corresponding donor bound (DB) transitions. Of 

these the exciton XA and DBXA are the dominant transitions in the photoluminescence spectrum 

and therefore the coupling of the XA exciton to the cavity mode is only considered9.  

 The time integrated momentum distribution of the lower polaritons were determined from 

angle resolved photoluminescence measurements by non-resonant excitation with the linearly 

polarized emission of a frequency tripled (λ = 267 nm, frep = 80 MHz and pulse width of 150 fs) 

Ti:sapphire laser. A doublet lens (with a focal length of 10 cm) was used to focus the incident 

pump beam from a slant angle of 20º to a spot size of 100 μm on the sample and the emission 

was collected by a fiber-coupled lens with an angular resolution of 1º and transmitted to a 

spectrometer. The collection optics was on the extended rails of a goniometer centered at the 

sample. These measurements were made at temperatures ranging from 25-100K. The spectra at 

all angles of the out-coupled photon are characterized by a strong LP resonance and a weaker 

peak corresponding to the upper polariton (UP) (see supplemental material). Using the one-to-

one correspondence between the angle of the out-coupled photon and the in-plane wave vector of 

polaritons, we obtain the energy-momentum distribution of the polaritons. These are shown as 

false color plots in Fig. 1 at different excitation levels for measurements made at 85K. The 
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dashed lines represent the dispersion curves obtained from a solution of the coupled harmonic 

oscillator model considering only the coupling of the XA exciton and the cavity mode. Values of 

Rabi splitting ΩR = 48 meV and detuning δ = +2.3 meV have been used in the analysis. The plots 

in Fig. 1 reveal that below threshold excitation, the LP emission has a broad distribution both in 

energy and momentum, whereas above threshold, the emission originates from a condensate 

formed at k|| ~ 0 with a linewidth of 0.78 meV and Δk ~ 7x103 cm-1 (note that the experimental 

angular resolution is 1° which corresponds to a Δk ~ 3x103 cm-1). The non-linear optical 

properties of the nanowire microcavities were also determined from the measured 

photoluminescence in the normal output direction. A very distinct superlinear increase of the 

luminescence is observed at the onset of stimulated LP-LP scattering, accompanied by a large 

decrease in the emission linewidth and a small blueshift of the LP emission peak (see 

supplemental material). For example, at 70K the linewidth decreases from a maximum of 11 

meV to a minimum of 0.58 meV, corresponding to a coherence time of  2.27 ps. The blueshift is 

1.83 meV. The threshold polariton density, nth, for the onset of non-linearity derived from the 

relation nth = Eexc/(EpumpD) (where D = 60 nm, Epump = 4.64 eV and it is assumed that 100% of 

the pump photons is absorbed) is plotted in Fig. 2 as a function of detuning. A minimum 

threshold power density per pulse of 57 nJ/cm2 (corresponding to a pump power of 0.36 mW) 

and a corresponding nth = 1.27x1016 cm-3 per pulse are observed for a negative detuning of δ = -

1.3 meV at a temperature of 50K. At large negative detunings, the polariton-phonon scattering 

rate is small, the relaxation kinetics is insufficient and the threshold is therefore kinetically 

limited. At the other extreme, in the positive detuning regime, the large polariton effective mass 

increases the threshold for stimulated scattering and the measured threshold is again high. At the 

minimum, both kinetics and thermodynamics play an equal limiting role. The calculated critical 
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densities for the formation of a condensed phase25-27 in this system at different detunings 

(temperatures) are shown by the solid curve in Fig. 2.  The equation used is: 
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where E(k) is the LP energy at wave vector k and E(0) is the energy of the ground state. The 

chemical potential μ tends to zero. DS is the size of the system (in this case the microcavity 

diameter of 10 μm ) and 2π/DS is the lowest k-state which is 6.3x103 cm-1. To convert the critical 

density from 2D to 3D, we have divided by the nanowire diameter.  

 It is known that the rate of polariton-phonon scattering is dependent on both detuning and 

temperature3,17.28. The effects of the two parameters on polariton-phonon interaction can be 

separately examined by varying them independently in calculating the scattering rates. For a 

fixed detuning and a variable temperature, the probability of scattering into the ground state 

increases with temperature due to an increase in phonon occupation number. Similarly, given a 

fixed temperature and a variable detuning, the probability of scattering into the ground state is 

enhanced with increasing detuning by an increase in the exciton fraction of the ground state and 

the density of states of the LPB. The relative probability of scattering into the ground state is 

calculated for the two cases. For variable detunings (δ ranging from -3 meV to +4.2 meV and the 

temperature fixed at 25K), the probability of scattering from a state k into the ground state is 

calculated relative to the same state at a detuning of -3 meV and is shown in Fig. 3(a). Every k-

state is seen to experience an increase in the scattering rate down to the ground state as the 
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detuning increases, with the state adjacent to the bottom of the LPB experiencing an increase by 

a factor of ~2 for a positive detuning of +4.2. For variable temperatures (temperature varying 

from 25K to 100K and δ fixed at -3 meV) the probability of state k scattering to the ground state 

is calculated relative to the same state at a temperature of 25K and is shown in Fig. 3(b). We see 

again a monotonic increase in the probability of scattering from every k-state to the ground state 

as the temperature increases. The enhancement is greatest near the bottom of the LPB, with the 

state adjacent to the ground state experiencing an increase by a factor of ~ 4 in its scattering rate 

as the temperature increases from 25K to 100K. The effect of temperature on the kinetics is more 

pronounced than the effect of detuning, however both parameters are instrumental in the 

realization of a degenerate condensate in thermal equilibrium. The effects of detuning and 

temperature on the critical density for condensation were also studied. Figure 3(c) plots the 

critical density as a function of both detuning (δ ranging from -3 meV to +4.2 meV) and 

temperature (temperature varying from 25K to 100K). It is evident that the effect of temperature 

on the critical density in the thermodynamic regime is more pronounced compared to the effect 

of detuning.   

 To investigate dynamic condensation in more detail we have first determined the 

polariton occupancy in k-space as a function of excitation. For this we convert the time-

integrated intensity of the angle-resolved LP emission into the number density of LPs by taking 

into account the k||-dependent density of states and the LP radiative lifetime weighted by the 

relative photon fraction of the polaritons29. It may be noted that in the pulsed excitation scheme 

used here to avoid sample heating, the polariton temperature and density will change with delay 

after the excitation. However, in the regime of excitation in which polariton relaxation time is 

larger than or comparable to the polariton emission time (P ≤ 1.7Pth)5, the distribution of LP 
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density in k|| - space remains almost invariant. A time-integrated emission intensity from the 

pulsed measurement is a good approximation for the LP density under these conditions. Far 

above threshold, the approximation is no longer valid due to the faster polariton dynamics. In 

Fig. 3(a), the LP number density per k-state at 85K is plotted against energy difference E - 

E(k||=0) for different excitation levels. Below threshold, the scattering mechanisms do not allow 

for LPs to have enough time to scatter to the ground state and the distribution is non-thermal. At 

threshold, the kinetics is fast enough and a metastable state is reached wherein the polaritons 

thermalize via polariton-phonon scattering and which is well described by a Maxwell-Boltzmann 

(MB) distribution: NMB(k) = N0exp(-E/kBTLP). The solid line is a fit to the data with N0 = 1 and 

TLP = 88.8K. Above threshold, a Bose-Einstein distribution: NBE (k) = 1/[exp(E/kBTLP)(1+ N0
-1) 

– 1]  describes the data very well except for an occupancy of the condensate at k|| = 0. The 

variable TLP  and  N0 which are, respectively, the LP temperature and  the LP population at k|| = 

0, are used as fitting parameters. The fitting with the BE distribution at P = 1.3Pth was achieved 

with TLP = 90.2 K and N0 = 3.87. As the excitation density is increased, TLP increases and this 

dependence is plotted in the inset of Fig. 3(a). TLP remains constant at ~ 89K upto 1.2Pth,  and 

then increases rapidly. It can be said, with some caution, that with Tlatt = 85K and TLP = 88.8K 

the degenerate polariton condensate is in equilibrium with the phonon bath via dynamic Bose 

condensation and an optimal balance of kinetics and thermodynamics. However, as the pump 

rate is increased the LP-phonon scattering is not adequate to cool the polaritons and thermal 

equilibrium with the phonon bath is not reached any more, though the system can still exhibit 

polariton lasing. Similar measurements and analysis performed in the temperature range of 25-

100K yield the data of Fig. 3(b) and those shown in Table 1. The values of TLP shown in the 

figure and table reflect  excitation levels of P/Pth ≈ 1 where the best fit of the occupancy data is 
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obtained with a MB distribution. The normalized chemical potential defined as α = -μ/kBTLP = 

ln(1+N0
-1) obtained from the fit of the data of Fig. 3(a) with a MB/BE distribution is plotted in 

Fig. 3(c) as a function of  excitation energy for different detunings. The normalized chemical 

potential gives insight into the establishment of quantum degeneracy in the system since a 

quantum degenerate polariton gas in thermal equilibrium is described by a Bose-Einstein 

distribution with the same temperature as the phonon bath, and with a chemical potential close to 

zero. Quantum degeneracy is achieved when N0 = 1 and consequently α = ln2 ≈ 0.7. It is seen 

that the threshold power increases as the detuning increases from negative to positive, in 

accordance with the data of Fig. 2. It should be noted that all the data points (detunings) of Fig. 2 

are not represented in the plots of α in Fig. 3(c). It is interesting to note that the plots of α 

approximately represent the non-linear polariton lasing behavior as a function of pump power. 

The quantum degeneracy threshold occurs for P = Pth and N0 = 1and a saturation takes place at 

higher powers due to phase space filling. The plots of measured integrated light intensity versus 

pump power are shown in the supplemental material. 

 The dynamic condensation behavior was also studied by performing time-resolved PL 

(TRPL) measurements using the same pulsed excitation described earlier and detected with a 

streak camera having an overall system temporal resolution ~5 ps. The transient data recorded at 

85K for different excitation powers are shown in Fig. 4(a). The data have been analyzed (as 

shown in the inset) by a simple two-level rate equation model15 describing the dynamics between 

an exciton-polariton reservoir and the LP ground state at k|| ~ 0. The thermalization time from the 

hot exciton reservoir down to the ground state is modeled as a single time constant τrelax. Since 

our objective is to investigate the effect of the interaction of the polaritons with the thermal 
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phonon bath, we neglect any non-linear time constants and population terms describing the 

effects of polariton-polariton scattering and stimulated scattering. Accordingly, 
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where nR and n0 are the reservoir and ground state population, respectively, P(t) is the excitation 

modeled as a Gaussian pulse and  τrelax and τ0 are  scattering time of polaritons from the reservoir 

to the ground state and the polariton lifetime in the ground state, respectively. The value of τ0 is 

fixed and is determined from the cavity Q (~ 600 that corresponds to a photon lifetime τph ~ 0.26 

ps) and the corresponding photon fraction in the LP branch at the ground state (τ0 = τph/|Ck||=0|2 

and |Ck||=0| is determined from the dispersion curves at each temperature). The coupled equations 

were solved using the non-linear Runge-Kutta technique. Despite the simplicity of the model, the 

analysis leads to a good fit of the measured data and provides us with a simple insight into the 

evolution of the thermalization time as  a function of pump power. Values of the normalized 

relaxation time τrelax/ τ0 obtained from the analysis of the data of Fig. 4(a) with the coupled rate 

equations (1) and (2) are plotted against P/Pth for various detunings in Fig. 4(b). While the model 

of relaxation invoked here is very simplistic, the data exhibited in Fig. 4(b) give some realistic 

insight to the dynamic condensation process. At low excitation powers polariton relaxation 

occurs primarily by polariton-phonon scattering and τrelax is large. For all detunings there is a 

sharp decrease of τrelax/ τ0 at P/Pth ≈ 1which signals the onset of stimulated polariton-polariton 

scattering and quantum degeneracy at k|| ~ 0. For the two cases of positive detuning (T = 85 and 

100K), τrelax/ τ0 <1 at P = Pth, while it remains larger than unity for T = 70 and 25K (δ = +1.0 and 
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-3.0 meV). In fact at T = 25K τrelax/ τ0 saturates at a value larger than unity for higher values of 

P/Pth. The polariton-phonon scattering rate is small for negative detuning and τrelax is lowered 

only by stimulated polariton-polariton scattering, which does not cool the polaritons or lead them 

towards a state of thermal equilibrium. This only happens for the cases of large positive 

detuning, and the system is at, or nearly at, thermal equilibrium (TLP ≈ Tlatt). Thus, the values and 

trends of τrelax/ τ0, although obtained from a rather simple model, can give a realistic picture of 

the dynamic Bose condensation process. Note that we have measured polariton lasing and a 

distinct non-linear LP luminescence as a function of excitation for all the detuning values. For 

the case at T = 25K a metastable state and quantum degeneracy are achieved. At the other 

extreme, for the case at T = 85 and to a lesser extent at T = 100K, the system also attains thermal 

equilibrium. These observations are in agreement with the data of Fig. 1(d) and 4(b) and Table 1. 

In conclusion, we have investigated strong coupling characteristics in a single GaN 

nanowire-dielectric microcavity over the temperature range of 25 - 100K, which corresponds to 

an exciton-cavity photon detuning range of -3 to +4.2 meV. Time integrated and time-resolved 

measurements have been made in this temperature range and the results have been analyzed with 

appropriate models. Polariton lasing is observed in the entire range of temperature (detuning). 

The threshold power for the onset of quantum degeneracy, indicated by the onset of non-linear 

behavior in the lower polariton luminescence goes through a minimum for a detuning  δ = -1.3 

meV at T = 50K resulting from the interplay of kinetic and thermodynamic limitations to 

dynamic Bose condensation. It is observed that the polaritons reach equilibrium with the phonon 

bath, and TLP ≈ Tlatt at Tlatt = 85K. 
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Figure Captions: 

Figure 1 Polariton dispersion curves at different excitation levels obtained from angle-resolved 

measurements and displayed as false color plots. The exciton and cavity photon 

energies are also indiacted. The emission changes from a broad distribution in energy 

and in-plane momentum space below threshold to a highly localized one above 

threshold.  

Figure 2 Variation of the measured polariton density at threshold and the calculated critical 

density for the formation of a degenerate condensed phase in the thremodynamic 

regime, plotted as a function of detuning (temperature). 

Figure 3 (a) Polariton-phonon scattering rate to the ground state as a function of in-plane wave 

vectors for (a) variable detunings at a fixed temperature of 25K calculated relative to 

the same state at a detuning of -3 meV and (b) variable temperature at a fixed detuning 

of -3 meV calculated relative to the same state at a temperature of 25K; (c) critical 

density for condensation calculated in the thermodynamic regime as a function of 

temperature and detuning. 

Figure 4 (a) Occupancy per LP state measured as a function of the energy difference Ek|| - Ek|| =0. 

The solid curves indiacte fits obtained with Maxwell-Boltzmann and Bose-Einstein 

distributions (see text). The inset shows the LP temperature as a function of the incident 

excitation obtained from the analyses; (b) relative value of LP temperature, with respect 

to the lattice temperature, as a function of the lattice temperature; (c) dependence of the 

normalized chemical potential as a function of excitation energy  for different detuning 

values.  
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Figure 5 (a) Time resolved LP luminescence measured normal to the sample at 85K (δ = 2.3 

meV) and at different excitation powers with a resolution of 5 ps. Inset shows the 

measured transient (normalized) for P = 1.5Pth with the calculated values in accordance 

with the rate equations; (b) normalized relaxation time vs pump power derived from 

data similar to that of (a) at different temperatures (detunings). 
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Das et al., Fig. 1 of 5 

T = 85K
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Das et al., Fig. 3 of 5 
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Das et al., Fig. 4 of 5 

(a) (b) 

(c) 

T = 85K 
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Das et al., Fig. 5 of 5 

(a) 

(b) 

T = 85K P = 1.5Pth 
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TABLE I. Variation of the lower polariton temperature obtained from analysis of occupancy 
data, with lattice temperature (detuning). 

Tlatt (K) δ (meV) TLP (K) Thermal equilibrium

25 -3 138.46 No 

70 1 92.3 No 

85 2.3 88.84 Yes 

100 4.2 107 Reasonable 
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