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Abstract

Wide bandgap semiconductors are attractive candidates for polariton-based devices operating at

room temperature. We present numerical simulations of reflectivity, transmission and absorption

spectra of bulk GaAs, GaN and ZnO microcavities, in order to compare the particularities of

the strong coupling regime in each system. Indeed the intrinsic properties of the excitons in

these materials result in a different hierarchy of energies between the valence-band splitting, the

effective Rydberg and the Rabi energy, defining the characteristics of the exciton-polariton states

independently of the quality factor of the cavity. The knowledge of the composition of the polariton

eigenstates is central to optimize such systems. We demonstrate that, in ZnO bulk microcavities,

only the lower polaritons are good eigenstates and all other resonances are damped, whereas upper

polaritons can be properly defined in GaAs and GaN microcavities.
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I. INTRODUCTION

Semiconductor microcavities have recently attracted much attention because of the

control that they provide on the light-matter interaction in solid state systems. In the strong

coupling regime, excitons and photons form new coupled modes -the cavity polaritons-

exhibiting large non-linearities which open the way to a broad area of fundamental and

applied investigations. The most striking demonstrations have first been obtained on GaAs

and CdTe-based microcavities: parametric oscillation1,2, parametric amplification3,4 and

Bose-Einstein condensation5. However, those effects are obtained at cryogenic temperature,

even though constant efforts are made and demonstrations of polariton emission in GaAs

microcavities up to 200K have recently been reported6. The interest is now brought to wide

band gap materials because the strong-coupling regime is stable up to room temperature7,8

and the exciton binding energy is much larger, leading to stronger non-linearities. The

realization of a GaN-based polariton laser operating at room temperature2,9 has been

achieved. A further enhancement in temperature is expected for ZnO-based microcavities,

which development has just started10,11. Exciton binding energies (or effective Rydberg)

and oscillator strengths in GaN and ZnO are about one order of magnitude larger than in

GaAs. The resulting Rabi splitting in the strong coupling regime is equal to or larger than

the effective Rydberg. Therefore, in GaN and ZnO, all exciton states are involved in the

coupling to the photon mode. This different hierarchy of energies has a large impact on

the spectroscopy of wide band gap microcavities, which cannot be understood by a simple

shift of the standard description used for GaAs microcavities, i.e. a single exciton coupled

to a single photon mode. In particular, the precise knowledge of the polariton eigenstates

is crucial for a further modelling of the polariton scattering and the related non-linear effects.

This paper is intended to compare the polariton eigenstates and the optical spectra of

comparable microcavities based on bulk GaAs, GaN and ZnO, i.e. λ-cavities with similar

quality factors for the bare photon mode. We develop a standard approach based on transfer

matrix and a quasi-particle model, including all the relevant terms that are of interest for

wide bandgap materials. We compare the reflectivity spectra for the three investigated

materials. We deduce in the case of ZnO the polaritonic eigenstates and show how to estimate

their robustness. These simulations may be useful for comparison with experimental results
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obtained on GaAs, GaN or ZnO bulk microcavities.

We especially discuss what type of strong coupling can be expected in wide bandgap

microcavities, and what quantity best describes the strength of this coupling. Indeed three

ways exist to evidence the strong coupling regime in microcavities: (i) an energy splitting

observable in reflectivity if oscillator strengths and photon spatial confinement are sufficiently

strong; (ii) Rabi oscillations which are the temporal equivalent of the energy splitting and

appear only if the lower and upper modes are well-defined, and finally (iii) phenomena like

Bose-Einstein condensation or parametric scattering which require polaritons only on the

lower polariton branch (LPB). This branch must also be well-defined and constitute a state

with balanced exciton and photon contributions. The role of the microcavity is precisely to

induce such a well-defined LPB. However we show below that the upper polariton branch

(UPB) is not observable in ZnO-based microcavities since its coherence is damped by the

absorption by scattering states of the exciton. In the last part of this paper, we investigate

the role of the inhomogeneous broadening on optical spectra.

II. COMPARISON BETWEEN MICROCAVITIES BASED ON DIFFERENT MA-

TERIALS

Experimental reflectivity spectra of wide band gap semiconductor microcavities7,10,12,13

are dominated by inhomogeneous broadening and can appear more intricate than the

simpler case of GaAs. In this work, we first investigate the intrinsic properties of bulk

microcavities, with a small inhomogeneous broadening.

We compare different semiconductors in order to highlight their specificities and differences.

To do this we choose three similar λ-cavities composed, for simplicity, of the same dielectric

SiN/SiO2 Bragg mirrors and where the active medium is constituted of bulk GaAs, GaN

or ZnO, respectively, with a thickness that is tuned to induce appropriate resonances in

the material, i.e. dλ−cavity = λresonance/N , where λresonance and N are respectively the

excitonic wavelength of the active medium and the refractive index of the material. These

microcavities are virtual ones in the sense that it could be difficult or impossible in practice

to realize their growth because substrates often differ from one material to another. But

this approach is appropriate as we intend to compare intrinsic exciton-photon coupling

for different semiconductors. Moreover the number of layers in the mirrors is adjusted to
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preserve the same quality factor (Q ∼ 200) for the bare photon mode at the excitonic

resonance. The spectrum of a bare cavity (a cavity without exciton resonances in the

active layer) is calculated in order to determine the photon mode energy and its quality

factor. Similar results are obtained for larger Q factors. Exciton resonances are attributed

a homogeneous broadening of γX = 0.3 meV in GaAs and ΓX = 1 meV in GaN and ZnO.

The difference in the homogeneous broadening values results from the wish to preserve

the same quality factor for excitons defined as Q = Eg

γX
≃ ctewhere Eg is the band gap energy.

Reflectivity spectra are calculated for the three materials. The transfer matrix

algorithm14 is well adapted to the calculation of reflectivity and transmission spectra of

microcavities. This algorithm requires calculating first the dielectric constant of the active

medium.

In GaAs microcavities the active layer is described by one exciton in its fundamental

state15. But the problem is more intricate in wurtzite GaN or ZnO due to the valence

band structure and the strong oscillator strengths. In fact three parameters are important:

the exciton binding energy or effective Rydberg (Ry*), the Rabi coupling energy ~ΩRabi

and the energy separation between excitons composed with different types of holes, i.e.

the energy difference between the three valence band extrema. The hierarchy of these

different energies changes significantly among the three considered materials and therefore

the exciton-photon coupling will be affected in different ways. In bulk GaAs the two upper

valence bands are degenerate (∆LH−HH = 0 meV ) and the Rabi splitting, for Q = 200,

is smaller than the effective Rydberg (see Table I). As a result a simple anticrossing will

be observed on angle-resolved reflectivity spectra. On the other hand, in wide band gap

semiconductors the Rabi splitting energy, namely the exciton-photon coupling, can be of

the same order of magnitude as (case of GaN) or much greater than (case of ZnO) the

effective Rydberg and the energy separation between the three exciton bands. Here the

anticrossing observed in angle-resolved reflectivity spectra will result from the coupling of

the cavity mode with all the excitons simultaneously.

To take into account the hierarchy of energies of GaN and ZnO in the calculation of the

dielectric constant we consider the fundamental (1s) A, B and C excitonic states as well

as the ns excited states (whose oscillator strength is inversely proportional to n3, n being
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the principal quantum number16). The scattering (continuum) states are also included.

It is indeed necessary to take into account the absorption continuum in the simulations

for two reasons: first, the Rabi splitting is larger than the effective Rydberg in wide band

gap materials, pushing the UPB up to energies at which the continuum absorbs light. We

must say that this situation can also be encountered in GaAs based microcavities, where

the Rabi splitting and the effective Rydberg can be similar. In fact, what really makes a

difference with GaN or ZnO is the product of the absorption coefficient by scattering states

by the length of the cavity (λ-cavities in our situation). The data in Table II show that

this product is at least ten times larger in GaN and ZnO than in GaAs and comparable

to unity. To be more specific, a simple slab of ZnO having the same thickness of λ/n

would absorb, in a single pass, 95% of the photons having energies at the onset of the

continuum. Therefore it is crucial to take into account the absorption by scattering states

in the simulations for wide band gap semiconductors.

These physical differences being set, the excitons are described by classical oscillators,

using an improved Drude-Lorentz model. The different states (fundamental and excited)

are included as a sum of individual resonances in the absorption spectrum, each one with its

own homogeneous and inhomogeneous broadening (in fact we take the same for all states).

The absorption continuum due to scattering states is added and its amplitude adjusted to

fit experimental absorption spectra. The parameters (oscillator strengths, exciton binding

energy, etc.) for the different semiconductors were extracted from the literature (see17,18

and Table I, II ).

The comparison between reflectivity spectra for GaAs, GaN and ZnO microcavities is

shown in Fig.1. The thickness of the active medium is adjusted to obtain the zero detuning

condition (difference between the energy of the photon and of the lowest excitonic reso-

nance) under normal incidence. In GaN and ZnO, only the A and B excitons have non-zero

oscillator strength at normal incidence. Starting from the top panel, with the simple case

of GaAs, we see two main dips, signature of the strong coupling regime. Dashed lines show

the corresponding transmission spectrum. By comparing the three material systems, we

see that the splitting between polariton branches increases from GaAs to ZnO due to the

increase of the oscillator strength. We also notice many structures that do not appear in the

5



case of GaAs and are visible between the two extreme modes, making reflectivity spectra

more intricate for wide band gap semiconductors. Finally the UPB is difficult to identify

among all reflectivity dips as discussed in section III. Those ideal spectra strongly differ from

the reported experimental results7,10,15 due to the main role played by the inhomogeneous

broadening, as detailed in section V.

Figure 2 presents a simulation of angle-dependent reflectivity spectra, for a fixed thickness

of the active medium. All parameters used in calculation are the same as for Fig. 1, except

that the zero detuning is here chosen to occur for an angle of 12◦ (resp. 17◦ and 25◦) for the

case of GaAs (resp. GaN and ZnO). GaAs presents polaritonic branches which broadening

changes depending on the photon component since the broadening of the photon is larger

than the one of the exciton. The case of GaN shows two successive anticrossings. The upper

mode broadening at high angles is due to the crossing with the continuum of scattering

states. In ZnO the angular dispersion of the LPB is well visible, whereas the upper mode

becomes rapidly broader and fades with increasing angles due to the crossing with the con-

tinuum. Let us emphasise the fact that neither the broadening of the photon nor the one

of the exciton are responsible for the broadening of the upper mode in ZnO microcavities.

This broadening is solely related to the crossing of the mode with the continuum.

III. COMPOSITION OF THE EIGENSTATES

We will now focus on the composition of the polaritonic states. To determine the

composition of the different states in terms of excitons and photons, the transfer matrix

algorithm is no longer sufficient. We need to apply the quasi-particle model 19, which

gives access to the homogeneous broadening of the eigenstates through the imaginary

part of the energy and the expansion coefficients of the eigenstates on the exciton-photon

basis. Due to the specificities of GaN and ZnO, we introduce in our quasi-particle

matrix a quasi-continuum of states to account for the absorption by scattering states of

the exciton. Let us note that our calculated spectra are displayed versus the incidence

angle and not versus the in-plane wave-vector k‖ in order to be compared easily with

experiments. However only the wave-vector is a good quantum number and is really used

in the calculations as illustrated in Fig. 2: the yellow line shows the position of states with

the same wave-vector. The ratio ~ΩRabi/Eg being much greater in GaN and ZnO than in
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GaAs, the anti-crossing takes place over a wider angular domain (∼ 50◦ instead of 20◦)

so that the angular dependence of the coupling now has to be included through the

angular dependence of the oscillator strength. This effect is also very sensitive to the

light polarization20. Using the quasi-particle model, describing the eigenstates with k‖ in-

stead of the angle Θ alters the evaluation of exciton-photon coupling terms by a few percents.

The eigenstates given by the quasi-particle model in TE polarization (with the electric

field perpendicular to the incidence plane) are shown in Fig. 3(a-c) where the homogeneous

broadening is represented in the form of error bars. For clarity, among all the possible

excitonic states of the Balmer sequence, we have only included the 1s and 2s states. We

can easily check that the quasi-particle description gives similar results as the transfer

matrix method for the polariton branches. However, all the eigenstates (bright and dark)

are visible in this representation. We can now give more details about the nature of each

branch by comparing those results with reflectivity, transmission and absorption spectra

(Fig.4). Indeed resonances observed in the absorption spectrum of the microcavity are

related to incoherent interactions between the light and the excitonic states21: at those

energies, photons are simply absorbed by the active medium. On the contrary, resonances

observed in the transmission spectra are highly sensitive to dephasing processes within the

cavity29 and correspond to the coherent interaction between photons and excitons, i.e. to

the polaritons eigenstates deduced from the quasi-particle model. Reflectivity spectra are

composed of both incoherent and polariton resonances, and should be interpreted carefully.

Let us first consider the case of GaAs: at resonance the LPB is composed for half of

exciton X1s and half of photon (Fig.3-a,d). The two other states, labeled MPB (middle

polariton branch) and UPB, are very close in energy. They both contribute to the UPB

identified in experimental results15, for which the homogeneous broadening is three times

larger than the one used in our model. All polariton branches appear in the transmission

spectrum (Fig.4-d, g) and therefore constitute proper polariton states, even when the

continuum is included in the calculation. However a strong incoherent absorption from

excitons and the continuum is observed.

In the case of GaN, we observe in the transmission spectrum (Fig.4-e, h) one LPB corre-

sponding to the eigenstate |1〉 and two strong MPBs (eigenstates |2〉 and |4〉) (Fig.3-b, e).
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The UPB peak is much weaker than predicted from the photon content of eigenstate |5〉30.
The absorption above 3.5 eV , mainly due to excitons, strongly damps the coherence of

MPBs and UPB. Only the LPB remains a well defined polariton state. The impact of the

continuum is not significant on the polariton branches.

In the case of ZnO (Fig.3-c, f), the LPB at resonance is also composed for half of photon

and half of excitons (essentially A1s and B1s). In the simple case where neither the excited

states nor the continuum are considered and where the A and B excitons are degenerate in

energy, this LPB state would be written:

|1〉 = |LPB〉 = 1

2
(|A1s〉 + |B1s〉) + 1√

2
|ν〉,

which is very close to the composition calculated here. Using the same simple hypotheses

as above the states labeled |2〉 and |4〉 (Fig. 3-b) are dark (they are not coupled to the

electromagnetic field) and would write:

|2〉 = 1√
2
(|A1s〉 − |B1s〉).

When the continuum is not taken into account (Fig.3-i) the LPB and UPB appear as strong

transmission peaks, whereas all MPBs are strongly damped by excitonic absorption. How-

ever, when the continuum is included in the calculation (Fig.3-f), the transmission of the

UPB vanishes, and the asymmetric peak which is seen in reflectivity is simply the signature

of the absorption by the continuum: the upper branch is no more defined. This confirms

the results of the quasi-particle model: the UPB lies within the continuum spectral range

and has a large broadening.

Let us now have a close look to the structures calculated in the intermediate spectral range,

between 3.36 eV and 3.43 eV: the reflectivity dip at E = 3.415 eV is also strong in transmis-

sion, and corresponds to the middle polariton branch (MPB) that lies between the 1s and 2s

exciton energies. All other structures are either weak or absent in the transmission spectra.

The features at 3.377 eV and 3.42 eV (labeled i1 and i3) as well as those labeled i2 and i4 in

Fig.4-i are related to the incoherent absorption by 1s and 2s excitons, and have been previ-

ously called ”incoherent excitons”21. They correspond to the excitonic resonances shown by

the absorption coefficient (Fig.4-c) and indicated by dashed lines. The small dips at 3.37 eV
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and 3.386 eV arise from optical modes with a different order (labeled respectively as 3λ/2

and λ/2 in Fig.4-i) of the cavity. They appear because the refractive index strongly varies

in the vicinity of the excitonic gap, and therefore the same cavity can fulfil the resonance

condition of a λ-cavity and a 3λ/2 cavity for different energies.

The comparison between the three materials evidences their main differences: all polariton

branches are well-defined eigenstates of the exciton-photon coupled system in GaAs bulk

microcavities, whereas only lower polaritons subsist in GaN and ZnO microcavities. In or-

der to compare their potentialities we have defined a figure of merit as the ratio, ∆E/γLPB,

of the splitting in energy between the LPB and the next branch, over the homogeneous

broadening of the LPB. This ratio is only worth 2 and 3 for GaAs and GaN, and increases

to 10 for a ZnO microcavity. We should emphasize that we consider microcavities with

the same quality factors for exciton and photon resonances. The calculated figure of merit

are therefore larger than reported results for GaN and ZnO microcavities, but smaller than

demonstrated in GaAs structures. For comparison, figure of merit of 20 to 50 can be ob-

tained in GaAs and CdTe microcavities embedding quantum wells5,22,23,24. ZnO cavities are

therefore attracting in order to increase this figure of merit.

IV. ESTIMATION OF THE EXCITON-PHOTON COUPLING

The exciton-photon coupling term, V, is the parameter adjusted in the quasi-particle

model and the one of interest for modelling the LPB as strongly coupled exciton and photon.

For ZnO microcavities we obtain a coupling term V between the excitonic resonance and

the cavity mode of V=100 meV, whereas the splitting between the LPB and the high energy

mode observed in this simulation in the absence of continuum (4-i) is of 135 meV. This

clearly differs from the case of GaAs (Fig.4-d) where the two dips in reflectivity arise from

the LPB and the UPB, and the observed Rabi splitting represents directly the coupling term

V. In the case of ZnO, the apparent splitting is in fact enhanced by the significant oscillator

strength of excitonic excited states, which results in middle branches. The splitting between

the LPB and the high energy mode is not therefore the relevant value in the sense that it

is not representative of the exciton-photon coupling. Moreover due to the presence of the

continuum states, the mode previously mentioned as the upper mode is in the weak coupling

regime, even though the standard criterion for the strong coupling19 V >
√

γX × γν, where
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γX and γν are the exciton and photon homogeneous broadening, is fulfilled. Hence no Rabi

oscillations should be observable in bulk ZnO microcavities. Rabi oscillatons are not a

sine qua non condition to observe the strong coupling regime, but only the result of two

well-defined and well-balanced polariton states.

V. ROLE OF THE INHOMOGENEOUS BROADENING

The above mentioned sharp structures in the reflectivity spectra calculated nearby and

above the exciton energy are the signature of the incoherent exciton absorption and the

strong changes in the refractive index, which are both consequences of the large exciton

oscillator strength. However they have never been seen experimentally in GaN microcav-

ities, for example. Nevertheless our calculations remain consistent with the experimental

results because we have left aside one important aspect: the inhomogeneous broadening.

This broadening is important in current wide band gap microcavities for two reasons: (i)

their growth is less well controlled than in more developed III-V and II-VI compounds, due

to strain accumulation in the distributed Bragg mirrors, leading to structural defects; (ii)

excitons in wide band gaps semiconductors have a small effective Bohr radius, so that the

ratio of the Bohr radius over the length of the cavity dλ−cavity/aB (Table II) is at least twice

smaller in wide band gap semiconductors. In GaAs based bulk microcavities, the absence

of defects or strain fluctuations allows the fundamental exciton-polariton to have a well-

defined energy, and possibly to enter in the so-called center-of-mass quantization regime15

for states that are less rich in photon component. This is also favored by the averaging

effect of a rather large Bohr radius. On the other hand, for wide band-gap materials, there

exists more defects and potential fluctuations and the very small Bohr radii make it easier

for the exciton-polariton to get trapped or at least scattered by potential fluctuations. The

photon-like part of its wave-function still insures that the coherence length of the state is

much larger than the thickness of the bulk layer, but this coherence length is significantly

reduced. Experimentally the inhomogeneous broadening is greater in GaN and ZnO than

in GaAs (a few ten meV instead of 1 meV in our simulations).

We compare the simulations of reflectivity spectra for the same ZnO λ -cavity when varying

the inhomogeneous broadening from σ = 1 meV to 10 meV and 30 meV (Fig. 5). The

LPB is robust, but the intermediate dips attributed to higher order modes and incoherent
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excitons rapidly vanish. Finally, for σ = 30meV , the MPB also disappears and the reflec-

tivity spectrum simplifies into two well separated dips corresponding to the LPB and the

continuum. Between these pics the reflectivity is worth 88% due to the absorption by the

swallowed resonances.

VI. CONCLUSION

In summary we have presented numerical simulations of reflectivity, transmission and

absorption spectra of bulk GaAs, GaN and ZnO microcavities to compare the specificities

of the strong coupling regime in such systems. Wide band gap microcavities present a

very specific hierarchy of interactions compared to GaAs or other II-VI microcavities: the

expected Rabi splitting is larger than the effective Rydberg, which is in turn larger than

the splitting between the A, B and C valence bands. Consequently excitonic excited bound

and unbound states (absorption by scattering states above the band gap) must be taken

into account. Several additional structures appear on reflectivity spectra as a result of the

coupling of the cavity mode with these excitonic resonances. In the strong coupling regime

this situation introduces middle polaritonic branches, not yet observed experimentally, due

to the strong damping by excitonic absorption and the current inhomogeneous broadening

in wide band gap microcavities. These middle branches induce a practical overestimation of

the exciton-photon coupling term if one attemps to read it directly from reflectivity spectra.

The so-called quasi-particle model enables to determine this coupling term. In the specific

case of GaN and ZnO, we have demonstrated that only the lower polaritonic branch is a well-

defined and well-mixed exciton-photon state, characterized by an intense transmission and

a weak absorption. Finally, as a consequence of the broadening of the upper branch by the

continuum, Rabi oscillations should not be observed in ZnO microcavities which nevertheless

remain good candidates for polaritonic-based effects involving the lower polariton branch.
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GaAs GaN ZnO

Rydberg (Ry*) 4.8 meV 27 meV 60 meV

Valence band splitting (∆) ∆LH−HH = 0 meV ∆A1s−B1s = 8 meV ∆A1s−B1s = 6 meV

∆A1s−C1s = 26 meV ∆A1s−C1s = 50 meV

Rabi splitting (ΩRabi) 4 meV [15] 30 meV [13] 120 meV [25]

ΩRabi < Ry∗ ΩRabi
∼= Ry∗ ∼= ∆ ΩRabi >> Ry∗,∆

TABLE I: Hierarchy of energies and couplings in GaAs, GaN and ZnO.

GaAs GaN ZnO

Refractive index N 3.46 2.6 1.9

α(Eg)(cm−1) 104 [26] 1.2 × 105 [27] 2 × 105 [28]

dλ−cavity (nm) 240 146 184

α(Eg) × dλ−cavity 0.2 1.8 3.7

aB (nm) 11 2.8 1.4

dλ−cavity/aB 22 52 131

TABLE II: Relevant parameters of GaAs, GaN and ZnO microcavities.
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FIG. 1: Comparison of reflectivity (straight line) and transmission (dashed line) spectra simulations

of GaAs, GaN and ZnO λ -microcavities at zero detuning and normal incidence.

FIG. 2: (two columns wide, color online) Angle-resolved reflectivity spectra of λ-microcavities.

The straight yellow line represents the states with the same wavevector.
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FIG. 3: (two columns wide, color online) a-c) Angle-resolved dispersion of eigenstates in λ-

microcavities simulated with the quasi-particle model. This model provides the energies of the

bright and dark eigenstates. The homogeneous broadening of each state is figured as error bar.

Dashed lines indicate exciton and photon dispersions in the absence of coupling. d-f) Expansion

coefficients of the eigenstates for the angle corresponding to the zero detuning within the exciton-

photon basis.
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FIG. 4: (two columns wide, color online) a-c) ZnO Absorption coefficient showing the excitonic

resonances, indicated by dashed lines on the others panels. Reflectivity, transmission and absorp-

tion spectra of a ZnO λ − cavity, calculated if the continuum is taken into account (d-f) or not

(g-i).
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FIG. 5: Reflectivity spectra of a ZnO λ-microcavity when varying the inhomogeneous broadening:

a) σ = 1 meV , b) σ = 5 meV , c) σ = 30 meV .
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