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In this contribution, we present strong coupling of ZnSe quantum well excitons to Bragg modes

resulting in the formation of Bragg polariton eigenstates, characterized by a small effective mass in

comparison to a conventional microcavity. We observe an anticrossing of the excitonic and the

photonic component in our sample being a clear signature for the strong-coupling regime. The anti-

crossing is investigated by changing the detuning between the excitonic components and the Bragg

mode. We find anticrossings between the first Bragg mode and the heavy- as well as light-hole

exciton, respectively, resulting in three polariton branches. The observed Bragg-polariton branches

are in good agreement with theoretical calculations. The strong indication for the existence of

strong coupling is traceable up to a temperature of 200 K, with a Rabi-splitting energy of 24 meV

and 13 meV for the Bragg mode with the heavy- and light-hole exciton, respectively. These find-

ings demonstrate the advantages of this sample configuration for ZnSe-based devices for the strong

coupling regime. VC 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4944717]

Strong light-matter interaction has attracted much interest

in the last decade because of the possibility to study its funda-

mental aspects1,2 as well as to create optoelectronic devices,

whose operation is based on the properties of cavity-exciton

polaritons.3 The benefit of wide-bandgap semiconductor-

based microcavities (MCs) is confirmed by the observation of

strong coupling in ZnO and GaN MCs, resulting in polariton

lasing at room temperature.4,5 ZnSe-based MCs are particu-

larly well-suited for the investigation of cavity-exciton polari-

tons in semiconductors due to the high exciton oscillator

strength and large exciton binding energy. We reported a

promising Rabi-splitting energy of about 11 meV per quantum

well (QW)6,7 as well as polariton lasing in micropillars.8

Since the Rabi-splitting energy increases with the number of

quantum wells, an investigation of the strong-coupling regime

in samples composed of ZnSe is even possible at elevated

temperatures. In order to increase the Rabi-splitting energy in

the latter MCs, more QWs must be used, which results in a

thicker cavity. This hampers the increase of the Rabi-splitting

energy due to its larger mode volume.

In recent years, Bragg polaritons have been discussed as

an innovative tool for tailoring light-matter coupling.9,10 This

type of unfolded MC sample is advantageous, because a large

number of QWs can be positioned at the field maxima of the

Bragg mode without increasing the mode volume. In this case,

the light-matter interaction occurs between the QW excitons

and the Bragg-mirror modes, leading to the creation of Bragg

polariton eigenstates. These polaritons possess an extremely

small effective mass in comparison to those in conventional

MCs.11,12 Since the critical temperature for polariton conden-

sation is inversely proportional to the polariton effective mass,

such structures are promising for the realization of high-

temperature polariton condensation. The strong light-matter

coupling regime in a Bragg-polariton sample is indicated, as

for a Fabry–P�erot MC, by an anticrossing of the excitonic res-

onance and the photonic mode. For conventional MCs, this

effect has been reported previously.13–15 The first report on the

realization of strong coupling for an unfolded MC concerned

single InGaAs QWs embedded in a 30-period distributed

Bragg reflector (DBR) stack with a Rabi-splitting energy of

9.3 meV. The strong-coupling regime was observed up to

100 K.9 For an alternative concept, 70-period GaAs/AlGaAs

QWs were employed. From reflectivity measurements at 10 K,

the interaction strengths between light-hole (X1
lh) and heavy-

hole (X1
hh) excitons with the photons were reported to be

4.4 meV and 6.2 meV, respectively.16 This Bragg-sample con-

cept was used for all-organic one-dimensional photonic crys-

tals as well, resulting in a branch splitting of about 75 meV.17

For the coupling of resonant Bragg gratings to ZnO bulk exci-

tons, recent theoretical investigations have shown peculiar

nonlinear phenomena, indicating that this system may be used

to create slow-light-enhanced nonlinear propagation.12

Furthermore, Bragg-polariton samples were recently proposed

as an innovative concept for designing an additional type of

hyperbolic metamaterial,10 which is interesting for applica-

tions in, e.g., quantum lifetime engineering.

In this contribution, we report on the optical properties of

a Bragg-polariton sample grown by molecular beam epitaxy

(MBE). For this sample, all three 8 nm thick ZnSe QWs were

embedded in the center of the high-index material made of

ZnMg0.21S0.23Se with a total thickness of 3k/4 (144 nm). The

QWs are separated by 5 nm of the quaternary material. The

low-index material consists of a superlattice of 41 periods of

MgS and ZnCd0.37Se with a total thickness of k/4 (44.7 nm)

(see Fig. 1(a)). This concept results in an effective overlap of
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and Wroclaw Research Center EIT, 50204 Wroclaw, Poland.
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the electric field of the first Bragg mode and the QWs as

shown in the calculation in Fig. 1(b). Eight of these Bragg-

polariton layers were grown on four plain DBR pairs, where

the latter ensures a precise in-situ control of the respective k/4

thickness. The high- and low-index materials possess a refrac-

tive index contrast on the order of Dn¼ 0.4, and the refractive

index dispersions of both layers were taken from.18 In view of

the sample’s growth, this concept has the advantage of reduc-

ing the number of growth interfaces by a factor of 2.5 in com-

parison to conventional MCs for the strong-coupling regime,

which we have previously presented.6,7 This simplification

exhibits a positive impact on the crystal quality of the sample.

Micro-reflectivity measurements with a white-light source

(spot diameter�3 l m) were performed, and the experimental

findings are compared to calculations using a transfer matrix

(TM) method (CAMFR program19) as well as the coupled os-

cillator model for the Bragg mode, the heavy- and the light-

hole exciton.20

In Fig. 1(c), an overview spectrum (spectral resolution

SP¼ 7 meV) of the Bragg sample is displayed for a tempera-

ture of 60 K in comparison to the TM-calculated reflectivity

for such a sample without QWs. The stopband is centered at

2.75 eV, and the position of the first Bragg mode (BM) on the

high-energy side can be identified at 2.823 eV from the calcu-

lated spectrum. Hence, the resonance is detuned by approxi-

mately 12 meV relative to the spectral position of X1
hh located

at 2.811 eV. This almost resonant situation results in the

detailed spectrum for reflectivity and PL, when highly spec-

trally resolved measurements were performed as shown in the

inset (SP¼ 0.1 meV). The reflectivity breaks up into five dis-

tinct minima. The minimum centered at 2.811 eV originates

from the ZnSe QW X1
hh, while the minimum at 2.828 eV can

be attributed to the absorption of X1
lh. This classification is

underscored by the PL spectrum showing a dominant contri-

bution of the ZnSe QW X1
hh. The asymmetric shape of the

emission is caused by a contribution of a trionic complex

known to exist in ZnSe/ZnMgSSe samples.21 Additionally, the

PL has a shoulder on the low energy side at 2.79 eV caused by

increased transmission at the position of the reflectivity mini-

mum. The first Bragg mode, identified at 2.823 eV for the

sample without QWs, is now split up into three reflectivity

minima in the spectrum which can be identified at 2.793 eV,

2.820 eV, and 2.834 eV. We name them the lower, middle,

and upper Bragg-polariton (LBP, MBP, UBP) branches,

respectively. In contrast to conventional MCs, Bragg-polariton

samples show beside the polariton modes additional excitonic

state contributions to the reflectivity spectrum. This is due to

the QWs of the upper DBR layers, which are not efficiently

coupled to the photonic modes, as discussed in Ref. 9.

Additionally, the first excited state X2
hh can be identified as a

less pronounced minimum in the spectra at 2.856 eV (not

shown).

We measured these reflectivity minima as a function of

the local detection position on the sample at 4 K (Fig. 2(a)),

where the average distance between those positions amounts

to 300 lm. In doing so, we made use of the layer thickness

gradient intrinsic to the MBE growth, which leads to a varia-

tion of the spectral position of any Bragg minimum, as

shown in the figure for a higher Bragg mode (HBM, open

circles). In contrast to the latter, the exciton-related absorp-

tion (stars) varies comparatively little with the thickness gra-

dient. Hence, the detuning between the X1
hh and the first

Bragg mode is changed from position to position allowing us

to easily observe the anticrossing behavior of the three com-

ponents of the first Bragg mode.

For the number of observable polariton branches, the

exciton binding energy, the Rabi-coupling energy, and the

energy separation D between X1
hh and X1

lh are important. The

Rabi-splitting energy corresponding to the exciton coupling

strength amounts to �hXMC
R ¼ 19 meV for three QWs in a

microcavity based on ZnSe.7 This value is comparable to the

exciton binding energy of about 22 meV for 8 nm thick ZnSe

QWs in ZnMgSSe22 and its valence-band splitting of 18 meV.

Hence, the anticrossing observed for varied detuning between

the Bragg mode and excitonic emission in the reflectivity

spectra results from the coupling of the Bragg mode with both

contributions of X1
hh and X1

lh. Therefore, three eigenstates exist

in the strong-coupling regime that are a combination of the

Bragg-photon mode and the two excitonic states. They have

already been labeled as LBP, MBP, and UBP, respectively.

This attribution is underscored when the experimental findings

are compared to the reflectivity minima extracted from the cal-

culated reflectivity spectra using the TM method (see Fig.

2(b)). The positions of the X1
hh; X1

lh, and X2
hh are indicated by

FIG. 1. (a) Sketch of the unfolded cav-

ity structure. (b) Profile of the squared

electric field distribution calculated for

the energy of the first Bragg mode.

The index of refraction is shown by the

blue line. (c) Overview spectrum of the

Bragg polariton sample at T¼ 60 K

(dashed line) compared to the calcu-

lated spectrum of a Bragg sample with-

out QWs (solid line). The inset shows

the high resolution reflectivity and PL

spectra (excitation energy 3.03 eV) in

the spectral region of the first Bragg

mode.
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horizontal lines. For the calculation, the X1
lh/X1

hh, (X2
hh/X1

hh) os-

cillator strength ratio was assumed to be 1/3,23 (1/8 (Ref. 24)),

and the thickness of the DBR layers was varied by the indi-

cated factor. The 1.00 value was taken as the aspired norm

thickness at which the Bragg mode and X1
hh are in resonance.

The calculated evolution of the spectral positions of the reflec-

tivity minima coincides quite well with the experimental find-

ings (left side). It should be noted that we used a linear

thickness gradient in the model for simplicity. However, the

gradient on the 2-in. wafer becomes smaller towards the maxi-

mum thickness in the center, where we find the most negative

detuning (in the direction of position 1 in Fig. 2(a)). For this

reason, the model overestimates the thickness for small posi-

tion numbers. Additionally, a particular spectral change of the

excitonic emission for smaller thicknesses caused by a slight

modification of the strain situation within the sample was not

implemented in the calculation. This results in a more pro-

nounced saturation of the spectral shift of the LBP for the cal-

culation compared to the measurement. The three polariton

branches show two anticrossings, one occurring between the

Bragg mode and X1
hh, and the second between the mode and

X1
lh. The interaction strengths between the excitons and the

Bragg photons are �hXhh¼ (25 6 1) meV and �hXlh¼ (13 6 1)

meV, respectively, as derived from the measurement at the

resonance position of the Bragg mode and X1
hh. These results

indicate that although the spectral width of a Bragg mode

(cBM¼ 22 meV) is large in comparison to a conventional MC

cavity mode, the criterion for the strong coupling regime is

still satisfied (�hX > ðjcX � cBMjÞ=2,25 with cX ¼ 3 meV).

The anticrossing can likewise be observed by detuning

the excitonic components relative to the Bragg mode caused

by a variation of the sample temperature. Fig. 3(a) depicts the

reflectivity spectra in the vicinity of position 1 on the sample

piece (Fig. 2(a)) in the temperature region between 40 K and

160 K. They show the relative detuning of the reflectivity min-

ima with respect to the energy position of X1
hh with the given

temperatures taken as the zero vertical line. Besides reduced

visibility of the excitonic components with increasing

temperature, a clear spectral shift of the minima attributed to

the LBP, MBP, and UBP can be seen with regards to the X1
hh

position. This evolution is shown in detail in Fig. 3(b), where

the relative detuning between the energy positions of the

Bragg-polariton branches to those of X1
hh (again taken as 0) is

plotted as a function of temperature (solid symbols). The mea-

surement is shown in comparison to the calculated reflectivity

minima based on the TM method (stars) where the spectral

shift of excitonic components, their spectral broadening, and

change of refractive index with temperature were taken into

account. Additionally, the spectral shift of Bragg-polariton

branches calculated by the three-oscillator model is plotted as

a solid line (parameters were taken from the measurement).

Furthermore, the changing position of the uncoupled Bragg

mode due to the refractive index temperature dependence is

shown by the dotted line. The measured Bragg polariton line-

width and the calculated excitonic linewidths (FWHM) are

plotted as the shaded region. At this sample position, the anti-

crossing of the Bragg mode with X1
hh occurs at about

T¼ 130 K (FWHMcalc¼ 5 meV), accompanied by a decrease

of the LBP linewidth down to 4 meV. The anticrossing of the

Bragg mode with X1
lh (FWHMcalc¼ 8 meV) is observed at

190 K. The Rabi-splitting energies �hXhh and �hXlh deduced at

the crossing point of X1
hh and the Bragg mode are approxi-

mately (23 6 1) meV and (14 6 1) meV, respectively. The

Rabi-splitting energy is proportional to the square root of the

exciton oscillator strength f. Since f ðX1
hhÞ=f ðX1

lhÞ ¼ 1=3, one

expects �hXhh=�hXlh ¼ 1=1:75, in good coincidence with the

ratio of the experimentally determined values given above.

For temperatures exceeding 200 K, one observes a clear devi-

ation between the results of the three-oscillator model and the

measurement on one hand, and values from the TM method

on the other. This is because for the fact that for the oscillator

model, spectral broadening of the excitonic components was

not taken into consideration. The reflectivity minima of the

LBP and MBP start to approach X1
hh and X1

lh, respectively,

while the UBP matches with the uncoupled Bragg mode.

Hence, the strong-coupling regime is broken for temperatures

FIG. 2. (a) Experimental spectral

reflectivity dip positions versus the

local detection position number on the

sample at T¼ 4 K. The numbers repre-

sent the positions on the sample from

one edge to the other with a spacing of

about 300 lm. The solid symbols rep-

resent the Bragg polariton modes. The

stars correspond to the uncoupled exci-

tonic states and the open circles to a

higher Bragg mode (HBM). (b)

Modeled spectral positions of Bragg-

polariton branches for different layer

thicknesses normalized to the thickness

for which the mode and X1
hh are in res-

onance (1.00). For comparison, the cal-

culated first Bragg mode of a Bragg

sample without QWs is plotted (open

circles).
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above 200 K due to spectral broadening of the excitonic

components.

These results show that a remarkably large Rabi-

splitting energy can be realized even with eight Bragg-

polariton stacks. This interaction strength is comparable to a

complete MC structure consisting of an 18-fold bottom

DBR, a k cavity, and a 15-pair top DBR, for which a Rabi-

splitting energy of 19 meV was reported at 70 K.7 Hence, the

smaller effective Bragg polariton mass relative to that in a

conventional MC might take effect in the larger branch split-

ting and increase of temperature stability. As additional TM

calculations have indicated, a further simplification of the

sample setup would be possible by implementing only one

QW at the antinode of the high-index material layer without

a real reduction of the interaction strength. Additionally, the

calculations show that the splitting energy between the LBP

and UBP at 130 K can be raised from 36 meV to 60 meV by

doubling the number of Bragg polariton stacks. The utiliza-

tion of a threefold number of Bragg pairs providing an inter-

action strength of 75 meV would make a ZnSe-based Bragg-

polariton sample comparable to organic Bragg structures,17

which are known for their large interaction strengths. These

results are extremely encouraging with respect to the rapidly

evolving field of nontrivial topological polariton effects.26–28

A recent work of Sedov et al. used a GaN/AlGaN structure

for numerical calculations, with which Bragg polaritons

were proposed to create a hyperbolic metamaterial.10 Our

present results on a ZnSe-based structure come quite close to

benchmark values with the additional benefit of a high epi-

taxial quality.

In conclusion, we have shown strong coupling in an

unfolded Bragg cavity with three ZnSe quantum wells em-

bedded in each segment, repeated eight times. The interac-

tion of the first Bragg mode with the exciton heavy-hole and

light-hole states results in the formation of three polariton

branches with an interaction strength of about 24 meV and

13 meV, respectively. The anticrossing was analyzed by

changing the detuning between the exciton components and

the Bragg mode. The experimental findings are in excellent

agreement with theoretical calculations. Although the Bragg

modes possess a large spectral width and the growth process

is simplified in comparison to a conventional microcavity,

the interaction strength and temperature stability in the

strong coupling regime are improved. This enables an addi-

tional class of II–VI based devices for strong coupling to be

created.
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