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We report on molecular beam epitaxially grown high-reflectivity broad band Bragg
mirrors for mid-infrared devices using IV-VI semiconductors and BaF,. This material
combination exhibits a high ratio between the refractive indices of up to 3.5, leading
to a broad mirror stop band with a relative width of 75%. To verify the high quality of
the PbEuTe/BaF, Bragg mirrors, we study a half-wavelength microcavity formed by
mirrors with only three periods. The resonance of the microcavity has a narrow line
width of 5.2 nm corresponding to a very high finesse of 750. From this, a mirror re-
flectivity higher than 99.7% is deduced, in good agreement to transfer matrix simula-
tions.

Introduction

High-reflectivity Bragg interference mirrors with almost zero absorptive losses are of
great importance for advanced optoelectronic devices such as vertical-cavity surface-
emitting lasers. These interference mirrors consist of pairs of dielectric layers with quar-
ter wavelength thicknesses and different refractive indices. Epitaxial Bragg mirrors
grown by molecular beam epitaxy (MBE) generally exhibit a much higher quality com-
pared to those produced by conventional evaporation. This is due to the excellent con-
trol of the growth process and layer thicknesses, the smooth and abrupt heterointer-
faces and the extremely low levels of unintentional impurities, resulting in negligible
stop-band absorption [1]. However, to achieve very high mirror reflectivities with a rea-
sonable number of layer pairs, Bragg mirror materials with as large as possible refrac-
tive index contrasts are required [1], [2]. On the other hand, for MBE the crystal struc-
ture as well as lattice parameters of the involved materials should be as close as pos-
sible in order to obtain a good structural and electronic quality of the layers, which is of
crucial importance, e. g., for subsequent growth of the active material of laser struc-
tures.

In the present work, we have employed MBE grown high reflectivity broad band Bragg
mirrors for infrared device applications, combining the narrow band gap IV-VI semicon-
ductors with the dielectric material BaF,. This material combination exhibits an exceed-
ingly large difference in refractive index, with corresponding index ratio about a factor
of 3 larger than that achievable with IlI-V semiconductors [3]. As a consequence, not
only a much smaller number of Bragg mirror pairs is required to gain reflectivities
above 99%, but also a very large stop band width can be achieved.

We successfully demonstrate PbEuTe/BaF, Bragg microcavities for the mid-infrared
with very high finesse values, thus evidencing the very high reflectivity of the three-
period Bragg mirrors of at least 99.7%. The mirrors with a very high refractive index
ratio of 3.5 exhibit a very broad stop band with a relative width of 75%. The mid-
infrared region is particularly important for gas spectroscopy applications, as most mo-
lecular gases have strong absorption lines in this spectral region [4].
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Experimental

Structure and Design

The Bragg mirrors and microcavities were designed by transfer matrix calculations us-
ing the exact dispersion of the optical constants of the individual layer materials as de-
termined by Fourier-transform infrared (FTIR) spectroscopy of reference layers. The
structures were all grown by MBE onto (111) BaF, substrates. The growth temperature
was 380 °C and the growth rate was 1.1 ym/h for all layers. The Bragg mirrors forming
the microcavity consist of three periods of Pbgg,EuqosTe/BaF, quarter-wave layers de-
signed for a wavelength of 3.9 um. The half-wavelength cavity layer between the mir-
rors also consists of Pbgg,EugosTe€/BaF,, thus being optically transparent at the design
wavelength. All samples were characterized by room temperature FTIR reflectivity and
transmission measurements.

Results

To verify the high quality of our PbEuTe/BaF, Bragg mirrors, first we study a half-
wavelength microcavity formed by these mirrors. From the finesse or quality factor of
the cavity, we can accurately evaluate the mirror reflectivity. Figure 1 shows the reflec-
tivity spectrum of the cavity sample measured at room temperature (dots). One can see
the very broad mirror stop band with almost 100 % reflectivity between 3 um and 6 pm.
On both sides of the stop band pronounced interference fringes from the total thickness
of the structure appear. The relative mirror band width AANAq is about 75 %, where A is
the central wavelength of the mirror stop band. This is due to the very large refractive
index ratio n4/n, between the used mirror materials Pbg o,Eug gsTe and BaF, of 3.5. Both
the refractive index ratio and the stop band width are not only among the largest for
MBE grown Bragg mirrors, but also for Bragg mirrors fabricated by other methods with
less limitation on the material choice [1]. Compared to the most common IlI-V semi-
conductor Bragg mirrors [3], the refractive index ratio and the stop band width are a
factor of 3 and 7 larger, respectively.
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Fig. 1: FTIR reflectivity spectrum of a half-wavelength microcavity consisting of two
three-period PbEuTe/BaF, Bragg mirrors measured at 300 K (dots). The corre-
sponding transfer matrix simulation is depicted as solid line. The resonance
(order m = 1) is indicated by the arrow.
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Near the center of the stop band, one narrow cavity resonance line at 3.9 ym is found.
This is the first order resonance mode (m = 1) of the half-wavelength cavity. As shown
by the solid line in Fig. 1, the whole experimental spectrum, in particular the stop band
width and the cavity resonance position, is in very good agreement with simulations
based on the transfer matrix method. In order to evaluate the finesse of the microcav-
ity, the line width of the cavity mode has to be analyzed. For that, a high-resolution
FTIR transmission spectrum of the resonance was recorded. The measured data is
depicted as dots in Fig. 2. From a Lorentzian line fit, a line width dA of only 5.2 nm is
deduced. This corresponds to a very high finesse of the microcavity structure of F =
M(m BA) = 750 for the m = 1 order mode. Using F = (1 R®®)/(1 — R), this in turn corre-
sponds to a mirror reflectivity R of 99.7%. Such a high reflectivity mirror with only few
layer pairs is well suited for realization of laser devices.

The solid line in Fig. 2 represents the transfer matrix simulation which is in perfect
agreement to the experiment when cavity losses corresponding to an extinction coeffi-
cient k of 0.0028 are included. These losses are very low because they are on the or-
der of magnitude of the residual absorption of PbEuTe below the band gap energy.
They may arise from background absorption in the cavity material or from interface
roughness between the layers in the multilayer cavity structure. These results demon-
strate that our Bragg mirrors not only exhibit one of the largest refractive index con-
trasts and broadest stop bands, but also provide very high reflectivity values well above
99 % for only three Bragg layer pairs. To our knowledge, only one other such mirror
with comparable index ratio and band width has been reported in the literature up to
now. However, for this mirror consisting of BaF, and PbEuSe grown on (111) Si sub-
strates, the measured reflectivity was only 95 % for three layer pairs [5].

0.7 T T T T T T T T T T T T

06 | A/2 microcavity 300K |
"~ | resonance m=1
05+ FWHM 52nm

0.4
0.3
0.2

Transmission (%)

0.1

3.87 3.88 3.89 3.90 3.91 3.92 3.93
Wavelength (um)

Fig. 2: High-resolution FTIR transmission spectrum around the cavity mode of the
half-wavelength cavity at 300 K (dots). The corresponding transfer matrix simu-
lation is shown as solid line.

Conclusion

To summarize, we have demonstrated MBE grown high-reflectivity broad band Bragg
mirrors for mid-infrared device applications, using IV-VI semiconductors and BaF, as
mirror materials. This material combination exhibits an exceedingly large difference in
refractive index, with a corresponding index contrast ratio n4/n, of up to 3.5. As a con-
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sequence, we have observed a very broad mirror stop band with a relative band width
of 75% for Pbg g,EugosTe/BaF, Bragg mirrors, in good agreement with our simulations
based on the transfer matrix method. Both the index contrast and the stop band width
are not only among the largest for MBE grown Bragg mirrors, but also for Bragg mirrors
fabricated by other methods with less limitation on the material choice. As a decisive
characteristic for the mirror quality, the finesse of cavity structures produced on basis of
these Bragg mirrors has been shown to be 750 for a half-wavelength microcavity which
exhibits a narrow resonance line width of only 5.2 nm. From that, a mirror reflectivity
higher than 99.7% is obtained for only three layer pairs. This evidences the high quality
and efficiency of MBE grown IV-VI/BaF, Bragg mirror structures, and underlines their
high potential for practical device applications.
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