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A Bragg reflector consisting of a 25-period MnZnSSe/ZnSSE Bragg stack is reported. The II–VI
semiconductor structure was grown by molecular beam epitaxy on a GaAs~100! epilayer. Structural
characterization of the Bragg reflector was performed with double crystal x-ray diffraction and
transmission electron microscopy. These studies indicated that the epitaxial II–VI structure, whose
total thickness is about 2150 nm, remains pseudomorphic with the GaAs substrate. The Bragg stack
has a maximum reflectance of 81% at 468 nm. This result shows that fabrication of high reflectance
mirrors from epitaxial ZnSe-based II–VI compounds is possible in spite of relatively small
refractive index differences between constituent II–VI layers. ©1995 American Institute of
Physics.
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Efficient light emitters operating in the green/blue v
ible spectral range are required for many applications suc
optical data storage, biomedicine, undersea communicati
and displays. Recently there has been rapid progress in
velopment of blue/green light emitters made from ZnS
based II–VI compound semiconductors.1,2 For example, an
important milestone in this field has been the recent dem
stration of room temperature, continuous-wave blue emiss
from II–VI laser diodes.3,4 Equally impressive progress ha
been reported in II–VI light emitting diodes~LEDs!, espe-
cially for structures that have been grown on Zn
substrates.5 For optoelectronic applications requiring arra
of emitters~e.g., displays and interconnects! it is well known
that many benefits accrue from engineering the emission
mal to the epilayer growth, as for example in vertical cav
surface emitting lasers~VCSELs! and, of perhaps more im
portance for displays, planar surface emitting LEDs. E
hanced emission from planar LEDs can be obtained by s
tegically placing the light emitting region between hig
reflectance mirrors. Efficient emission with.10% external
quantum efficiency by III–V planar LEDs using such micr
cavity design has been reported recently.6 These microcavity
LEDs have other advantages over standard planar LEDs
as increased directionality. High reflectance mirrors pla
central role in all such advanced VCSEL and LED structu
and can be grown either epitaxially or by deposition of
electric stacks or metals. Epitaxial mirrors are, howev
more attractive since sample processing is minimized.
II–VI compound semiconductors fabrication of high qual
epitaxial mirrors is especially challenging due to small
fractive index differences of compatible constituent mirr
materials. These difficulties are compounded by lack of p
cise data on the optical constants of II-VI materials. In t
letter, we report on the growth and characterization of a h
reflectance II–VI Bragg mirror consisting of 25 pairs
ZnSSe/MnZnSSe where the optical thickness of each lay
l0/4 and the design wavelengthl0 , is 480 nm. We measur
a peak reflectance~R!.81% atl5468 nm. This is the high-
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est reported reflectance of an epitaxially grown II–V
multilayer mirror structure in the blue spectral range. Th
results auger well for future II–VI vertical cavity structures

In this work II–VI structures were grown by molecula
beam epitaxy~MBE! on epitaxial GaAs~100! buffer layers,
which were also grown by MBE. Since our III–V and II–VI
MBE reactors are not interconnected, the GaAs buffer laye
were coated with As4 prior to transferring the samples from
the III–V reactor into the II–VI reactor. The protective As4

layer was subsequently removed in the II–VI reactor b
heating the sample to 400 °C. Growth of ZnSe buffer laye
on samples pretreated in this way commenced in a tw
dimensional fashion as was evident from streaky reflecti
high-energy electron diffraction~RHEED! patterns immedi-
ately after the Zn and Se effusion cell shutters were open
Knudsen effusion cells were loaded with elemental Mn, S
Zn, one cell for each, and two cells with compound ZnS
Beam fluxes were measured with a nude ionization gau
placed in front of the substrate position. The II/VI flux ratio
was close to unity. The growth temperature was 270 °
Prior to Bragg mirror, growth rates and compositions of co
stituent materials were calibrated by growing individual lay
ers of ZnSSe and MnZnSSe. Epilayer thicknesses were m
sured using a stylus profilometer, while compositions we
calibrated with double crystal x-ray diffraction~DCXRD!
and energy dispersive x-ray analysis~EDX!.

In order to prevent relaxation of the layers the distrib
uted Bragg reflectors were grown using lattice match
compositions corresponding to ZnS0.06Se0.94 and
Mn0.19Zn0.81S0.24Se0.76. The Bragg mirrors consisted of 25
ZnSSe/MnZnSSe layer pairs with the optical thickness
each layer beingl/4, where the design wavelength is 48
nm. The refractive index of ZnSSe atl5480 nm is about
2.77, while that of MnZnSSe is not well known, but wa
assumed to be 2.65 for the calculation of layer thickness
Transfer matrix calculations predict a peak reflectance
86% for this structure. The DBR structural quality was cha
acterized by DCXRD, a spectrum of which is shown in Fig
407407/3/$6.00 © 1995 American Institute of Physics
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1. Satellite peaks which are typical of a periodic structure
visible in the DCXRD rocking curve. From the satellite pe
separation a periodic structure of thickness 84.5 nm is ca
lated. This value is quite close to the designed period of 8
nm. The full width at half-maximum~FWHM! of the zero
order peak is 43 arcsec which indicates that the structure
remained coherently strained, i.e., no gross relaxation of
structure has taken place.

Cross-sectional samples for transmission electron
croscopy~TEM! were prepared using standard methods
mechanical thinning and Ar-ion milling. Figure 2 shows
cross-sectional TEM micrograph from a 25 period Bra
stack. The layer period measured from the micrograph

FIG. 1. A DCXRD rocking curve from a 25-period MnZnSSe/ZnSSe DB
sample. Superlattice reflection orders are denoted in the figure.

FIG. 2. A cross-sectional TEM photograph from a 25-period DBR sam
The dark layers correspond to MnZnSSe and light layers to ZnSSe,
lattice matched with GaAs.
408 Appl. Phys. Lett., Vol. 67, No. 3, 17 July 1995
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85.5 nm, the individual layer thicknesses being 43 and 42
nm for ZnSSe and MnZnSSe, respectively. It should be note
that the first layers which are close to the GaAs substrate a
a little thicker than subsequent layers. This difference may b
explained by a slightly lower substrate temperature~and
therefore better sticking of atoms at the surface! at the be-
ginning of growth since the high ZnS and Mn effusion cell
temperatures are expected to increase the substrate temp
ture when it is exposed to the ZnS and Mn fluxes for ex
tended time periods. Some roughness of the interface is v
ible in the TEM picture. Currently, it is not clear whether this
large-scale roughness is real or whether it is caused by t
TEM sample preparation. Stacking faults were observed
some areas of the sample, however, most of the sample w
free of misfit dislocations, as expected on the basis of clos
lattice matching of the constituent layers which is corrobo
rated by the width of the DCXRD rocking curve.

Reflectance measurements were performed using
double-arm reflectometer as shown in Fig. 3. White ligh
from a tungsten-halogen source is coupled into the syste
using a multimode fiber with a 100mm diameter. This
double-arm configuration has the advantage of nulling th
effect of any noise or drift in the source intensity with time.
The reflectance standard used was a commercial mirror e
hibiting a certified reflectance.98% over the wavelength
range of interest. All reflectance spectra were normalized
account for any asymmetry between the two arms of th
reflectometer.~The normalization procedure involved plac-
ing a second high reflectance mirror at the sample positio
and taking the ratio of the signals from the two arms. Sub
sequent reflectance spectra were divided by this normaliz
tion spectrum.! The experimental error was determined to be
,61%. Figure 4 shows a reflectance spectrum taken at no
mal incidence for a 25-period ZnSSe/MnZnSSe distribute

R

le.
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FIG. 3. Double-arm reflectance measurement setup used for the DB
samples.
Salokatve et al.
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Bragg reflector. A distinct maximum in reflectance of abo
81% is observed at 468 nm. The narrow spectral width of
high reflectance stop band is due to the small refractive in
difference between ZnSSe and MnZnSSe while the abse
of oscillations on the short-wavelength side of the stop ba
is due to absorption in the ZnSSe~Eg52.736 eV,l5453 nm!
mirror layers. The reflectance value in the short-wavelen
region decreases to;30% due to this onset of absorption
From calculations based on a transfer matrix method, ass
ing layer thicknesses as measured by TEM, we have e
mated the difference in the average index to be about 0.0
the central wavelength. The discrepancy between the m
sured wavelength of peak reflectance and the design w
length of 480 nm can be easily explained by uncertainties

FIG. 4. The reflectance spectrum from a 25-period DBR sample showin
maximum reflectance of over 81% at 468 nm.
Appl. Phys. Lett., Vol. 67, No. 3, 17 July 1995
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both the growth rates and optical constants of the constituen
materials. We note that II-VI Bragg mirrors, due to the in-
herently small refractive index differences between the con-
stituent layers, should be designed for a wavelength that is
close to the band gap of the smaller gap material. In this
wavelength region the strong dispersion of the refractive in-
dex helps to increase the index difference and to obtain high
reflectance values.

In summary, we have grown 25-period ZnSSe/MnZnSSe
distributed Bragg mirrors by molecular beam epitaxy. To the
best of our knowledge, these are the first pseudomorphic
II–VI Bragg mirrors operating in the blue wavelength region
ever fabricated. The Bragg mirrors were characterized with
DCXRD, cross-sectional TEM and reflectance measure-
ments. Both DCXRD and TEM characterization show that
the structures are lattice matched with GaAs and that no
major lattice relaxation by misfit dislocations has taken
place. The Bragg mirror reflectance at normal incidence is
measured to be.81% atl5468 nm. Such high reflectance
epitaxially grown DBR structures will allow growth of pla-
nar visible light emitters with enhanced emission efficiency
and directionality.

This work was carried out within the European ESPRIT
Basic Research Project No. 8447~SMILES!. It was also sup-
ported, in part, by The Academy of Finland within a National
Materials Research Project~EPIMATTER! and by Optronics,
Ireland, the Irish National Initiative in Optoelectronics.
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