HTML AESTRACT * LINKEES

APPLIED PHYSICS LETTERSB6, 121906(2005

Refractive indices of ZnSiN , on r-plane sapphire
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II-IV=N, wide band gap semiconductors such as ZpstihGeN,, and ZnSiGeN have potential

uses for nonlinear materials and as lattice matching compounds for the growth of SiC and GaN
devices. In this study, the dispersion of the TE and TM indices of refraction has been measured
systematically using the prism coupling technique for an orthorhombic Zn8pitaxial layer
grown onr-plane sapphire. The resulting index dispersion is extracted from the measured optical
modes using a layered biaxial waveguide analysis, which shows that although the, Zng&itdl is
orthorhombic, for practical purposes it can be treated as a uniaxial material.
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Recently, wide band gap II-IV—Nsemiconductors chemical vapor deposition, in order to ascertain the suitabil-
such as ZnSik and ZnGeN and ZnSiGeN have been syn- ity of films to act as waveguides. The ratio of Zn to Si in
thesized, but very little is known about their band structure ZnSiN, can be varied under growth conditions. In the film
optical properties, or electronic propertie3.Bulk crystals  studied the Zn and Si atoms were present in equal amounts
are hard to synthesize because high temperatures and presid were verified by SIMS analysis to be constant ratio
sures are required. The crystal phase of these compounds htasoughout the film. The film studied was deposited on a
been observed to be orthorhombic, wurtzite, or monoclinic<50-nm-thick a-plane GaN buffer layer grown on-plane
depending on the method of growth, preparation, andapphire. The film was visually transparent, had a very
analysisz. In the report of ZnGeMin the monoclinic phase, smooth morphology, and was thick enoughl xm) to sup-
the angleB was reported to be 118°53which is very close port multiple modes. At room temperature, the absorption
to the wurtzite structure valug=120°. Band gaps ranging edge of the film was not sharp and photoluminescence was
from about 2.6 to 4.3 eV can be expected depending on crysiot observed following excitation by either a HeCd laser at
tal structure and compositiohMoreover, the atomic ar- 325nm or a more powerful, multiline Ar laser at
rangement of thé001) surface in an orthorhombic crystal 275—305 nm. This is consistent with the ZngiNaving an
structure with space groupna2, is hexagonal. This leads to indirect band gap as predicted theoreticé’ﬁy.
the attractive possibility that the II-IV—Ncompounds Prism coupling experiments using a birefringent rutile
could be lattice matched to other wide band gap semiconducFiO, prism were carried out using a modification of the
tor lattice constants. Simulation indicates that by varying thecustom-built apparatus previously descriféd® The study
alloy composition the lattice constants can be varied with thef orthorhombic ZnSiN films on r-plane sapphire is much
following ranges: 3.052-3.213 A for the axis and more complicated than previous studies of wurtzitic AIGaN
4.976-5.147 A for thec axis. Potentially this matches on c-plane sapphire because the film is potentially biaxial in
well with lattice constants of GaN whera=3.189 A, nature and the orientation of the uniaxial substrate could be
c=5.185 A, and 4H SiC whera=3.073 A andc=10.53 A.  expected to have an effect. Therefore, the experimental ap-
In the case of GaN, where at present there is no native sulparatus was modified so that the sample could be rotated
strate available, these materials may offer additional flexibil-azimuthally with respect to the incident plane of light. Care
ity in device design and growthOther potential applications was taken to maintain the same spot on the film to avoid
include use as a dilute magnetic semiconduttor. errors in thickness. As shown in Fig. 1, for a given wave-

In this investigation we report the visible wavelength length and incident TE polarization, the effective index
index dispersion of a ZnSiNfilm, grown by metalorganic changes periodically with the azimuthal angle betweep;TE
and TE,,, By contrast, the effective index for incident TM
‘ﬁolarization(not shown is nearly equal to the Tk, value

jut does not change with azimuthal angle. The data in Fig. 1
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with index of refraction calculated using the sapphire’s ellip-
soid indices under the assumption that the electric flux den-
sity vector was polarized along the z, andy directions,
respectively. We refer to these indicesgs ns, andng,. The

ns, index is equal to the ordinary index of sapphire, winile
andng, are defined by both ordinary and extraordinary indi-
ces and by the anglé The sapphire’s ordinary and extraor-
dinary indices at wavelengths of interest were calculated
using handbook datd.

For a given mutual orientation of crystallographic axis of
the film and the substrate, the contribution of substrates’ bi-
refringence to the modal indices will reduce the index of TE
modes polarized iz direction. This may reduce or increase
the observed birefringence of the modal indices,JFand
TEnin depending on whether the T indices correspond to
modes polarized alongor x axis, respectively. This uncer-

0 40 80 120 160 tainty was resolved by running the fitting algorithm to extract

Angle (Degrees) the principal film indices and assuming both possibilities:
FIG. 1. Initial modal refractive index data as a function of film orientation Mz~ M andn,<n,. The fitting error for the casa_z>n_x
for TE polarized light. Each curve is for prism coupling at a different wave- Was consistently smaller by about 25%-40%, compared to
length of light. TM modal indices were not observed to change significantlythe casen_z<n_x. Thus we concluded that the birefringence
as a function of angle and are not plotted. of the film is slightly compensated by the birefringence of
the substrate.

the effect of the birefringent substrate and the biaxial nature  As mentioned previously, the film samples under study
of the film. To extract the refractive indices, the influence ofcontained a thin;~40 nma-plane GaN buffer. For accurate
the birefringent substrate must be estimated, and the crystdetermination of the ZnSiNindices based on the measured
orientation of the film must be found. modal indices, the buffer layer has to be explicitly included

As depicted in Fig. 2, the optical axisrystallographic into the model. The buffer’s inder,, of refractiort? was
Z' axi9 of r-plane sapphire is oriented 57.6° from the nor-calculated for all wavelengths of interest, while the buffer
mal, and the crystallographic’ axis is parallel to the sub- thickness was one of the independent variables in the
strate. The crystal orientation of the film was assumed to banalysis.
that measured by x ray performed in reference films grown in ~ Taking into account the simplified consideration of the
the same reactdThey axis of the ZnSiN film is normal to  above-noted uniaxial substrate, the dispersion formula for TE
the substrate, the axis is parallel to the axis of the sub- modes polarized along one of the principal axes follows a
strate, and the axis is parallel to the projection of tt¢ axis  conventional formula for a two-layer isotropic waveguide.
of the substrate on the film plane. Fortuitously, the refractive  The known parameters are the refractive indices of sub-
index of the waveguide biaxial film is high enough to mini- strate and buffer calculated as described above and the mea-
mize penetration of the modal field into the negative uniaxialsured modal indices. The unknown variables are the film
substrate cut at an angle with respect to the optical axis. Thuadexn; and the buffer thickness The thickness of the film
the guided TE modes were polarized mainly alongxfed s constant for all modes, wavelengths, and polarizations. By
z axes, while the TM modes were mainly along $h@xis.  minimizing root mean square deviation of the difference be-
The sapphire could then be treated as an isotropic materigeen the thickness of the individual modésr specific
wavelengths and polarizatipand the average thickness ob-
tained from all modes, the best valuesngfandd to match a
given set of measured modal indiogscan be found. In the
case of TM modes, the formulas for isotropic films cannot be
used because the TM modes always have an electric field
component parallel to the plane of the film. Thus, the bire-
fringence of the film has to be explicitly taken into account.

Using the above-mentioned procedures, modal indices
were obtained for each wavelength and polarization. From
these the principal film indices were extracted and provided
in Table I. The TM indices represent the averaged value of
TMmax @nd TM,in, Which are always within +0.0004 of the
averaged value. Of all the above-discussed uncertainties, the
most unknown is the possibility that measurements at differ-
ent wavelength or polarization probed slightly different loca-
tions on the sample, resulting in tiny spot-to-spot variations
in sample thickness. When the analysis was allowed to con-
sider ZnSiN layer thickness variations, the analysis returned
nearly identical thicknesses for all indices extracted at a

FIG. 2. The relative crystallographic orientation of Zngiith respect to ~ given wavelength and polarization. When the polarization

the r-plane sapphire it was grown on. was changed for a given wavelength, the TM mode indicated
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TABLE I. Principal refractive indices for each wavelength. nominal index value in the visible is approximately 0.2
Iarger.10 Thus, good optical confinement within GaN films on

Wavelength a ZnSiN, substrate can be expected at all visible wavelengths

(nm) TEmax TEnmin ™ S o )
and polarizations, rendering it an excellent substrate candi-
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