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TM-doped BaYYbk films were epitaxially grown on botfil00) and (111) GaAs substrates using
Cak; or LiF as intermediate layers. The BaYYpphase was found to be a previously unreported
cubic phase with a lattice constant of 0.5711 nm, which is different from a monoclinic phase
reported for bulk crystals. The films produced UV and visible radiation with wavelengths at 360 nm
(UV), 450-480 nm(blue), and 500-550 nm(green when pumped by laser radiation at 647
nm.© 1995 American Institute of Physics.

Upconversion lasers represent a class of opticallymonium sulfide solution was diluted with deionized water
pumped lasers that oscillate at frequencies higher than thosad the samples were immersed in the diluted solution for
used for pumping. The upconversion lasers produce output &5 min before being dried under a stream of nitrogen. This
wavelengths from violet to red spectral regions using infra-method has been used to grow nonlinear optical waveguides
red pump wavelengths accessible with 111-V semiconductoon GaAs without in situ thermal etching or sputter
lasers. These compact light sources are important in opticalleaning'®
data storage, high-speed laser printers, large-screen displays, Either Cak or LiF was deposited directly on GaAs by
and undersea communications. Materials commonly used faglectron-beam evaporation. The deposition process was car-
upconversion lasers include rare-earth metal-dopedied out at X 10~/ Torr, and the substrate was heated by a
BaY,Fg!? and YLiF,>*in single crystal or glass-fiber form. radiative heater consisting of tantalum wires. The growth
Chwalek and Paz-Pujalt reported on both amorphous antemperature was 400-550 °C and monitored by an infrared
crystalline films of Tm-doped BaYYhkf(hereafter referred pyrometer using published emissivity values. The deposition
to as BaYYbk) on a quartz substrate producing upconver-rate was 0.1-0.4 nm/s and the thickness of the,CaH.iF
sion excitatior?. Still, it would be desirable to grow epitaxial films was about 300—-500 nf.
flms on GaAs, so that diode lasers, upconverting The source used for BaYYRRvas prepared from pow-
waveguides, light detectors, and electronics can be integrateters using electronic grade BafF;, YbF;, and Tmk hav-
on the same chip. Epitaxial films of Er-doped Bhkere ing a mole ratio of 1:1:1.1:0.01. The mixed powders were
recently reported to grow ofi00 GaAs with an intervening pelletized under a pressure of 5000 psi. BaYYElns were
SrF, cladding layef, but no data are available on epitaxial deposited on Cafor LiF-covered GaAs by-beam evapo-
growth of BaYYbFk on GaAs. ration. The deposition was carried out at a rate of 0.1-0.4

There are significant obstacles for the growth of epitaxialhm/s at temperatures of 400-550 °C, and the thickness of the
films of BaYYbR; on GaAs in waveguide form, because of BaYYbF; films was about 300—500 nm.
the following reasondia) GaAs has the zinc-blende structure The composition of the resulting fluoride films was de-
with the lattice parameter 0.5673 nm, while BaY¥$bis termined with Rutherford backscattering spectroméRBS
structurally almost identical to Bg¥g, which has the mono- and the structural properties were characterized by x-ray dif-
clinic structure witha=0.6972 nmb=1.050 nm,c=0.4260 fraction (XRD) and ion channeling.
nm, and 8=99.709% and (b) the refractive indices of RBS measurements showed the evaporated fluoride film
BaY,Fg are known to be~1.5? so that very few fluorides on GaAs having nominal composition B&¥b-+Tm), o .
can be selected as cladding layers, which have lower refrado determine the ratio of Tm to Yb is not possible because
tive indices and lattice matched structures. their signals overlap on the spectrum. The successful depo-

In this letter, we report a heteroepitaxial multilayer struc-sition of the fluoride films using a single electron beam is
ture with a BaYYbk film epitaxially grown on GaAs and attributed to the similar vapor pressures of the constituent
forming a waveguide with its underlying buffer layer of fluorides.

CaF, or LiF. The standardg-20 x-ray diffraction pattern in Fig. 1,

(NH,),S,-treated (100 and (111) GaAs wafers were obtained from a sample comprised dfLl00 GaAs/
used as substrates for epitaxial growth of fluoride films. AfterCaF,/BaYYbF;, reveals two diffraction peaks centered &t 2
a conventional cleaning in organic solvents, the wafers were=31.3° and 65.2° due to the BaYYpphase, in addition to
etched in a solution with }$0,:H,0,:H,0=1:8:500 for 30 the peaks corresponding to GaAs afd0)-oriented Cak:

s, followed by a deionized water rinse. Prior to being loadedThe two BaYYbF peaks can be indexed as tt#20) and
in an evaporator, the samples were placed in a saturatgd40 reflections of the well-known monoclinic phase, how-
(NH,),S, solution for 3—5 min. Following this soak, the am- ever, these peaks were not observed to be present for
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FIG. 1. X-ray diffraction pattern of a Tm-doped BaYYpHm grown on
(100 GaAs with an interposed Cafayer.

powders’ They can also be assigned as t860) and (400
reflections for a cubic phase with a lattice constant of 0.574

nm. The full width of the rocking curves at half maximum

(FWHM) was determined to be about 0.2° for GaAs, 0.5° for

Cak, and 0.9° for BaYYbk The highly oriented

BaYYbF; film was further verified by ion channeling mea-

surements. Figure 2 shows backscattering spectra with HEG. 3. X-ray pole figures taken frorta) the (220 peak of a Tm-doped
ions at both a random and [400]-oriented incidence. No BaYYbF; overlayer grown on(100 GaAs and(b) the (100 peak of a
interactions between GaAs and fluorides were revealed. Thgné?(’ped BaYYbf overlayer grown or(1Ll) GaAs with a Cap buffer
minimum channeling yield, which is defined as the ratio of
the aligned yield to the random yield, was determined to be

about 0.24. This value is substantially lower than one, indi-G"’JlAS was determined by x-ray pole figure analysis. In the

: ; analysis, the fluoride phase was first assumed to be cubic
cating good crystal quality. A ;

A highly oriented BaYYbk film has also been grown on W'th a—0:574 nm, and_the gss_umpnon was fognd to be con-
a (11) GaAs substrate with &l11)-oriented Cak buffer sistent with the following findings. The pole figure of Fig.
layer. X-ray analysis showed two peaks centered ét 23(a), taken from the(220 pe.ak of the Be}YYbE overlaye_r
—27.0° and 55.5° other than th@11) reflections of GaAs grown on(100) GaAs, exhibits four spotlike pole densities,

and Cak. Neither of the two peaks can be assigned to thesuggesting that the BaYYRHilm is (100 planar oriented

i oo o ith a fourfold rotation symmetry. The220) pole figures of
monoclinic phase, however, they can be readily identified a: : ) .
the (111) and (222) reflections of the cubic phase. gaYYbFS, Cak, and GaAs were found to be aligned with

- . the same in-plane orientation, indicating that the BaYgybF
In-pl I f the BaYYhFfil
n-plane alignment of the BaYYQffilms grown on film is epitaxial. The pole figure of Fig.(B), taken from the

(100) peak of the BaYYbFoverlayer grown or{111) GaAs,
exhibits six pole figure densities with almost equal intensity.
5 2.0 By comparing the pole figure in Fig.(l3 and that of the
underlying Cak and GaAs, one can find @11) planar ori-
ented BaYYbk film grown epitaxially on(111) GaAs. The
pole figure of Fig. 8) also reveals the presence of high twin
density in the epitaxial film BaYYbf
The presence of a cubic phase BaYYbkas further
- verified by unit cell evaluation. Under the same deposition
conditions mentioned previously, a BaY Yppolycrystalline
film was prepared on a Si wafer capped with a thermally
= grown SiQ layer. X-ray diffraction analysis showed more
than twenty peaks, and all of them can be indexed based on
V-2 a cubic unit cell with a lattice constaat=0.5711 nmt2 The
— — . —T—= intensities of the diffraction peaks suggest that this previ-
100 200 300 400 500 600 . . .
Channel ously unreported phase is a defective face-centered cubic
structure, since some very weak primitive cubic reflections
FIG. 2. 2.0 MeV*He'* random and channeling spectra of (200 are observed in the diffraction pattern. The difference in the
GaAs/Cag/Tm-doped BaYYbg sample. lattice constant between BaYYpEeposited on GaAs/CaF
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1000 the intensity was lower than that shown in Fig. 4. The films
produced UV and visible radiation with wavelengths at 360
nm (UV), 450—480 nmblue), and 500-550 nnigreen. The
presence of green upconverted luminescence can be clearly
seen in the insert of Fig. 4. Chwalek and Paz-Pujaiported

that the linewidths of upconversion excitation from Tm-
doped BaYYbk were much broader in an amorphous film
grown on a fused silica substrate than that in a bulk single
crystal. The broader upconverting luminescence observed in
Fig. 4 from epitaxial films is presumably due to high defect
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metric composition as revealed by RBS measurements.

In summary, Tm-doped BaY YRHilms were grown epi-
taxially on both(100) and (111) GaAs with Cak or LiF as
buffers, providing a desirable structure for monolithic inte-
gration of upconverting waveguides and laser diodes. X-ray
diffraction indicated that the BaYYRHilms have a cubic
structure with a lattice constant of 0.5711 nm, which is dif-

v ferent from the monoclinic structure reported for bulk crys-
0 ; : l e . tals. To our knowledge, this letter represents the first report
300 350 400 450 300 550 600 650 on epitaxial growth of BaYYbgon GaAs and the presence
of an alternative cubic structure of BaYYhF
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