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Abstract

Crystalline yttrium oxide films have been grown on Si (00 1) and sapphire (0001) substrates by molecular beam epitaxy using molec-
ular oxygen and thermal evaporation of yttrium. Neodymium doped films showed strong room temperature photoluminescence from the
rare earth ions. The dependence of luminescence intensity on neodymium concentration was studied and a maximum was estimated to
occur at 2 at.% assuming complete neodymium incorporation. The structural properties of the films were characterized using X-ray

diffraction.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Solid state lasers in the form of planar waveguides have
several advantages over conventional bulk designs. Planar
waveguide lasers (PWL) offer better overlap between the
output laser light and the pump beam within the active
layer, and the geometry allows for more efficient heat
removal because of a higher surface-area to volume ratio.
PWLs have been fabricated by several methods, including
liquid phase epitaxy [1] and pulsed laser deposition [2].
PWLs grown by molecular beam epitaxy (MBE) should
yield lower densities of thermodynamic defects due to
lower growth temperatures compared with bulk crystals
grown from a melt. In addition MBE presents a convenient
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way of controlling the distribution of rare earth dopants
simply by changing the flux during growth.

Yttrium oxide (Y,03) has previously been investigated
as an active host material for lanthanide ions [3]. Its refrac-
tory nature and optical clarity over a wide spectral region
make it attractive as a laser host. The thermal conductivity
of Y,03 is approximately twice as large as that of yttrium
aluminum garnet (YAG), and the thermal expansion coef-
ficient is similar [4]. It is difficult to grow large high-quality
Y,0; single crystals by conventional methods because of
the high melting temperature (/2430 °C) of Y,0;3 and
structural phase transitions at 2280 °C. Instead, Lu
et al. have synthesized Nd**:Y,05 in ceramic form [5].
Alternatively these difficulties can be overcome by use of
MBE, which can be carried out at temperatures well below
the melting point.

Y,05 has been grown on silicon substrates using differ-
ent approaches such as ion cluster beam [6] and electron
beam evaporation [7-9]. In the previous work, the motiva-
tion was to use Y,O;3 as a dielectric in silicon integrated
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circuits since it has a high permittivity (x = 18). The growth
of Y,0O; on silicon substrates is also interesting for the fab-
rication of PWLs because it offers the possibility of integra-
tion into silicon chips. In this paper we describe MBE
growth of Y,03 on Si (00 1) and sapphire (0001) substrates.
Sapphire substrates are useful for PWLs because their low
refractive index (najo, ~ 1.77 and ny,o, = 1.85 at 1 um)
facilitates the creation of waveguides.

2. Experimental

To grow Y,03, we used an yttrium metal effusion cell
heated between 1600 °C and 1750 °C to obtain yttrium
fluxes between 5x 1078 and 5 x 1077 Torr, measured with
an ion gauge placed in front of the substrate. Oxygen is
introduced into the chamber through a leak valve, and
the oxygen flux is inferred from the background pressure
in the growth chamber. The oxygen partial pressure during
Y,0; growth is chosen to be typically equal to ten times the
yttrium flux. The Y,O; growth rate as measured with a
quartz crystal is typically between 100 and 800 nm/h. To
dope the Y,03, a neodymium cell heated to about
1000 °C is used to obtain a neodymium flux of a few per-
cent of the yttrium flux. Growth temperatures of up to
1100 °C were investigated. The growth temperature was
controlled by a thermocouple and checked with a pyrome-
ter. We studied the influence of the growth temperature,
the oxygen/yttrium flux ratio and Y/Nd flux ratio on the
structural and photoluminescence (PL) properties of the
neodymium doped samples.

For the growths on silicon substrates, the substrates
were HF deoxidized in a clean environment before being
introduced into the growth chamber and heated to
900 °C to obtain a clean Si surface free of oxide. We depos-
ited about 1 nm of yttrium metal before the growth of
Y,0; to avoid the reoxidation of the HF cleaned substrate
and the formation of a SiO, interfacial layer. After the ini-
tial Y layer, the yttrium cell was closed and a partial oxy-
gen pressure typically around 2.5x107°Torr was
introduced in the growth chamber. The Y,O; growth was
started by reopening the yttrium cell shutter when the pres-
sure in the growth chamber was stabilized.

For the growths on sapphire substrates, pre-treatment
involved metallizing the back surfaces with chromium
and molybdenum to improve heater radiation absorption
followed by cleaning with hot acetone and methanol. The
growth of Y,05; was started by opening the yttrium cell
shutter once a partial oxygen pressure around
2.5% 107° Torr had been established.

3. Results and discussion

For growths on Si (00 1), single crystal orientation along
the growth axis of Y,O; was found for growth tempera-
tures between 350 and 800 °C. For a growth temperature
of 350 °C the heteroepitaxial relation Y,O5; (111) || Si
(001) is dominant. For a growth temperature of 650 °C,
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Fig. 1. XRD 0/20 scans for Y,Oj3 films grown (a) on a Si (00 1) substrate
and (b) on a sapphire (0001) substrate. The insets show omega scans of the
(440) peak for the sample grown on silicon and the (222) peak of the
sample grown on sapphire.

Y,0; (001) || Si (001) is the dominant growth mode.
Fig. la presents the X-ray diffraction (XRD) pattern of a
60 nm thick Y,O3; sample grown at 800 °C. It shows the
Y,0; (110) || Si (001) heteroepitaxial relation: the two
strong peaks correspond to Y,03 (440) and (880). This
growth temperature gives the best structural quality in
terms of the width of the Y,Oj3 peaks in rocking curve mea-
surements. In the inset of Fig. la, we show the rocking
curve on the (440) peak of the same sample. The width
of 1.7 degrees is one of the best values reported in the liter-
ature [8,9]. For a growth temperature of 1000 °C the XRD
pattern does not contain any Y,0O; peaks but only YSi,
peaks. Those peaks were also observed at lower tempera-
ture, when an oxygen/yttrium flux ratio smaller than 10
was used at growth temperatures between 350 and
800 °C. They were also observed by Dimoulas et al. for a
sample grown at 610 °C [7]. In our case, the growth of a
thin yttrium metal layer before the Y,03 growth seems to
avoid the formation of YSi, up to a growth temperature
of 800 °C. However, Cho et al. [6] also observed YSi, peaks
when starting the growth with yttrium metal at 700 °C. In
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our growth procedure, we expose the thin yttrium metal
layer to oxygen before starting the growth of Y,03. During
this step, the yttrium silicide is probably oxidized into
Y,0s.

Fig. 1b presents the 6-20 XRD pattern of a 1.8 pm thick
Y,03 sample grown on sapphire (0001) at 1100 °C. The
heteroepitaxial relation found was always Y,O3 (111) |
Al,O5 (0001). The smallest widths of Y,Oj3 peaks in rocking
curve measurements were found for growth temperatures
of 1100 °C. Rocking curves on the (222) peak of Y,03 exhi-
bit widths as small as 1.1 degrees (inset of Fig. 1b, same
sample).

To study the in-plane orientation, we measured X-ray
diffraction from off-axis peaks of the Y,O; layer and the
substrate using the same samples as for Fig. 1. Fig. 2a pre-
sents a @ scan for the (840) peak of Y,O5; for the sample
grown on Si (001). @ is the rotation angle around the sub-
strate surface normal. Four peaks separated by 90° are vis-
ible on a 360° @ range, although the (840) peak has 2-fold
symmetry. The appearance of four peaks shows the exis-
tence of twin domains rotated by 90° around the Si (001)
azimuth. The existence of twin domains for Y,O3 films
grown on silicon was also found by other groups [6,7].
The @ position of the (840) Y,Oj3 off-axis peak for one of
the domains is aligned with the (311) peak of the silicon
substrate within 4°. From the projection of the (840) peak
on the (110) plane for the Y,O3 and the projection of the
(311) peak on the (001) plane for the silicon we conclude
that the [110] in-plane direction of Y,Oj is parallel to the
[110] direction of silicon within 4°. For the other domain,
the in-plane orientation is [001] Y,O5 || [110] Si.

Fig. 2b shows a @ scan for the (662) peak of Y,O3 for
the sample grown on sapphire (0001). A small misalign-
ment between the (111) direction of the Y,03 and the @
rotation axis causes a variation in relative peak intensity
in Fig. 2b. Six peaks separated by 60° are visible on a
360° range although, the (662) peak has a 3-fold symmetry.
This shows the existence of twin domains rotated by 60°
around the sapphire (0001) azimuth. The @ position of
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Fig. 2. & scans of (a) the Y,05 (840) peak and (b) (662) peak for samples
grown on Si (001) and sapphire (0001), respectively, showing the presence
of twinning.

the (662) Y,O; peak for one of the domains is aligned with
the (10110) peak of sapphire. From the projections of
the (662) peak on the (111) plane for Y,O; and of the
(10110) peak on the (0001) plane for sapphire we deter-
mined that the [112] in-plane direction of Y,Oj is parallel
to the [1010] for sapphire. For the other domain
[112] Y,0; || [1100] sapphire.

Strong PL at room temperature was measured for neo-
dymium doped samples grown on Si (00 1) and on sapphire
(0001). A large oxygen/yttrium flux ratio (of about 10) is a
precondition for strong luminescence. Fig. 3 shows the PL
in three spectral regions of a 5 um thick Nd:Y,O3; sample
grown on sapphire (0001) at 1100 °C. The sample had a
Nd concentration estimated at 2.0 +0.5 at.% from the
Nd/Y flux ratio. The PL excitation source is a semiconduc-
tor laser diode at 808 nm with an excitation intensity of
2 W/ecm?. Emission is analysed by a 15cm focal length
monochromator with a 600 lines/mm grating. The three
spectral regions correspond to the 4F3/2 — 419/2, 4F3/2
*)4111/2 and 4F3/2 — 4113/2 channels of neodymium. The
position of the emission lines are very similar to the ones
reported for Nd:Y,O3; ceramic samples [5]. The strongest
transitions correspond to the *F3/, — *Iy/, channel [10].

For samples grown on silicon with an oxygen/yttrium
flux ratio of 10, both neodymium emission lines and band
gap emission from silicon are observed. This shows that
Y,03 grown in these conditions is transparent. For samples
grown with an oxygen/yttrium flux ratio less than 10, the
band edge emission of silicon is not visible and the PL
intensity of the neodymium lines is much weaker. This
shows that in this case the films are opaque which could
be due to the presence of YSi, (YSi, lines are observed in
the XRD spectrum when the oxygen/yttrium flux ratio is
smaller than 10).

In Fig. 4, we show the dependence of integrated PL
intensity of the ‘F 32 — ‘1 /2 transitions on Nd concentra-
tion. For this study, we grew eight 430 nm thick samples of
Nd:Y,03 on sapphire at 1100 °C using similar growth con-
ditions with the exception of a varying Nd/Y flux ratio.
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Fig. 3. PL of an approximately 2 at.% Nd:Y,O; sample grown on
sapphire (0001).
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Fig. 4. PL intensity of the *Fs/, — 1 /2 transitions for varying concen-
trations of Nd:Y,O3 grown on sapphire (0001). The solid line is the
expected concentration dependence for the model discussed in the text.

The Nd concentration was deduced from this flux ratio
assuming complete Nd incorporation. Errors in the Nd
concentration were estimated based on fluctuations in the
yttrium and neodymium fluxes during growth. The error
bounds were calculated from the Nd/Y flux ratio before
and after growth while the average flux ratio was used to
determine the Nd concentration.

At low Nd concentrations the PL intensity increases
with concentration to a peak value around 2 at.%, but
decreases with further increases in concentration. This
quenching effect is due to cross relaxation interactions
between Nd ions. Assuming an N? dependence on the
non-radiative relaxation rate [11], we can now express the
fluorescence efficiency as 1/(1 + AN?) where N is the Nd
concentration. Factoring in absorption, the total PL emis-
sion can be fitted to the form BN/(1 + AN?), where A and
B are fitting parameters. Using this model, we find an opti-

mal dopant concentration of 2 at.%, similar to the concen-
tration for maximum PL intensity in Nd:YAG [12].

In conclusion, these results suggest that it will be possi-
ble to fabricate efficient Nd:Y,O3; planar waveguide laser
structures by this method.
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