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ARTICLE INFO ABSTRACT
Articl"f history: In this work erbium ions were implanted into AIN films grown on sapphire with fluence range: (0.5-
Received 29 July 2010 2) x 10" at/cm 2, ion energy range: 150-350 keV and tilt angle: 0°, 10°, 20°, 30°. The optical and struc-
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tural properties of the films are studied by means of photoluminescence and Raman spectroscopy in com-
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bination with Rutherford backscattering/channeling (RBS/C) measurements. The photoluminescence
spectra of the Er>* were recorded in the visible and infrared region between 9 and 300 K after thermal
annealing treatments of the samples. The emission spectrum of the AIN:Er films consists of two series

i‘;ﬁwords" of green lines centered at 538 and 558 nm with typical Er>* emission in the infrared at 1.54 pm. The green
Raman lines have been identified as Er** transitions from the ?H;y,> and “Ss, levels to the *Iy5/, ground state. Dif-
RBS ferent erbium centers in the matrix are suggested by the change of infrared photoluminescence relative
Er®* photoluminescence intensity of some of the emission lines when different excitation wavelengths are used. The relative
abundances of these centers can be varied by using different implantation parameters. The Raman and
RBS/C measurements show good crystalline quality for all the studied films.
© 2010 Elsevier B.V. All rights reserved.
1. Introduction were characterized by Raman spectroscopy, Rutherford backscat-
tering/channeling (RBS/C) and correlated to the optical properties
Infrared (IR) and visible luminescence from rare earth (RE) of the samples measured by photoluminescence.
doped AIN brings significant interest of this material for possible
applications in optical communications - IR wavelengths at .
1.54 um is coincident with minima in the optical loss of silica-  2- Experimental
based glass fibers utilized in telecommunications - and full color . . )
displays [1]. AIN with its large band gap allows energetically high AIN films with thickness of 3 um grown by hydride vapor phase
lying RE levels to be exploited and thermal quenching of the lumi- epitaxy (HVPE) on sapphire s.ubstrate.s purct}ased from TDIL. The
nescence is expected to be small [2-5]. AIN films were implanted with Er®* ions with a fluence range:
lon implantation is a very attractive technological tool for de- (0.5-2) x 10'° at/cn.rz, ion energy range: 150-350keV and tilt
vice fabrication steps such as selective-area doping, electrical iso- ~ 2ngle between the ion beam and the surface normal: 0°, 10° 20°,
lation, etc. However, in all of these fabrication steps, limitations ~ 30° After the implantation the samples were annealed during
may arise due to ion-beam-produced lattice disorder and its unde- 20 min at temperatures up to 1300°C in a conventional tube
sirable consequences [6]. In this work a set of AIN samples were furnace with an overpressure of 4 x 10° Pa nitrogen gas. RBS/C
implanted with different fluencies of Er** ions, ion energies and tilt ~ Measurements were performed with 2.0 MeV He" ions and the
angles. The as-implanted samples were further submitted to ther- backscattered particles were detected with solid state detectors
mal annealing treatments to optically activate the Er** ions and at 140° and close to 180°.. Steady state inf?ared photoluminescence
visible and infrared intraionic luminescence was measured. Sur-  (IR-PL) was generated using a 514.5 nm line from an Ar” ion laser.

face, lattice damage and the lattice location of the implanted jons ~ 1he samples were placed on a cold finger of a continuous flow
cryostat in vacuum and the sample temperature could be

controlled in the range from 5K up to room temperature (RT).
* Corresponding author. Tel.: +351 234 370 200; fax: +351 234 378 197. The IR-PL was measured using a Bruker 66 V Fourier transform
E-mail address: jorgesoares@ua.pt (M.]. Soares). spectrometer equipped with a liquid nitrogen cooled germanium

0925-3467/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.optmat.2010.09.005


http://dx.doi.org/10.1016/j.optmat.2010.09.005
mailto:jorgesoares@ua.pt
http://dx.doi.org/10.1016/j.optmat.2010.09.005
http://www.sciencedirect.com/science/journal/09253467
http://www.elsevier.com/locate/optmat

1056 M,J. Soares et al./Optical Materials 33 (2011) 1055-1058

detector. Steady state visible photoluminescence (VIS-PL) was car-
ried out between 9K and RT. The excitation source was the
514.5 nm line of an Ar* ion laser. The luminescence was measured
using a JobinYvon T64000 spectrometer equipped with a liquid
nitrogen cooled CCD. Raman spectroscopy was performed with a
LabRam HR and T64 000 spectrometers and the excitation sources
were the 325 and 514.5nm lines of HeCd and Ar" lasers,
respectively.

Channeled implantation (300 keV) 663 cm” a
——0.5x10%cm*
| ——1.0x10%cm®
2.0x 10" cm™
=
s L
> 417 cm”
2 ., 750 cm”!
3 429 cm
£

400 500 600 700 800 900
Raman shift (cm'1)

Channeled implantation (1x10"° cm®) 663 cm”
L 150 keV b
—— 300 keV
350 keV
-
=
8
‘@
5 417 cm”
€r
"
- 429 cm 750 cm”!
448 cm™ :
- 577 cm’

400 500 600 700 800 900
Raman shift (cm")

,.
1x10"* cm”, 300 keV 663 cm c

—0
L —10

20
—30

417 cm”

429 cm”!

Intensity (a. u.)

400 500 600 700 800 9200
Raman shift (cm'1)

Fig. 1. Raman spectra of the films as a function of Er** ions implanted parameters:
fluence range: (0.5-2) x 10'® at/cm™2 (a), ion energy range: 150-350 keV (b) and
tilt angle: 0°, 10°, 20°, 30° (c).

3. Results and discussion

The Fig. 1 shows the Raman spectra of the films as a function of
Er** ion implantation parameters: fluence range of (0.5-2) x
10'5 at/cm~2 (a), ion energy range of 150-350 keV (b) and tilt an-
gle of 0°, 10°, 20°, 30° (c). The peaks at ~660 cm and 890 cm™!
with full width at half maximum of ~7 and ~10 cm™!, respec-
tively, are attributed to the E;(TO) and A;(LO) AIN phonon modes.
These are allowed by the Raman selection rules for the backscat-
tering geometry [Z(x, x)—Z] used in the experiment [7]. The peaks
at 417, 429, 448, 577, 750 cm™! are attributed to phonon modes
from the sapphire substrate. The observed phonon mode energies
are close to the values measured for the AIN bulk [8,9] which
show good crystalline quality for all the studied films. RBS/C ran-
dom and (0001) aligned spectra (not shown) clearly proof a
strong reduction of implantation damage when the implantation
is performed in channeled geometry along the c-axis (0 tilt) as
previously reported for Eu-implantation [10]. Fig. 2 presents full
angular scans across the (0001) and the tilted (211 3) axes
for samples implanted with 1 x 10'° at/cm? along the c-axis
(Fig. 2a and b) and tilted by 10° (Fig. 2c and d). For the sample im-
planted without tilt an almost complete overlap of the scans for Al
and Er are observed for both crystal directions showing that Er is
incorporated on substitutional Al-sites. For the tilted implanta-
tion, on the other hand, a clear narrowing of the Er-scan, in par-
ticular for the (211 3) axis, reveals a displacement of Er from
the substitutional site possibly due to an interaction of Er with
implantation defects. Furthermore, the near substitutional
fraction is slightly lower as seen in the increased minimum yields
for Er.
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Fig. 2. Channeling scans for the (000 1) and (2 1 1 3) crystal directions for the AIN
sample implanted with a fluence of 1 x 10" Er/cm? directly after implantation with
0° tilt (a+b) and 10° tilt (c + d).
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Fig. 3. (a) Visible Er*>* luminescence as a function of temperature and (b-d) 10 K infrared PL as a function of the implantation parameters.

Fig. 3 shows the PL characterization in the visible and infrared
spectral range of the AIN samples implanted with different
fluencies, ion energies and tilt angles. The samples luminescence
was obtained with excitation (514.5 nm) below the AIN band
gap. This excitation wavelength is close to an intra 4f Er>* absorp-
tion line (*I;5;2 — “F7)2) leading to resonant excitation of the Er**
ions [2].

Fig. 3a shows the temperature dependent PL of the AIN:Er sam-
ple obtained with below band gap excitation (514.5 nm). Two sets
of sharp lines centered at ~538 nm and the other at ~558 nm
could be identified and assigned to transitions from the excited
state multiplets ?Hy1;2 and “Ssj, to the fundamental one “I;sp,
respectively. The lines at lower temperature arise from the phonon
modes in the sapphire substrate and the E, (TO) mode in AIN. As
the temperature is increased, the intensity of the transitions
S3 — “lispy slightly decreases whereas a new thermally popu-
lated set of lines, centered at ~538 nm, appears. This temperature
dependent PL was observed from Er doped GaN samples prepared
by metalorganic molecular beam epitaxy (MOMBE) [11,12]. Visible
luminescence from Er?* ions was reported in an earlier work by
using cathodoluminescence [13]. In this case the excitation is al-
ways performed above the AIN bandgap as well as by direct im-
pact. Up to our knowledge, visible PL from Er** was reported
from AIN:Er films and nanostructures grown by magnetron sput-
tering [14,15] but in implanted samples with Er®* ions this is the
first time.

In the range 1530-1545 nm, corresponding to the transition be-
tween the *I;3, multiplet lowest excited state to the *I;s;, multi-
plet ground at least three sharp lines are observed which suggest
the presence of different optical centers due to different neighbor-
hoods of the Er** ion [16]. In fact, the relative intensity of the three
lines in the above range is critically influenced by the used implan-
tation energy and the tilt angle (Fig. 3c and d) and in minor extend
by the implantation fluence (Fig. 3b). These findings are in good
agreement with the RBS/C scans that suggest that for tilted implan-
tation Er is interacting with lattice defects that cause a displace-
ment of the ion. Different optically active centers may therefore
correspond to undisturbed substitutional Er and to Er coupled to
defects that change the symmetry of its microscopic environment.
As seen from Fig. 3(b-d), the implantation parameters that maxi-
mize the PL intensity around the 1.54 pm in the studied samples
correspond to implantation energy of 300 keV, fluence range (1-
2) x 10"® cm~2 and a tilt angle of 0°.

4. Conclusions

The Er implantation in AIN resulted in the formation of more
than one optical center. Evidence for a good recovery of the lattice
was found for all implantation parameters considered in this work.
RBS/channeling measurements showed the presence of Er atoms in
substitutional positions when the implantation was carried out
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along the c-axis and displaced from the substitutional site for tilted
implantation. In addition to the infrared emission from the 4113/2
multiplet lowest excited state to the 4115/2 multiplet ground state,
the large band gap of the AIN allowed the observation of visible
intraionic photoluminescence. In the former at least three sharp
lines were observed in the 1530-1545 nm range and its depen-
dence on excitation energy suggests the presence of different opti-
cal centers related to the Er>* ion. The relative abundance of these
centers can be influenced by the implantation angle in good agree-
ment with RBS/C results showing changes in the Er incorporation
sites for different implantation geometries. In the visible range
transitions from the lowest excited state multiplets ZHH/Z and
4S52 to the fundamental one “I;5/; were detected.
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