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L. Kou,? D. C. Hall,”” and H. Wu
Department of Electrical Engineering, University of Notre Dame, Notre Dame, Indiana 46556

(Received 13 March 1998; accepted for publication 24 April 2998

Data are presented demonstrating 300 K, continuous w@ve photoluminescence near
N=1.53um from Er-implanted Ad {Ga, »As films oxidized in water vapoiN,+H,0, 500 °Q and
annealedl h, 700 °Q in Ar+0,. The 40 nm full width at half-maximuntFWHM) spectra are
1.5X broader and~10xX more intense relative to spectra from unoxidized but annealed samples.
The fluorescence decay shows=a7 ms lifetime, with a faster=1.9 ms component characteristic

of a cooperative upconversion mechanism. The data suggest t{G#AlAs native oxides may
provide a suitable host for rare-earth optical activity. 1®98 American Institute of Physics.
[S0003-695(98)00226-3

The rare-eartiRE) elements have long been explored asfied via electron diffraction patterns to be an amorphous
optically active dopants in numerous glass and crystal hostsolid solution of (AlGa,_,),05,° these native oxides are
Er** receives particular attention due to the fortuitous coin-closely related to the AD; films being explored by other
cidence of its 1.54.m optical transitions with the minimum researchers as a potential host fof'Ef® A low-loss com-
attenuation window of standard silica optical fibers. Follow-pact Er-doped AlO; waveguide amplifier has recently been
ing upon the successful development of erbium-doped fibefabricated by sputter deposition followed by ion
amplifiers for telecommunications, there has been consideimplantation® It has been suggested that the similarity in
able recent research towards similarly doping elemental andalency and lattice constants between,@y and EpOs
compound semiconductors with®rand other rare eartds.  should allow the incorporation of high Er concentrations into
These efforts are motivated primarily by the promise of in-Al,Os films.” For this reason, Al is also an effective codopant
tegrating optoelectronic functions into conventional Si mi-in silica glass fibers for enhancing Er incorporation and rais-
croelectronics, but also by the potential for realizing a newing the concentration quenching linf.
class of wavelength-stable light emitters and amplifiers in  The starting material in our experiments is grown by
[lI-V materials. At the same time, numerous researchersnolecular beam epitaxyMBE) on a GaAs substrate and
have been pursuing various other Er-doped thin film matericonsists of a lum Aly (Ga, ,As layer capped by~200 A
als for the development of new planar waveguide integrate@aAs. The structures are doped after growth via ion implan-
optoelectronics technologiésCompared to established ox- tation using doubly ionized Er as a source at an implant
ide and fluoride insulator hosts, it has generally been foungotential of 80 kV and using a dose ok10* cm 2. Using
to be more difficult in semiconductors to incorporate REthe Monte Carlo programrimes,*! the EF' implantation
dopants in an optically activétrivalently ionized state. profile is estimated to have a range of 460 A and a straggle
Also, direct electrical excitation processes in RE-dopedof 180 A, with a peak concentration of about
semiconductors are not yet well understood and will perhapgx 10?°° cm 3, and a maximum ion penetration depth of
be less efficient than conventional optical pumping schemes: 1500 A. We note that Polman has reported thatTiRex

In this letter, we propose and demonstrate an approacprogram underestimates both the range and straggle of Er
for incorporating RE ions into Al-bearing 1lI-V compound implantation profiles in Si by up to a factor off2After the
semiconductor systems by converting the RE-doped 1ll-VGaAs cap layer is selectively removed using a citric acid/
crystal to its native oxide through the wet-thermal oxidationhydrogen peroxide etch, the samples are oxidized in a 2-in.
process discovered for AlGaAs in 1990 by Dallesastsal’  tube furnace fol h at atemperature of 500 °C under a 0.66
With this approach, the RE-doped native oxide regions coul@/min flow of N, bubbled through 95 °C deionized water.
ultimately be optically excited by a monolithically integrated Full oxidation of the Ay (Ga, ,As material is verified by both
semiconductor pump laser. We present data demonstratingprism coupler measurement and a scanning electron micro-
room temperatur¢300 K), continuous wavecw) photolu-  scope(SEM) cross-section measuremefatata not shown
minescence from Bf-doped AlGaAs native oxides. The na- Postannealing is done open tube in art+-A&, ambient at
tive oxides of AlGaAs, formed by exposing a high-Al- temperatures ranging from 600 to 900 °C, as discussed fur-
composition AlGa,_,As alloy film (typically x=0.5 to  ther below. For the purpose of comparing PL spectra, unoxi-
water vapor (M+H,O) at an elevated temperature dized Er-doped Al¢Ga As films are also annealed under
(400-550 °C), have been extensively employed in varioushe same conditions, but with a 1000 A PECVD\j cap
optoelectronic and electronic device structures, most notabljayer and in proximity to a GaAs wafer to protect against

vertical-cavity surface-emitting lasef¥CSEL'’s).>® Identi-  thermal decomposition.

PL measurements are performed at room temperature by
3Electronic mail: lkou@nd.edu exciting the E¥" ions into their*F,;, manifold using the 488
PElectronic mail: dhall@nd.edu nm line of an Af ion laser. The cw pump beam is mechani-
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T T T T T oxide sample of Fig. (b) yields relative intensitieGn paren-

Er-implanted Al .Ga, ,As (160 KeV, 10" cm?) thesej of the 1.534um PL peak at the different pump wave-
Oxidized (500 °C, 1 h) lengths of: 457.9 nnf0.13, 472.7(0.03), 476.5(0.04), 488.0
300 K (cw) (l.OQ, _496.5(0.20), 501:7(0.139, and 5_14.5(0.44). Fpr the_

*_1534 nm unoxidized sample of Fig.(&), the relative peak PL intensi-

ties are invariant with excitation wavelength withinl %,
indicating that band-to-band absorption by the semiconduc-
tor host likely plays an intermediate role in the’Eexcita-

tion process. Defects not removed by annealing may also
40 nm FWHM contribute to a broadened absorption spectra.

(b) annealed The PL peak intensity of Bf in the oxide host after

1h, 800 °C - X 60 nm annealing at 700 °CFig. 1(@)] increases by a factor of more
/ \h_.. than 20 compared to an unannealed sample oxidized at the
1 1 1 : same time. For the latter, the quality of the weak PL spec-

! ! ! ! ! trum (not shown is too poor for quantitative comparison.
(c) unoxidized Annealing at higher temperatures than 700 °C leads to a de-
crease in the PL intensity and degradation of the oxide film.
Polman has reported that the optimum annealing tempera-
tures for both soda-lime silicate glass and pure silica lie just
below transformation temperaturédhus, a possible cause
of the PL intensity decrease we observe betwge700 °C
and(b) 800 °C anneals is a phase transformation which oc-
curs for amorphous (AlgGa&) »),03 somewhat above
700 °C 2 Amorphous A}O; undergoes a similar transforma-
tion to -Al,O; at ~800°C*® A comparable ~55 nm
FWHM spectral width has been reported for Er-implanted
Al,O, deposited with a cubic polycrystalline structdrBur-
ther studies are required to accurately determine the structure
and phase transformation temperature of the oxides in this
work. A second possible cause of the observed degradation
FIG. 1. Room-temperature PL spectra from Er implar(te@t® Er/cn?, 160 Of oxide quality and PL intensity is thermal decomposition of
keV) Al ¢Gay JAs films (a) after oxidization(500 °C, 1 h and annealing in ~ the underlying GaAs substrate due to the overly aggressive
Ar+0; (1 h, 700 °Q, (b) after oxidization(500 °C, 1 h and annealing in  gpen-tube annealing conditions. Significant oxide surface
Ar+0; (1 h, 800 °C) and(c) unoxidized but annealed inaN1 h, 700°0. . \ghening PL intensity degradation is noticed for anneals
(A pump=488 nm, resolutior~1.7 nm).

done at 900 °C.

Annealing of RE-doped materials is routinely carried out
cally chopped at 20 Hz. The luminescence is spectrally anae enhance the optical activation of dopants, and to heal ir-
lyzed with a 0.5 m grating monochromator and detected withradiation damage in ion-implanted materials. As the semi-
a Northcoast EO-817L liquid nitrogen-cooled Ge detectorconductor crystal is altered in structure and composition
and lock-in amplifier. PL spectra for the Er-implanted upon oxidation, we did not attempt to recrystallize the films
Al GayAs are shown in Fig. 1 for sampldgs) oxidized through annealing previously. In our experiments, the in-
(500°C, 1 h and annealedl h, 700°Q, (b) oxidized crease in PL intensity upon annealing in an+A&), atmo-
(500 °C, 1 h and annealedl h, 800 °Q, and(c) annealed sphere is attributed primarily to a reduction in the concentra-
(1 h, 700 °Q only (unoxidized. The amplitude scale of the tion of luminescence-quenching OHhydroxyl) compounds
weaker PL spectrum in Fig.(d) is magnified 15 times rela- in the oxide. Because our oxidation process requires water
tive to Figs. 1a) and Xb). All spectra are excited with a vapor, the oxidized layers retain OHyroups. The formation
pump power of 0.32 W focused to &@250um diameter of Al-O-H compounds in AlAs native oxides has been ob-
spot. The spectral resolution is1.7 nm. Comparison re- served with SIMS analysi¥. Such hydroxyl compounds are
veals Ef* PL spectra which are quite different for the native well-known luminescence quenching centers in other Er-
oxide and unoxidized semiconductor hosts. Fot'Hons in  doped glasse$'®~*” Annealing in Ar has been shown to be
the native oxide, the central peak is 1.534n and the effective in reducing hydroxyl groups in Ge§lass® and
FWHM are(a) 40 nm and(b) 60 nm, typical of'l;3, %15,  alumino-silicate glasses formed by the sol-gel pro¢ss.
Er" transitions in AjO;.”® For EP' ions in the The PL intensity of oxidized samples annealed in puge N
Al §Ga) ,As semiconductor host, the central peak is 1.541(data not shownis significantly weaker than that of Fig.
pm and the FWHM is 27 nm. 1(a), indicating that reduction of OHis the primary role of

PL excitation spectra measured at different Aon laser  the anneal in A#+O,. Other oxidized samples annealed in
lines also indicate a difference in excitation mechanisms beAr alone have a comparable PL intensity, indicating that the
tween the oxide and semiconductor hosts while confirmingaddition of G may be unnecessary.
that the E¥" ions in the oxide host are resonantly pumped to ~ Fluorescence decay measurements are performed to de-

their *F,,, manifold. For an excitation power of 0.25 W, the termine the kinetics and lifetime of the ¥r first excited
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T T T T T ] weaker PL intensities for the other samples in our st{idg
. Oxidized Er-implanted Al .Ga, ,As _ unoxidized but annealed semiconductor and the unannealed
(A=1.534 um, 300 K) oxide) prevent an accurate fluorescence decay measurement.

As a possible alternative to ion implantation, the rare-earth
dopants could also be incorporated through direct doping of
the semiconductor material during crystal growth, as has
been demonstrated with MBE-grown AlGaAs.

In conclusion, the native oxide of Er-implanted
Al §Gay sAs shows strong room temperature, cw photolumi-
nescence at 1.53@8m. Postannealing in ArO, greatly in-
creases the PL intensity and lifetime, which we attribute to
the reduction of the OH content in the oxide. Further studies
1 1 1 1 1 . are required to determine if these probable luminescence-
0 10 20 quenching OH compounds can be adequately eliminated fol-
lowing oxidation, and whether sufficiently high Er concen-
trations can be achieved for adequate emission cross sections
FIG. 2. Fluorescence decay curves for the Er-implanted native oxide Pwithout upconversion effects. With further process optimiza-
spectra of Fig. (@), measured ak =1.534um after switching off the 488 tion, such native oxides of A|-bearing =V Compound

nm pump source at=0 ms. The dashed line shows a double-exponential f'tsemiconductor alloys may prove to be a suitable host for

with lifetimes 7,~7 ms andr,~1.9 ms, with the initial fast decay compo- ical .. h . hd
nent characteristic of cooperative upconversion. optical activity ot various rare-earth dopants.
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