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Abstract—We present 300 K photoluminescence (PL) charac- and electronic components [3], [4]. In an earlier work [5], we
terization data for wet thermal native oxides of Al.ssGao.a2AS  demonstrated a new approach for incorporating Er into the
films grown by metal organic chemical vapor deposition and doped AlGaAs-GaAs compound semiconductor system by converting

with Er via multiple high-energy ion implants (for 0.0675, 0.135, . . . S
and 0.27 atomic percent (at.%) peak Er concentrations). and Cr-doped AlGaAs to its native oxide by wet-thermal oxidation

Alg.sGag sAs and Alg slng.»As films doped with Er (0.03-0.26 [6], [7]. Strong room temperature (300 K), continuous wave
at.%) during molecular beam epitaxy crystal growth. Broad Er* photoluminescence (PL) with a lifetime as long as 7 ms
spectra with a ~50-nm full-width at half-maximum and a PL  was observed from oxidized AlGaAs with shallow doping
peak at 1.534 um are observed, characteristic of ALOs:Er i3 an 80-keV E¥* ion implantation prior to oxidation [5].
films. The dependencies of PL intensity, spectra, and lifetime on . . .

annealing temperature (675°C—-900°C), time (2—60 min) and As These nqnve oxides, closelln naturel tQ% [8], are naturally
overpressure (0-0.82 atm) are studied to optimize the annealing Mmore suitable hosts for trivalently ionized *Er atoms than
process, with As considered as a possible quenching mechanismthe unoxidized semiconductors. This is due to the similarity
Wet and dry-oxidized films are compared to explore the role of jn valency and lattice constants between®¢ and EpOs,
hydroxyl (OH) groups identified by Fourier transform infrared — \yhich |eads to greater solubility and optical activation of the

Egzlg)) :Sggcggtsiﬁg{'oﬂlgrgjgsni?evcést ﬁgg;gg&nigs:xg Vgg:relé Er. There has also been considerable recent interest in Er-doped

mainly from post-oxidation adsorption of atmospheric moisture.  thin-film materials for the development of planar waveguide
AlGaAs:Er films wet oxidized with 0.1% O, added to the N, amplifiers [9]-[23]. Among these, ADs:Er thin films are the

carrier gas show a fourfold PL iflter}Sity increase, doubled PL  most widely explored because of the possibility for incorpo-
lifetime to 7 ~ 5.0 ms (0.27 at.% implanted sample), and the 4ting high concentrations of Er, for the large inhomogeneous
lowest degree of concentration quenching. : . .
_ _ _ broadening of Er, which yields a large-%5 nm) spectral
Index Terms—Aluminum alloys, erbium, integrated opto- pandwidth well suited to wavelength-division-multiplexing
electronlc_s, materials processing, o_ptlcal amplifiers, oxidation, (WDM) applications, and for the ability to realize low-loss
photoluminescence, semiconductor films. . " . .
waveguides. A net optical gain of 2.3 dB has been realized for a
4-cm-long ALO3:Er waveguide with 9 mW of 1.4@m pump
I. INTRODUCTION power [12], and recent simulations predict greater gain with

OTIVATED by the widespread application of thethe use of Ef Y codoping [22],[23].One motivation_f(_)r
M rare earth element Er for signal amplification nea{]explormg Er-doped AlGaAs films is the potential for realizing

\ = 1.54,m in optical fiber telecommunications systems [1]a 1.55xm planar oxide waveguide amplifier monolithically-in-

[2], the rare-earth-doping of semiconductors has been exté%grated with other electronic or optoelectronic components,

sively explored to increase the potential integration of opticévggﬂa; ée?li?\lzrsn éﬁi@i;ﬁ:g;ﬂgﬁlfgggcﬁgpvl\?esﬁgvzr

previously demonstrated the possibility for realizing an oxide
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dependencies are discussed in Section Ill. Fourier transform 2.0
infrared (FTIR) transmission spectra of oxide films grown in

both water vapor (KHO) and deuterium oxide (£D) are used to ""E
study the presence and source of hydroxyl (OH) groups in the 80 1.5
wet oxides. High-temperature annealing has been employed 2

T T T T
(@) AloAsGao.zAs:Er' single implant

160 keV, 10'% cm? dose

(b) Al, c,Ga, ,,As:Er, multiple implants

as an effective post-processing step to activate erbium ions g 1ol 042 i
and remove OH groups. We have shown elsewhere that the & _400' 698, 1100 & 2000 keV
addition of trace amounts of oxygen to the nitrogen carrier § 4-8Xt1?1|5 gm'z
gas enhances the wet oxidation rates and increases the oxid Zc: o.5H olatdose. ]
refractive index with lower Al composition AlGaAs alloys ©

[26], [27]. In Section V, we demonstrate that the introduction Y y .

of 1000 ppm Q-N, results in a significant enhancement of the (220 T S T L

Er¥t PL intensity and lifetime, with lifetime values4.0 ms) 0 200 400 600 800 1000

similar to those achieved in comparably doped@J:Er films Depth (nm)

prepared by other methods [9], [ZO]' Fig. 1. Erbium concentration doping profiles, simulated by TRIM'98, of

(a) Alg.sGay .o As doped with 16° cm—2 dose by a single low-energy (160 keV)
implantation ([5]) and (b) Al s5Ga, 42As doped with 4.8x 10'* cm—2 dose

IIl. ERBIUM INCORPORATION ANDEXPERIMENTAL METHODS % ioh energy (400, 698, 1100, and 2000 keV Enplants (this work).

A. Material Preparation

The starting materials employed in this paper amgrown as a mismatched film on a GaAs substrate, originally
Al,.Ga _,As and Al.In;_,As films, grown either by molec- for doping calibration, and chosen for this study due to its
ular beam epitaxy (MBE) and doped with Er situ during higher Er effusion cell temperature of 90, yielding an
crystal growth, or by metal organic chemical vapor depositider concentration 0f~0.03 at.%. The AJslng2As:Er layer
(MOCVD) and doped with Er post-growth by multiple ionis ~1.4 zm thick and is capped with a 68 GalnAs layer.
implantations. Both techniques permit a higher dose to Béiree Al ;Ga sAs:Er samples with different Er concentra-
distributed more uniformly over a greater depth for a lowdions have also been studied. For these, the GaAs substrate
peak concentration than achieved with the shallow, low-energgmperature is about 55, and the erbium cell temperatures
implants of [5]. This prevents ion—ion quenching interactiorsre 900°C, 950°C, and 1000 C, respectively, giving uniform
that occur at higher peak concentrations and allows stronger &bium concentrations of about 1.27 10'° cm=3 (0.029
signals, enabling measurement of both luminescence intensity6), 3.97x 10*° cm 3 (0.09 at.%), and 1.14 10*° cm 3
and lifetime for a wide range of sample preparation condition&).258 at.%), respectively. The M Gay 5As:Er layers are also
essential to the process optimization studies and doping metheti4 ;:m thick, and are capped with a 60 GaAs layer. The
comparisons presented here. The more uniform Er concentea-concentrations versus Er cell temperature for all samples
tion profiles also permit a meaningful study of the dependeneee based upon a calibration study performed with secondary
of photoluminescence intensity upon Er concentration (i.eon mass spectrometry on severab M Gay 55As:Er samples
concentration quenching), as presented in Section VI. grown at 540°C [28]. Er incorporation during the MBE growth

The two doping methods presented here are different @ GaAs:Er [30] and AlGaAs:Er [28] has been shown to be
garding profile control and concentration limits. By situ independent of substrate temperature.
doping with Er during crystal growth, the doping profile can 2) AlGaAs With Post-Growth Er Incorporation by High-En-
be easily tailored as needed, with a doping depth as dempy lon Implantation: For further studies on oxides of
as the thickness of the AlGaAs layer. However, the highest-implanted AlGaAs, a 2#m-thick film of Alg 53Gay 42AS
Er concentration is limited by its solubility in the AlGaAswas grown at The University of Texas at Austin by MOCVD,
semiconductor, about & 10'” cm~3 and 4x 10'° cm3 for  and subsequently doped with Er via high-energy implantation
Alg.4Gay.gAs grown at 580 C and 400°C, respectively [28]. In at FOM Institute for Atomic and Molecular Physics (AMOLF),
contrast, ion implantation can achieve an Er concentration wélinsterdam, The Netherlands. The film is grown on a semi-in-
above the solubility limit because the Er is not distributed in sulating GaAs substrate with a 200-nm GaAs buffer layer, and
thermal equilibrium phase with its host. In this situation, theapped with a 50-nm GaAs cap layer which remains on the
Er may still aggregate and form clusters during the subsequeample during implantation. All layers are not intentionally
thermal oxidation process. This shortcoming may be avoidalsieped. Erbium concentration profiles as simulated by a Monte
by implanting the Er ions after oxidation. Carlo analysis with TRIM’98 [31] are shown in Fig. 1. Fig. 1(a)

1) Er Incorporation in situ During Molecular Beam shows for comparison the simulated doping profile of the
Epitaxial Growth: Several AlGaAs and AllnAs samples,AlysGa 2As sample with a single low-energy (160 keV)
grown by MBE for a previous study [28], [29] of Er-dopedEr implant (13°-cm~2 dose) from our previous study [5].
semiconductors at North Carolina State University, Raleigixcept for the discontinuity at the interface between the 20 nm
were subsequently provided to the University of Notre Dam&aAs cap layer and the AlGaAs film, the profile has nearly a
IN, for additional oxidation and photoluminescence studigSsaussian-shape with a range of 46 nm, a straggle of 18 nm, and
to further explore the suitability of the native oxides as ram peak Er concentration of about210?® cm 3 (0.45 at.%).
earth hosts. The BlsIng.2As:Er sample used in this work wasFig. 1(b) shows the simulated doping profile of the highest dose
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(4.8 x 10" cm~2) multiple high-energy implant sample usedo the desired annealing temperature prevents oxide delamina-
in this work. To achieve this relatively flat doping profile to aion problems [32] encountered with rapid thermal processing
depth of~0.5um, four implants of singly-ionized Erare done attempts. We found no observable difference in the PL inten-
at 400 keV (4.4x 10™* cm~2), 698 keV (5.5x 10™* cm~2), sity of EPT in studies of samples annealed in,Mr, or O,.

1100 keV (8.9< 10** cm~2), and 2000 keV (2.% 10> cm~2).  Closed-tube annealing in sealed quartz ampoules with varying
A flatter profile is possible through further fine-tuning of thdevels of As overpressure is performed to study the role of As in
implants. For two more lightly-doped samples with total dosdke native oxide hosts (Section V).

of 1.29x 10*® cm~2 and 2.39x 10** cm™2, identical implant

energies are used but with proportionately lower individu@. Optical Characterization

doses. Implantation doses are accurate-10%, with the en-
ergy stable to withint2 keV. The implants were carried out at
an angle of 7 off normal to avoid channeling, with the sample . . :
cooled to 77 K. A Rutherford backscattering spectrometr -Sapphire laser tuned to 980 nm, or with either the 438

(RBS) measurement done at AMOLF on the sample with t & 514 nm line of a cw Argon ion laser. Pump powers are

lowest dose gave a concentration of 0.0675 at.% instead of {KB'C""”V 500 T“W or Iesg, focused to-20.5-mm spot size. The
0.05 at.% simulated by TRIM'98. The actual concentratioliump beam is mechamcally chopped at a frequency betv_veen
of two other samples, based on the simulated concentrati 20 Hz. The EY" luminescence is spectrally analyzed using

via TRIM'98 and adjusted accordingly, are 0.135 at.% anzi t-stm gr:tllngk monoc?;_omal_tor .W'th a TE;jcooIed InGaAs
0.27 at.% before oxidation. Due to the85% shrinkage upon etector and fock-in amplilier. Luminéscence decay curves are

oxidation of AlGaAs, the Er volume concentration (ch) in averaged on a digitizing oscilloscope with computer fitting

the native oxide is expected to be slightly higher than that H§ed to extract lifetime values. The cutoff time of the chopper

the semiconductor. Most of the As escapes from the crys r|1eel is about 0.22 ms, and the InGaAs detector has a rise time
less than 0.2 ms.

during oxidation, while oxygen is incorporated (as most sim .
9 yg P ( P For FTIR transmission spectroscopy measurements, the

illustrated b le of th i f 2AlAs t , ) . .
riustraied by example of the conversion o S 10:A) ckside of the samples are mechanically polished to reduce

so that the number of atoms in a unit volume increases B? . . X
~1.25¢, reducing the total concentration of Er in atomic attering. Because of transmission differences caused by

percent in the native oxide accordingly. The Er concentrati(\),gghsmng variations, only qualitative comparisons of spectral

reported in this paper are given relative to the better-kno sorption features are intended.
semiconductor values.

Photoluminescence (PL) characterization is performed at
oom temperature (300 K) by exciting theErwith a cw

I1l. ANNEALING PROCESSOPTIMIZATION

B. Thermal Oxidation and Annealing A high-temperature annealing process is typically performed
Postimplantati Is tvpicall ; dt . with an Er-doped material to favorably modify the host structure
ostimplantation anneais typically pertormed to remove iz, 4 optically activate the Er ions (through locating them on

plantdamage in crysta_lline materials were not done in this stu Yes surrounded with more nonbridging O atoms which places
Such anneals are believed to be both unnecessary before Fé?n in a trivalently ionized Bt state), and potentially to sup-

Er-g0ped semicqnductor crystalis oxidized (naturally rempvi ess PL-quenching nonradiative centers from OH groups and
all ljmplantatlﬁn-mduceg C“&Sta.l dslfects vxhne thelénlatecr;al Sther defects [14], [20], [33]. The results of studies performed
(r;:agef;morp_ o_us), anf Lm Eestljra €as It €y WO? b'I'ea' t% 5 determine the optimal annealing conditions for the Er-doped
; precipitation of t € krdue to 't_s Oower SoiLbI |ty_ Int fative oxides in this work are presented here.
semiconductor crystal relative to the oxide. After removing the
cap layer, the Al-bearing ternary alloy films described above are .
thermally oxidized from the surface in a 2-in tube furnace. O>ﬁ' Annealing Temperature Dependence
dations are performed either at 480-500°C in an atmosphere  Fig. 2 shows the effects of annealing temperature on
of water vapor formed by bubbling ultrahigh purity (UHP} N both PL intensity and the /E luminescence lifetime;r,
(0.67 L/min) through HO at 95°C (forming a “wet” oxide), of the EFt 4I13/2 level in native oxides of the implanted
or in dry UHP purity Q gas at 700C-750°C (without water Alg 53Gay 42AS:Er samples ([Erl= 0.135 at.%). All samples
vapor, forming a “dry” oxide). For wet oxidations with traceare wet oxidized at a temperature of 500 for ~90 min,
amounts of added {up to 7000 ppm @'N5), a separate, cali- and then annealed in Nfor ~10 min at the temperatures
brated (5 sccm full scale) mass flow controller channel is usedgbown. The PL peak wavelengths and the spectral full-width
controllably mix G into the N, +H>O process gas stream (Secat half-maximum (FWHM) remain virtually unchanged upon
tion VI). The water (HO) in the bubbler is replaced with 99.8%annealing. The plotted peak PL intensity at 1534 nm increases
pure D,O for some of the wet oxidations to detect the sourass the annealing temperature increases, reaching a maximum
of OH groups (Section V). Full oxidation is verified by botharound 700°C and then falling off at higher temperatures.
prism coupler [27] and scanning electron microscopy (SENgimilar behavior was observed in our study of,AGa 2As
cross-section measurements. In order to activate the Er ions &imds oxidized following a low-energy Er implant, where at an
reduce OH quenching centers (Section Ill), the wet oxides asptimal annealing temperature ef700°C, the PL intensity
annealed open tube in an inert gas ambient (ArQrditemper- increased by a factor of more than 20 compared to an unan-
atures ranging from 700C to 900°C. A 5-20 min ramp time nealed oxide [5]. Fig. 2 shows that the lifetimes here remain
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675 700 725 750 775 Fig. 3. PL peakintensity at= 1.534¢m measured as a function of annealing
Annealing Temperature (°C) temperature for native oxides of AkIng 2ASIEr (Apump = 488 nm). All

samples are wet oxidized at 50C for about 68 min, and then annealed in
. . . S r atmosphere at the temperature shown~dr h.
Fig.2. PL peakintensity at 1.534m and the corresponding lifetime measurecﬁ P P
as functions of annealing temperature for native oxides gfs&Gay 42 AS:Er

(Apump = 980 nm). All samples are wet oxidized at 50Q for ~90 min, ; : : : _
then annealed in Nat the indicated temperature fer1l0 min. The inset shows with Er durlng MBE grovvth. Fig. 3 shows that the PL inten

PL spectra of samples annealed at (a) 7@and (b) 775°C, respectively. Sity increases monotonically with annealing temperature until
Spectra (b) was scaled by2.1x and shifted along thg axis relative to (a) for 900 °C, at which point the surface of the oxide film becomes

comparison. Spectra (a) peaks at 1.3 with a 50-nm FWHM. very rough. As the substrate of these samples is GaAs, it is sur-
prising that the arsenic quenching phenomena suggested for Al-
fairly constant across the entire annealing temperature ranGaAs:Er oxides has not been observed. Possible explanations
at7 = 2.5-3.2 ms. This suggests that the observed variatianslude that the presence of In leads to a denser oxide which re-
in intensity are mainly determined by the fraction of opticallyards the high-temperature dissociation of the GaAs substrate,
active EPT ions and less by changes in their interactions witbr that In somehow suppresses ErAs precipitation or otherwise
guenching mechanisms/centers that alter nonradiative deaagreases the optical activation of Er in the host. Limited sample
rates [9]. availability prevented further study of this unexpected annealing
In Er-doped A}O; films fabricated by other techniquesbehavior.
[9], [16], [17], the PL intensity is highest for the highest
annealing temperature of 95GC. For Er-implanted AIO3;, C. Arsenic Overpressure Annealing
annealing studies indicate that at temperatures abo\@°C It is likely that arsenic (As) affects the optical activity of
the primary effect is an increase in the fraction of opticallg, gopants in 111~V semiconductor oxides. This column V el-
active EF* ions [9], [14]. Amorphous anodic ADs thin films o yent mostly leaves the crystal upon oxidization, but residual
annealed at 808C show a phase transition from a gamma-lik@ g evels of up to~2 at.% can remain, primarily coordinated
structure where Al ions are tetrahedrally coordinated in thein o in the form of amorphous-As oxides [see [35] and ref-
oxygen lattice to a more alpha-like structure with octahedrallytences therein]. The dissociation of the GaAs substrate during
coordinated sites [34]. The larger number of nonbridging 3qh-temperature annealing provides another source of As. It
atoms in an octahedral structure will increase the coordinatifiynown that As can combine with Er to form optically inac-
of isolated E#* ions and reduce Er clustering [1], [17], [22].tiye Eras [30]. Wet oxidized AlGaAs films are known to con-
We believe that the optimal annealing temperature in this wogkin significant H content (2 at.% in the native oxide of AlAs),
is reduced compared to other,8); hosts by the onset of an yqsgiply in the form of OH bonded with Al [8]. Arsenic has
“arsenic quenching” mechanism, in which As outdiffusing froflaan shown to reduce levels of OH or®l in AlGaAs na-
the underlying GaAs substrate at higher temperatures is inC{z oxides annealed in sealed ampoules with As overpressure
porated into the oxide film creating luminescence quenchiqgo_l atm) [36], suggesting it may have a beneficial role here
centers in the form of either defects or optically inactive ErAg). qecreasing luminescence-quenching OH groups. To further
precipitates [30]. The inset of Fig. 2 shows PL spectra aftgfestigate the impact of As in the Er-doped native oxide host,
annealing at (a) 700C and (b) 775°C. The enhancement,ye have performed closed-tube annealing with varying levels
of the intensity of the secondary peak centered-ab45 nm ¢ 5rsenic overpressure (As-OP) followed by PL intensity mea-
after annealing at 775C may indicate a change in the Er iong,rements. AlssGay 12As:Er (0.067 at.%) samples oxidized
enviroment, and is seen in other experiments discussed belgwsnoec are vacuum sealed in quartz ampoules with a solid

The effects of As are explored further in Section Ill-C. As source and annealed at 75D for ~20 min. The reference
, , sample (no As-OP) is annealed at 73D for ~20 min in N,
B. Annealing of AlinAs Oxide using our standard open-tube technique.

Here, we note the strikingly different annealing behavior that Fig. 4 shows that the PL peak intensity drops quickly with
was observed for the oxides of thegAlng 2As film doped 0.225 atm As-OP, dropping more slowly with increased As-OP
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Fig. 4. PL peak intensity of Als;sGa;.42As:Er (0.067 at.%) oxidized at

500°C and then annealed at 75C for ~20 min versus variation in arsenic

overpressure pump = 980 nm). The inset shows PL spectra of sampleFig. 5. The dependence of PL peak intensity upon the annealing time of

(a) annealed open-tube with no As and (b) annealed in a vacuum-sealed quak{z s Ga, 42 As:Er (0.067 at.% Er) wet oxidized at 50 for 111 min and

ampoule with 0.530 atm As overpressure (As-OP). then annealed at (a) 725C or (b) 750°C, respectively. The inset is the PL
spectra of the samples annealed at 780 Spectra are offset from each other
for purposes of comparison.

up to 0.823 atm. As seen in the inset of Fig. 4, the PL spec-
trum of the sample annealed with 0.53 atm As-OP shows a sim- - . :
ilar enhancement of the peak around 1547 nm as is obser\i[%iat () 725°C or (b) 750°C for the indicated time durations.

- . e PL intensity increases sharply, reaching a peak at 15 min
in Fig. 2(b) for samples annealed open-tube at higher temper L .
tures. It would be useful to study the variations in PL lifetim 1 (a) and 11 min in (b), and thereafter drops and then stabi-

accompanying the observed intensity changes in Fig. 4 to furt 6FS with increased annealing time. This time dependence sug-

elucidate whether they are driven by variations in optical acﬁ’—es.ts that a f|n|tg time Is requed fpr Er ions to locate on an
vation levels or nonradiative decay channels [9]. Unfortunate%ﬁ“ca”y active site, for the native Ox'de. to undergo a favorable
our limited material availability dictated that these experimen _|cr_ostructure Chaf‘ge’ and/ or_que_nch|_ng-related de_fects to be
be done with our lowest dose implanted sample that gave insti iminated. The optimal anneahng time s _shorter at hlghe_r tem-
ficient PL signal strength to allow accurate lifetime measurg?ratu.re'. These results are conS|_stent W'th the aggression of_a
sociating GaAs substrate causing an increased As content in

ments. The data of Fig. 4 does, however, confirm that increas%? native oxide films to worsen any As quenching effect. After
As level tively i t the lumi f Er-d . . . g '
S |eVels cah negatively impact the fuminescence of r-dop initial decrease in the Ef PL intensity with increased an-

native oxides. Since the As levels incorporated here may s

. . . : ealing beyond the optimal time, very little further change oc-
be representative of those occurring during typical sample p'%l{rs. This can be attributed to the rate of As outdiffusion from

cessing, it is not known whether degradation is the dominaéie oxide reaching an equilibrium with the rate of incorporation
effect. However, a decrease in the fraction of optically active . ; .
P y As into the oxide from the GaAs substrate. As mentioned,

ions through the formation of ErAs complexes appears to be e ) : ;
most likely source of the PL intensity decrease for temperatu réneallng with AS.'OP can redu_ce Fhe OH contgnt of wet oxide
above 700 C in Fig. 2 where substrate dissociation occurs mott ms_[3_6]. The slight PL intensity Increase going from 30 _to
aggressively. Fig. 4 shows that As-OP annealing, typically em- min in '.:'g' 5(b) may be _due to areduction in OH quenching
ployed to suppress GaAs substrate dissociation, presents its gﬁgters, discussed in Secpon IV.‘ .

problems here, precluding its use for reaching higher the anneal L spectra are shown in the inset of Fig. 5 for samples an-

temperatures desirable to most fully activate Er in native oxi(ﬁ‘? aled ?nt ;So}ﬁt fcr)lr it6.5 fa?dn 30r nv:/mv \INi a;galn nkote an :rr]|_n
films. Performing the Er implantation after oxidation will avoid €3¢ € intensity of longer wavelengin peaks occurring

the interaction of Er and As and formation of ErAs complexell,ere with I_on_ger anneal tlme_s. Specira after a 60-min a_nneal
e very similar to the 30-min spectra (not shown). While a

during oxidation when most As is liberated from the crystal, bl?r:] . : . L . .
As outdiffusion from the substrate could still limit the maximung 'a9€ IN relative peak intensities is a manifestation of a change

i . . in the relative transition probabilities between the seven Stark-
postimplantation annealing temperature. split E#Ilg/Q manifold levels and the eight levels of tﬁa5/2
ground state [1], [2], the cause and significance here is unknown.
However, we note a possible correlation in that the effect is ob-

Although temperature is the primary factor in the annealirgerved only for samples annealed here at the highest temper-
optimization, the anneal time is also subject to optimizatioatures (Fig. 2), the highest As overpressures (Fig. 4), and the
Any desirable solid phase transformation or Er migration thiingest times (Fig. 5). These data suggest that this peak en-
occurs may require a finite time duration, while competing deléancement is correlated to the increased levels of As in the oxide
terious processes (such as As outdiffusion) place a limit upilms expected under these annealing conditions. If true, how-
the process length. Fig. 5 shows results fos AlGay .2As:Er  ever, itis not necessarily directly due to Er—As interaction, given
samples oxidized at 500C for 111 min and then annealed inthat similar spectra are observed in As-fre@®4:Er films on

D. Annealing Time Dependence



KOU et al: Er-DOPED AlGaAs NATIVE OXIDES 885

Si[9], [20]. The previously-mentioned As-induced reduction in ! J ! |
Al-OH oxide phases may be responsible [36]. 3 (?% 33'%,?#:1")‘3 Alg glMg ASEY
< | (b) wet oxide -.............. (c) unoxidized
- i
IV. HYDROXYL QUENCHING “Z’ (15x33.2m) Y (15x4§.gm)
[ 5]
The fundamental vibration mode of OH molecules lies be- £
tween 2500 and 3600 cm (A = 2.7-4,m), causing the 2nd § N\
harmonic of these OH vibrations to overlap with the Ar5- § :
emission band of Er. Therefore, if an OF molecule is cou- 2 | FWHM =55.2 nm ....53.0nm
pled to an E#* ion that s in its first excited statél 3/, nonra- E (dm) hg 2 nm (wet)
diative relaxation of the Br can occur by excitation of two OH g . '
vibrational quanta. Such luminescence quenching by OH groups £ | 300K (CW) .7 >
is well known in various oxide and glass hosts [33]. The wet ox- . - | | .

ides of Al-bearing IlI-V semiconductor alloys can be expected
to retain hydroxyl groups to some degree due to the inherent
nature of wet oxidation. The formation of Al-O—-H compounds
in AlAs native oxides ha.s been inferred from.the Slgmflcant. II_=|ig. 6. Room temperature PL spectra from, Alng 2 As:Er (a) oxidized in
content by SIMS analysis [25], [36] and elastic recoil detchoF;l\Jre dry G (725°C, 135 min), (b) oxidized in water vapor (50C, 81 min)
(ERD) [8]. Moreover, the wet oxides are known to adsorb moignad annealed in Ar (725C, 1 h), and (c) unoxidized\gump = 488 nm),

ture from the atmosphere [27] due to their porous microstru%l”ga:f%;?;_ﬁ%mg\%ﬁ&r)‘-isTr:‘&F;';roi2;ee”rsi%’ar?f(é‘;")thtgewgtryo)?i’éige(pf;f‘k

ture. To further e.St_ab"Sh the role of OH groups as SUSpeCtﬁé4 nm, 53.0-nm FWHM) and 93 stronger than (c) the unoxidized
agents of nonradiative decay, we have previously compared saaiconductor (peak 1542 nm, 29.2-nm FWHM).

luminescence properties of A Gay 5 As:Er (0.009 at.%) films

oxidized in wet(N; + H»0) versus dry (Q) environments. Al slng.2As:Er shown in Fig. 6(c) is 9.3 times weaker than that

}[/r\]lgh(;tre igﬁegcoe _(C)jfevsvatre(z)r y(?g(;rsl'?n t_r|1aer (;r% gxf_?rg(;nh%;?{cfjc_)sf’ (a) the dry oxide and 2.7 times weaker than that of (b) the wet
_ary” hative oxi provide a simi u . ' “oxide. The PL intensity of (a) the dry oxide is 3.4 times greater
sulting in similar spectra but witk-3 times greater PL intensity

. ) 2 > than that of (b) the wet oxide. The lifetime of the®Er|
and a 6.7-ms single-exponential decay lifetime [37]. In this Sefavel is shor(te)r in the wet oxide than in the dry oxidgmindi-

g(i?sr::,uvgs ;ﬁ_’?g%ségsnj:erriﬂ;lg fg;;vzts?gg (:;%SU::]ASOI)EJ d::trirzjsr;c%ting the presence of more nonradiative decay channels. The
; e ' y ving dry oxide luminescence has a single-exponential decaywith
deuterium oxide (“heavy water”) vapor to investigate the sour

of OH quenching centers 5 ms, while the wet oxide decay signal is best fit by a double
) exponential with time constants x 1.2 ms and x 6.9 ms.

o ) . The fast component is associated with a quenching mechanism
A. OH Quenching in Wet Versus Dry AllnAs:Er Oxide Films 5,,5ing nonradiative de-excitation of the Er. Similar double ex-
In [37], the light Er doping level of the AIGaAs sample reponential behavior withy; x 1.9 ms and- x 7 ms was observed
sulted in a weak PL signal for the wet oxidized film, preventing [5], with the quenching attributed to cooperative upconver-
measurement of the decay lifetime for comparison to that sion associated with Er—Er interaction in the heavily doped sam-
the dry oxide. The experiment as repeated with more heavpies. With the lighter doping of these samples, ion—ion interac-
doped Al slng2As:Er films (~0.03 at.%) is presented heretion is less likely, suggesting another quenching mechanism is
Fig. 6 shows PL spectra of fklng2As:Er and its wet and atwork here (and possibly in [5]). While there are other possible
dry native oxides. Due to a large activation energy for botthefect-related quenching centers, OH groups are the most prob-
Alg.5Gay 5As [37] and Ab slng 2As (~3 eV), dry oxidation is able based on the comparison of wet and dry oxides here. This

quite slow and must be carried out at a high temperature. Tisesupported by FTIR spectra of wet-oxidized AlGaAs films
dry oxide of Al slng 2As:Er in Fig. 6(a) was formed in £at  (shown below in Fig. 7) which show a broad OH absorption dip
725°C for 135 min, with no post-oxidation anneal. The wetentered at 3410 cmi, as is also observed in wet oxidized AlAs
oxide of Fig. 6(b) was prepared through wet oxidation at500 [38], but which is not present in our unoxidized or dry-oxidized
for 81 min, with a post-oxidation anneal in Ar at 72& for films (data not shown).

1 h. Since the PL intensity from the unoxidized semiconductor Comparing the spectral features in Fig. 6 for both dry and wet
has previously been shown to drop after annealing at tempeoaides, the central peak is at 1.534 and 1.p8% respectively,
tures higher than 600C due to the diffusion and segregation ofvith FWHM of 55 and 53 nm, respectively, indicating a similar
Er atoms [28], the semiconductor sample of Fig. 6(c) was nlatcal environment for Ert. We note here that nearly identical
annealed. While Fig. 3 shows that higher anneal temperatusgectra are also observed for oxides of AlGaAs:Er doped via
can further increase the PL intensity of the AliInAs wet oxidégn-implantation (Figs. 2 and 4 insets) or during MBE growth
the anneal temperature is matched here to the"®28ry oxi- (not shown). All Er-doped oxide spectra are very similar to
dation temperature (chosen to minimize surface roughness}hose of Er-doped deposited &3 films [9], [11], [17], [20]
order to more directly compare OH quenching effects. The datad ALO3;—GeQ—SiO; glass fibers [39]. The Alglng 2As:Er

of Fig. 6 are normalized to allow better comparison of speoxide PL spectra is also far broader than the 10-nm FWHM re-
tral features, discussed further below. The PL of the unoxidizedrted for InO3:Er [10]. It is believed that in such multicon-

1450 1550 1650
Wavelength (nm)
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Fig. 7. Normal incidence FTIR transmission spectra ®fl pm of 1000 3000 5000 7000
Al sGay 2As wet oxidized in HO vapor at 500°C for 25 min. Dip at Wavenumber (cm™)
3410 cnrt is due to absorption by OH groups and dip around 1610cis
due to the H-O-H bending. Fig. 8. FTIR spectra of 22m Al 55 Gay 42 As:Er (0.135 at.%) (a) oxidized at

550°C for 36 min in D, O vapor with 4000 ppm @added to the Rl carrier gas
. . ) . . ) .and exposed to atmosphere for osl20-30 min, (b) and then exposed to 100%
stituent materials that erbium ions preferentially coordinate withlative humidity (RH) B O for two days, (c) and then exposed to atmosphere

the Al-O~ groups which thus have the dominant influence ofy30%-40% RH HO) for another two days.

the crystal field splitting and resulting Er Stark levels and

transition spectra [39]. In contrast, the inhomogeneous brodfoups in the oxides. In order to conserve thglDthe oxi-
ening in the crystalline semiconductor host, where each Er igations here are carried out at a high temperat®50 °C)

sees a more consistent crystal field, is much less and resultavith the addition of Q to further enhance the oxidation rate
a FWHM of only 29.2 nm. [26]. We note that oxidation rates in,D vapor are~0.6 times

slower than that in normal deionized @ vapor. Fig. 8(a) shows
B. Infrared Transmission Spectra of AlGaAs Films Oxidized the FTIR spectra of an AsGay.42As:Er ([Er] = 0.135 at.%)
in H,O Vapor film wet oxidized at 550°C for 36 min in D,O vapor with
FTIR transmission spectroscopy has been employed a4000 ppm Q (relative to N;) added to the process gas stream.

i d ient method to identify OH int ife modulation envelopes evident in all spectra are clearly due
sensitive and convenient method to 10en ity groups in QS abry—Pérot interference effects, as the positions of the max-
oxides, where the absorption band due to the stretching

bending vibrations of the OH-bonded molecules provide l“g% m and minima shift with the varying thickness of the film
H

unique spectral signature. Fig. 7 shows the FTIR spectrum o ers and incidence angles used in these experiments, while
: Y - OH or OD absorption di in at a fixed ber.
~1um-thick Alg sGa 2As film [27], wet oxidized at 500°C or absorption dips remain at a fixed wavenumboer

: R ; ., Surprisingly, no absorption due to OD stretching is observed in
for_ 25. min, which indicates that OH groups In the wet oxu_je ), while the absorption due to OH stretching is still present.
exist in two formls, Al-OH and H'OH' Besides the a_lbsorpuo he only possible source for OH groups in these films, oxidized
around 3‘10.0 cm” due to OH. stretching, the smaII.dlp arounqn D, 0 vapor, is from moisture adsorbed from the atmosphere
1610 cnt* is due to absorption from H-O-H'bendmg .[40]' Induring the 20—30 min required to transport the sample from the
general, water absorbs at 3200-3550 ¢rantisymmetric and oxidation furnace and mount it in the evacuated FTIR instru-

Eymgjetric :])H strettr(]:hiﬂg()j andl at 16?0_163?_‘%”?:'()'““ ent chamber for the measurement.
ending) whereas the hydroxyl complexes of metals lac ®The FTIR spectra of Fig. 8(b), taken after the sample

H-O-H bending mode near 1600 crh . . of Fig. 8(a) is exposed to 100% humidity of,D at room

For I'qlf'd water, thel rauo of absorpho_n magmtudes %mperature for~2 days, shows a pronounced AIO-D dip
3.410 e to 161(.) e IS ~1.51 [40], mt_jlcatlng that th_e around 2500 cm! while the AlIO-H dip becomes shallow. This
disproportionate dip in Fig. 7 at 3410 crhis due predomi- suggests that OD groups from adsorbeddmay incorporate
nattely tg AIO—H{a_ndtr:]otfHO—Hf. Xrgsﬁmoﬁ-t ?]fthe 8';9:9”‘)8' to the oxides, possibly replacing OH groups. As shown in
wet oxides exist in the form o -H, which could be forme gig.8(c),whenthe same sample is exposed to the ambient room

either during the wet oxidation process [8] or afterwar : :
. : . tmosphere again for another two days, the OD-related dips
through reactions with adsorbed moisture from the atmosphg/r P g y b

[27]. The following experiments with £ suggest that that Hhish. The FTIR spectra show clearly that the detected OH
’ g exp 99 groups in AlGaAs films oxidized in BO vapor with 4000 ppm

later mechanism dominates. of O, added come predominantly from moisture adsorbed
S ) from the atmosphere after oxidation. We did not perform this
C. Wet Oxidation With BO Vapor experiment without the use of added @ isolate its influence

Since B0 has very similar chemical properties tg®l the in the experiment, but have observed no obvious difference
wet oxidation process in fID is expected to be similar to thatin the strength of OH absorption dips in films oxidized in
using HO. We have explored the wet oxidation of AlGaAs:EH,O with versus without added O(data not shown). These
in D2O vapor to provide further insight into the source of OHesults suggest that with appropriate processing and hermetic
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packaging, OH quenching issues in Er-doped wet oxides may T 5
be avoidable. We show below in Section V that AIGaAs:Er wet
oxidized with added @has PL intensities and lifetimes greater —>
than those of dry oxidized films, suggesting that when prepared
in this way, OH quenching is no more of an issue in these
materials than in AlOs:Er hosts prepared by other techniques.

It is unclear why in the FTIR spectra of dry oxidized
Al.5Gay 5As films discussed previously (Section IV-A not
shown), no obvious OH absorption bands are detected. Their
lower refractive index compared to wet oxides suggest they g
are more porous, though they are less hygroscopic as indicated
by their smaller refractive index increase after exposure to
atmospheric moisture. One hypothesis is that the pore surface 1400 1500 1600
of the dry oxide is chemically different and less active than in Wavelength (nm)
the wet oxide such that adsorbed® will bond only weakly ! ! ! 0
(if at all) with the dry oxides, while reacting and forming Y 2000 4000 6000 8000
chemical bonds with the wet oxides. Thus, when the FTIR O, Content Relative to N, Carrier Gas (ppm)
chamber is evacuated, the adsorbed moisture inside the dry

oxides may evaporate while that in the wet oxides remains. Jug- 9 The dependencies of Er 1.534um PL peak intensity and
fluorescence lifetime on © content in the carrier gas for implanted

FTIR experiments on Al;Ga ;As native oxides annealed aty| " "= “ac.e/ (£ = \nbox{0.27} at.%) samples wet oxidized at 450
400°C, 600°C, and 700°C in Np suggest that the majority and annealed at 725 for ~12 minin No. The inset shows the PL spectra and
of OH groups detectable in transmission throughl ;m their relative intensities for samples oxidized with ng &nd with 1000 ppm
thick films are removed by 700C (data not shown). Some Oz 2dded: the later has a 1.53a peak and 47-nm FWHM.
OH groups may still exist, as OH groups in bulk anhydrous
aluminum oxides have been found even after heating t6¢ 898 more O-rich local environment may serve to suppress some
disappearing only after heating to 105Z [41]. nonradiative transition channels, such as OH or As related
quenching centers. However, since the PL intensity increase is
more dramatic than the increase in lifetime, it is likely that the
O-enriched environment increases the number of nonbridging
The carrier gas used in the wet oxidation process is usuaflyatoms which, in turn, effectively coordinate more optically
an inert gas, such as,Mr Ar, and its only function is to trans- active EF* ions [39] and prevent Er cluster formation [1], [17],
port the reactive agent @@ vapor) into the furnace. Thus, it hag22].
little effect on the wet oxidation chemical reaction. It has been Rutherford backscattering (RBS) data of,AlGa, 7As wet
shown that the wet oxidation process is suppressed witasD oxides oxidized with UHP B and with 7000 ppm @ content
the carrier gas [7]. However, we have found for low Al-compandicate that the ratio of O atoms versus Il group elements, (Al
sition Al,Ga _.As that adding a trace amount 0§ ©Q<1%) to + Ga), are 1.35 and 1.51, respectively [26]. This increased ratio
the N; carrier gas results in significant increases in oxidatias consistent with a more stoichiometric (8a _,)203 film
rate(x < 0.8) and native oxide refractive indéx < 0.6) [26], [8] and confirms that more O atoms are incorporated into the
[27]. In this section, we report the beneficial impact of &- native oxides formed with ©added to the process gas.
dition during wet oxidation upon the luminescent properties of At the highest @ content in Fig. 9, the drop of PL intensity
Er*T ions in the oxide. coincides with a drop in oxidation rate, as the added&pins to
A group of Aly 55Gay 42AS:Er ([Er] = 0.27 at.%) samples consume excess hydrogen necessary for the reduction,@f:As
were wet oxidized at 450C with the addition of varying (both wet oxidation reaction byproducts) to more volatile ele-
amounts of Q to the process gas, and then annealed at?25 mental As for removal from the oxidizing film [7]. This could
for ~12 min in N;. Fig. 9 shows the dependencies of thé*Er result in more Er—As complexes, and thus induce additional As
1.534 ym PL peak intensity and lifetime on the added Oquenching, as discussed in Section IlI-C.
amount. The PL intensity increases sharply, about four times,n Fig. 10, we directly compare the PL decay curves of the
with the addition of only 1000 ppm £relative toN;). The PL  Er-implanted A} 5sGay 42As (0.27 at.% Er) samples of Fig. 9
intensity then drops gradually back toward initial values witbxidized with (a) 1000 ppm ©and (c) no added Dwith the
further increases in Ycontent up to 7000 ppm. The lifetimesame sample (b) dry oxidized at 72& (the same tempera-
of 4I13/2 follows a different trend, nearly doubling from 2.6 toture at which (a) and (c) are annealed). The similar lifetimes
5.0 ms with only 1000 ppm $and remaining above 4 ms untiland single-exponential decay observed for both (a) the O-en-
dropping back to to 3.3 ms at 7000 ppm. riched wet oxide £ = 5.0 ms) and (b) the dry oxider (=
Similar results have been observed fog Alny 2As doped 4.6 ms) suggest thatsaddition during wet oxidation is an ef-
with Er during MBE growth (data not shown). The quick satfective approach for suppressing the deleterious affects of OH
uration of lifetime and refractive index [26] versus the carrieguenching centers discussed above in Section 1V, and assumed
gas oxygen content suggests a different oxide microstructuesponsible for the shorter 2.6-ms lifetime of (c), the wet oxide
is formed even with only a small addition of oxygen. Aformed w/o added @ The~5-ms lifetimes compare favorably

-

Intensity (a.u.)
(sw) swnay

PL Intensity (a.u.)
1

V. EFFECT OFOXYGEN ADDITION TO CARRIER GAS
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Fig. 10. Room temperature PL decay measurements at 1.584for
implanted A} 55Ga 42AS:Er (~0.27 at% Er) (a) wet oxidized at 450C
with 1000 ppm Q added and then annealed at 726 in N, for 12 min
(r = 5.0 ms) and (b) dry oxidized at 72%C (r = 4.6 ms), (c) wet oxidized
at 450°C with no O, added and then annealed at 7Z5in N, (7 = 2.6 ms),

Fig. 11. Normalized PL peak intensity showing concentration quenching
characteristics for PL of AlssGa 42As:Er erbium concentration in native
oxides with 0.067, 0.135, and 0.27 at.% Er when (a) dry oxidized at @2%r

wet oxidized (b) without added £at 501° C, and (c) with 1000 ppm ©added

. to the N, carrier gas at 452C; and (d) for Ab 5Ga, sAs:Er doped during
and (d) for Ab.sGay sAs:Er (~0.26 at% Er) doped during MBE growth, wet - o S .
oxidized at 500°C with 1000 ppm Q added and annealed at 726 in N MBE growth with about 0.029, 0.09, and 0.258 at.% Er, wet oxidized af&00

for 20 min ¢- = 1.5 ms) for 132 min with 1000 ppm added-OAll wet oxides are annealed20 min
=4 : in N2 at ~725°C. Sample (c) shows the least concentration quenching, with
a 1.54x intensity increase as the Er concentration doubles from 0.235 to

to those reported for AD3:Er films of comparable doping level 0.27 at.%.

[9], [20]. Also shown in Fig. 10(d) is the PL decay curve of

Alo sGay sAs:Er (~0.26 at% Er) doped during MBE growthgroup of samples (a)—(d) are normalized by the maximum PL
and wet oxidized at 500C with 1000 ppm @ added and an- intensity for the purpose of comparing quenching behavior
nealed at 725C in N, for 20 min. The MBE-doped sample has(i-€., the slope, or change in PL signal for change in doping
a doping level and processing similar to the implanted samg@ncentration) such that comparisons of relative PL intensity
of Fig. 10(a), yet still has a significantly shorter lifetime £ Petween sample groups from this plot are not valid. The curves
1.5 ms), indicating a greater density of quenching centers. WHitEe extrapolated to zero as an illustration aid. Concentration
there is more uncertainty in the indirectly-inferred doping cofiuénching is clearly evident in all curves, as the PL intensity
centration of sample (c), this comparison points to implantgpes not increase linearly in proportion to increased Er con-

tion, a nonequilibrium process unconstrained by the solubilifFNtration. In the dry oxides of Fig. 11(a), the PL intensity
limit of Er in the semiconductor, as a more effective dopin creases only 1.22 times as the Er concentration doubles from

technique. 135 at.% to 0.27 at.%. Of the three oxidation techniques,
samples in (c) prepared by wet oxidation with &lded (Sec-
tion V) exhibit the lowest degree of concentration quenching
behavior. For these O-enriched wet oxides of Fig. 11(c), the PL
Due to its small emission and absorption cross seittensity increases 1.54 times as erbium concentration doubles
tions, high concentrations of Er (0.1-1 at.%) are required to ieem 0.135 at.% to 0.27 at.%.
alize amplification in a planar waveguide [12], [13], [15]. The The PL intensity is directly proportional to the lifetime and
maximum Er concentration is constrained by its solubilitthe number of optically active Er atoms [9]. The measured
limit in the host. Increases in gain may not be proportional rl, 5, level lifetime of the dry oxides of Fig. 11(a) decreases
the soluble Er concentration as the distances between Er itys0.87< from 5.7 ms at 0.135 at.% to 4.6 ms at 0.27 at.%,
become small, resulting in an enhancement of nonradiatwgth the decrease attributed to the ion—ion interaction between
de-excitation mechanisms caused by ion—ion interactions [18losely spaced ions. However, this lifetime decrease does not
Both energy migration and cooperative upconversion cagcount for the entire PL intensity saturation factor as the Er
depopulate the erbium ions in the first excited state and impawncentration is double@1.22/2.0 = 0.61x), indicating a
the optical gain [14]. ~0.7x decrease in the fraction of optically active Er atoms.
We have investigated concentration quenching in samplEkis is in contrast to the observation with Er-doped@{
both doped via ion-implantation angh situ during MBE prepared by sputtering that the fraction of active Er ions does
growth. Fig. 11 shows the peak photoluminescence at 1534 not change with concentrations up to 1 at.% [9].
versus Er concentration for implantedokGay 42As (a) dry One possible source of additional nonoptically active sites
oxidized at 725°C, (b) wet oxidized at 502C without added may be Er clusters formed in either the semiconductor or the
0., and (c) wet oxidized at 452C with 1000 ppm Q; and oxide during the high temperature oxidation process. Er aggre-
(d) for MBE-doped A} ;Gay 5As wet oxidized at 500C for gation most likely happens in the not yet oxidized semicon-
132 min with 1000 ppm @. All wet oxides were post-annealedductor, which has a much lower Er solubility, occurring more ag-
in N» at 725°C for ~20 min. The PL intensities within eachgressively as the Er concentration and/or temperature increases.

VI. CONCENTRATION QUENCHING
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This hypothesis is consistent with Fig. 11(a) in which the highest[7]
temperature process, dry oxidation, shows the greatest decrease
in PL intensity as Er concentration increases. Fig. 11(b) shows
that the quenching behavior of MlsGay 42 As:Er films wet ox- [8]
idized at 50F C without added @is only slightly reduced com-
pared to the dry oxidized films in (a), but significant improve-
ment occurs in (c) where wet oxidation is done with the assis-[9]
tance of 1000 ppm added;@t the reduced processed tempera-
ture of 452°C. Both the reduced Er diffusion at the lower tem- 1
perature and the increased incorporation of O in the oxide films
may contribute to a reduction of the rate of apparent Er precip—1 1
itate formation as doping is increased. The data of Fig. 11(c5
suggest that still higher Er concentrations are feasible in these
films. Both Er and ErAs precipitate formation [Section 11I-C] [12]
may be dramatically relieved by performing the Er implantation
after oxidation. Finally, the pumping efficiency and waveguide
amplifier gain in ALOs:Er can be further increased through the [13]
use of the codopants such as®¥i{18], [22], [23] or EGFT [21].

[14]

VII. CONCLUSION [15]

We have shown that the native oxides of AlGaAs are promising
hosts for optically active Er, offering the added potential for [16]
monolithic integration of planar waveguide amplifiers or lasers
with active semiconductor optoelectronic and electronic compoy
nents. Arsenicliberated fromthe semiconductor during oxidation
or incorporated from the GaAs substrate during high-temper-
ature annealing is shown to be a possible source of quenchirfgg]
centers, most likely through the formation of ErAs precipitates.
OH groups in the wet oxides have been detected by FTIR spec-
troscopy and suggested as probable quenching centers from
comparison of photoluminescence between wet and dry oxides.
Oxidation and FTIR experiments employing heavy watey@[p
suggest that OH groups in AlGaAs wet oxidized with added O
come mainly from post-oxidation adsorption of moisture from
the atmosphere. The addition of trace amountsod@ing wet
oxidation is shown to greatly enhance the Er photoluminescenéé”
intensity and decay lifetimes. ForfsGay_ 42As samples doped
via multiple high-energy ionimplantation with a peak Er concen4{22]
tration of 0.29 at.%, lifetimes as highas 5.0 ms are achieved.

(20]
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