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Waveguiding by total internal reflection is demonstrated within G, _,As semiconductor
heterostructures which have been fully oxidized in water vaper420 °C. Refractive index, mode
propagation constant, propagation loss3cm ) at A\;=1.3 and 1.55um, secondary ion mass
spectrometry depth profile, and Fourier transform infrared transmission spectra measurements are
presented to characterize a multimode single-heterostructure oxide waveguide. An index contrast of
An=0.06 is observed between oxidizger 0.4 andx=0.8 Al,Ga, ,As oxide layers. Absorption

loss at 1.55um is observed due to OH groups. Near-field images are presented showing
waveguiding in a single-mode oxide double heterostructure 1999 American Institute of Physics.
[S0003-695(199)05446-1

Since its discovery in 199bthe wet thermal native ox- used to grow two AlGaAs heterostructures on semi-
ide of the compound semiconductor AlGaAs has become aimsulating GaAs substratet) a single heterostructur&H)
important material for optoelectronic and electronic devfces. consisting of 1um of Aly¢Ga -As followed by 1.4um of
These stable oxides have a low refractive index, good insuAloGa ¢As; and(2) a double heterostructur@®@H) with 1
lating properties, and are easily incorporated into heteroum of Alg gGaAs, 0.4 um of Al ,Ga 6As, and 0.6um of
structures. AlGaAs oxides have previously been used if\l0gGa2As. Both structures have 500 A GaAs cap layers,
waveguiding applications for cladding layer index and all layers are not intentionally doped. In each structure,
reduction® lateral confinement for buried strip waveguides, the waveguide core is in the {G& ¢As layer which main-

or to introduce birefringence into a mostly semiconductort@ins & higher Ga content and refractive index relative to the

core® In a recent study of the Al dependence of the refracAl0.6G%.2As cladding layers after oxidatidhThe GaAs cap

tive index in native oxides of AGa,_,As (x=0.3-0.97)° layer is removed in a 4:1 citric acid:30%8, selective etch,
we observed suitable index variatio_(xtsg. An=0.06 for>; and the heterostructures are thermally oxidized from the sur-

=0.4-0.9 to enable waveguiding by total internal reflection face in water vapor as previously described 493°C for

within native oxide heterostructures. In this letter, we dem-262ltm'néSH)’ and 4(‘32 °C for 98.(;n|rthH). The SH forr‘r:sdad_
onstrate native oxide single- and double-heterostructure pl fnuitimode asymmetric waveguide where an upper cladding

nar waveauides fabricated by fully oxidizing appropriate &Y Was omitted to allow prism coupling characterization
9 y Tuly g approp of the indices and thicknesses of both layers. A prism cou-

AlGaAs semiconductor heterostructures. By internally gwd—pling mode profile in Fig. 1 shows dips in the intensity of

ing light in oxide films, sgbs?antlally_ larger |nteract|o_n light reflected from the prism surface contacting the sample
lengths allow the characterization of important absorption

and scattering loss mechanisms not previously measurable

via thin film transmission techniques. Understanding and [RY vy Ga, _As Heterostructure Waveguide
minimizing such optical losses is particularly important for = o (493 °C, 262 min)
all applications in which the light directly passes through 30_8 _
oxidized regions, as in birefringent waveguidesuried = !

microlense<, and photonic lattice$ We present here prism g f $

coupling characterization with fiber-probe loss measure- §0-6- quided modes .
ments, secondary ion mass spectromé8iMS) depth pro- o (A=633 nm)

files, and Fourier 'transforr.n infrare(FTIR) transmission % 0.4 [x20.4, n.=1.607, T.—1.339 pm ]
spectra on a multimode single-heterostructifeo-layen o ! !

waveguide. In addition, near-field images are shown which x=0.8, n,=1.543, T,=0.968 hm
demonstrate waveguiding in a single-mode double- 0.2 1'6 : 1'4 . 1'2 . o
heterostructuréthree-layey oxidized waveguide. ' Effective Index, n_, '

Metalorganic chemical vapor depositigMOCVD) is

FIG. 1. Prism coupler mode profile for oxidized AlGaAs single-
heterostructure planar waveguide. Two motfearked with arrowspropa-
3E|ectronic mail: yluo@nd.edu gate in the upper, waveguiding layer. Inset shows measured indiges1(l
Ypresent address: EMCORE West, Albuquerque, New Mexico 87106. n,) and thicknessesT( andT,) of layers 1 and 2, respectively.
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&-IG. 3. Propagation loss af,=1.3 and 1.55um for oxide waveguide of
Figs. 1 and 2. The inset shows the prism coupler setup. The exponentially
decaying guided mode power is directly proportional to the scattered light
intensity collected by the scanned fiber-bundle probe.

FIG. 2. Secondary ion mass spectrometry depth profiles for the oxide wav
guide of Fig. 1. The oxide films are uniform, and the relative Al and Ga
concentrations of the original AlGa, gAs/Aly ¢Gay ,As single heterostruc-
ture are preserved after oxidation.

when the varying prism angle allows coupling into modes of(12.9 dB/cm at Ao=1.3um and 2.5cm* (10.7 dB/cm at
the oxide films? Two modes with effective indergg=g8lk,  1-2° #M. .The exponential tailgbeyond ~0.7 cn? contain
=n,sing,=n;sin¢; exceeding the cladding layer index random signal offsets due to stray background light and other

(marked by the vertical dashed line in Fig. dre guided by spu_rius effects and are discarded for more reliable fitting.
total internal reflection within the oxidized jGa, As up- ~ EStimated loss measurement accuracy 20%. The attenu-
per layer. Here, the mode propagation consgatk sing,,  ation ratioa (1.3 um)/a (1.55 um) of 1.2 is less than the
wherek=2mn;/\o=kon¢, N,=1.9646 is the prism index, val_ue of 2 predicted by Rayleigh's)ﬂé law for voI_ume scat-
n¢=n, is the top(guiding film index, andé, and ¢ are the ~ tering, or the value of 1.4 obtained byA§/theories for in-
prism and film angles as defined in Fig. 3. Narrow dips arderface scattering.This suggests the presence of slightly
characteristic of guided modes, with broadening caused bgréater 10ss due to absorption at 1.55 thandn& This can
propagation loss. The measured refractive indiaegr(,) e attributed to the presence of hydrox@H) groups re-
and thicknessesT(,T,) of both layers are accurately deter- Maining from the wet oxidation process, subsequent adsorp-
mined from the relative mode positions, and are shown in th&on of moisture, and possible hydroxide phase comporfents.
inset of Fig. 1. Index values are very close to those measurebine presence of OH groups in the oxide SH of Figs. 1-3 is
on single-layer film$. confirmed by the FTIR transmission spectra shown in Fig. 4.
Figure 2 shows SIMS depth profiles for Al, Ga, O, As, Measurement at normal incidence results in Fabry—Perot
and H on the oxide SH of Fig. 1. Constituent concentrationgesonances. A clear dip characteristic of OH vibration is ob-
are relative due to uncalibrated and matrix-dependent iogerved at 3406 cit (\o=2.94um). Similar results have
yield efficiencies. The H profile is shifted down one decadebdeen reported for oxidized AIAS. The weak harmonic
for clarity. The layer thicknesses and interface locations aré2wo) of the OH mode is still a source of loss at shorter
approximate due to matrix-dependent sputtering rates andavelengths near 1.56m. As seen by the marked positions
ion knock-in effects, and thus the actual interface abruptnesef the 1.3 and 1.5um subharmonics (21.3 and 2
cannot be deduced from Fig. 2. The profiles do demonstrat& 1.55um in Fig. 4, the OH harmonic should result in loss
oxide uniformity and relative Al and Ga concentrationsin oxidized AlGaAs at 1.55, but not 1.am. The losses
which are preserved in the two distinct &a _,As hetero- measured on the waveguide in Fig. 3 would yield less than
structure regions, with no obvious layer interdiffusion during0.1% absorption in normal incidence thin-film transmission
the oxidation process. The mode pattern in Fig. 1 does ndgheasurements even on this relatively thig3 um) film,
contain the mode depth anomalies seen in initial stufies. and are thus not evident at 1.6 (6452 cm?) and 1.3um
We attribute this to a more uniform distribution of As than (7692 cm™?) in Fig. 4.
observed previouslif perhaps due to improved process con-  Loss measurements were also attemptex,at633 and
trol. A more uniform H distribution than shown in Ref. 10 830 nm, but the attenuation was too rapid for the technique
may be due to a more complete moisture saturation of thef Fig. 3 which cannot reliably measure losses above about
hygroscopic film8 at the time of SIMS measurement. The 7 cm * (30 dB/cm. We calculate that some of the loss at
presence of H may also indicate the existence of a hydroxidthese wavelengths~0.5 and~2.6 cnil, respectively is
phasé® attributed to absorption of the evanescent wave in the GaAs
Figure 3 shows propagation loss measurementsjat substrate, and could be avoided by use of a slightly thicker
=1.3 and 1.55um for the first guided modes of the oxide SH bottom cladding layer. Assuming no absorption loss at 1.3
of Figs. 1 and 2. The inset shows the prism coupling setup. Aum according to the FTIR data of Fig. 4, the scattering loss
scanning fiber bundle is used to probe the spatial dependene¢ 830 nm should lie between 7.4 and 17.9¢mas pro-
of the scattered light intensitgdirectly proportional to the jected using interface scattering theband Rayleigh’s law,
power propagating in the guided modeéExponential fits respectively. It is well known that at a rough interface, scat-

over the range shown yield total attenuations of 3.0tm tering loss is higher for higher index contrasts. Lower scat-
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T T T T T T of the actual mode dimensions. Simulated intensity FWHMs

0.8 | Oxidized Al Ga, ,As Heterostructure Waveguide | at\o=1.0um are 0.34 and 0.7pm using respective core/
K| (4987C, 262 min) 13 cladding indices for the semiconductor and oxide DH of
s T 2x1.3 3.369/3.125 and 1.607/1.543. The inset in Fig. 5 shows that
206} A=2x1.55 ”m¢ the transmission through the 1.8 mm long oxidized wave-
% guide (measured using a tunable Ti:sapphire lasdruptly
= _ ] cuts off below around 900 nm, the approximate start of the
€o.4 — oxide layers — i GaAs band edge absorption tilljndicating an inadequate
- GaAs substrate lower cladding layer thickness to prevent substrate absorp-

(normal incidence) tion. In comparison, the unoxidized waveguide has adequate
1 1

0.2 L L L mode confinement and is transparentt810 nm(the limits
1000 3000 5000 7000 of our tuning range
-1
Wavenumber, 1/ (cm”) We have recently shown that-a2x larger index con-
FIG. 4. Normal incidence Fourier transform infrar@eTIR) transmission  trast (An=0.12) results if a small amount of oxygen
spectrum of oxide waveguide of Figs. 1-3. Dip at 3406 ¢rindicates (=300 ppm) is present in the water vapor carrier gasa-
absorption by OH groups. The dashed line indicates the interpolation Oﬁlgh purity N,) during oxidatior® This behavior is attributed
Fabry—Perot resonances. -, .
to a transition from a hydroxide to a denser, more stable
(AlL,Ga _),05 oxide phase, and promises to yield lower
loss, higher confinement native oxide waveguides. Finally,
ladding | we note that even with their rather large thicknessgsto
persva hlng alyer. died oxidizati f anSa As DH 2.3 um), our oxide films appear uniform, specular, and me-
€ have aso.stu 1ed oxi |zat.|on ol an,Sidy —xAS chanically stable. Cleaving facets in the amorphous oxide
waveguide, described above, designed to have a single mogg, is' nroblematic, but large regions of apparently good
both before and after ox!datlon. It mllght pe deswaple to 'n'facet quality are achieved by standard cleaving techniques.
tegrate a transparent oxide waveguide with an active semijgaying after oxidation may be avoidable with an appropri-
conductor laser or amplifier for integrated optics applica-44 integration process.
tions. _O_ne motivation is+ the possil_oility qf realizing a In conclusion, we have demonstrated waveguiding
monolithically pumped Er"-doped native oxide source or yithin oxidized AlGaAs heterostructures and shown their
amplifier for 1.55um telecommunications applications, as ijity for characterizing loss mechanisms not measurable by
AlGaAs native oxides appear to be better hosts than unoXitin fiim transmission techniques. A slight absorption loss
dized semiconductors for optically active rare-earthqye to OH groups is present at 1.a8. With further reduc-
QOpanté The TE-polarization near-field intensity profiles tions in scattering and substrate absorption losses, practical
imaged on a linear charge-coupled devi@CD) array are  transparent oxide waveguides, integratable with active semi-
shown in Fig. 5, demonstrating waveguiding in the DH be-conductor heterostructure devices, may potentially be real-
fore and after complete oxidation. The measured full widthjzeg.
at half maximum(FWHM) at A g=1.0uum is 0.9 um before _
and 2.1 um after oxidation. For our imaging opti¢f This work was supported by NSF CAREER Award No.
=3.1mm, 5 mm diamete(tD) molded aspheric lefsthe ~ ECS-9502705.
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