
t
tiPLIED PHYSICS LET+ERS VOLUME XX, NUMBER XX

.

Oxidized AIXGal.XAs heterostructure planar waveguides
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Waveguiding by total internal reflection is demonstrated within AIZGal.xAs semiconductor het-
erostructures which have been fully oxidized in water vapor at -490 “C. Refractive index, mode

Q$jT\

propagation constant, propagation loss (S3 cm-[) at 2=1.3 and 1.55 pm, secondary ion mass spec-

trometry depth profile, and Fourier transform infrared transmission spectra measurements are pre-
sented to characterize a multimode single heterostmcture oxide waveguide. An index contrast of
An=O.06 is observed between oxidized x=O.4 and x=O.8 AIXGal.@ oxide layers. Absorption loss at

1.55 pm is observed due to OH groups. Near-field images are presented showing waveguiding in a
single-mode oxide double heterostructure.

Since its discovery in 1990,1 the wet thermal native ox-
ide of the compound semiconductor AIGaAs has become an
important material for optoelectronic and electronic de-

vices.2 These stable oxides have a low refractive index,
good insulating properties, and are easily incorporated into
heterostructures. AIGa& oxides have previously been used
in waveguiding applications for cladding layer index reduc-

tion,3 lateral confinement for buried strip waveguides,4 or to

introduce birefringence into a mostly semiconductor core.5
In a recent study of the Al dependence of the refractive in-
dex in wet thermal native oxides of AIZGal.XAs (x=O.3 to

0.97),6 we observed suitable index variations (e.g., & 2

0.06 for x=O.4 to 0.8) to enable waveguiding by total inter-
nal reflection within native oxide heterostructures. In this
letter, we demonstrate native oxide single- and double-
heterostructure planar waveguides fabricated by fully oxi-
dizing appropriate AlGaAs semiconductor heterostructures.
By internally guiding light completely within oxide films,
substantially larger interaction lengths allow the characteri-
zation of important absorption and scattering loss mecha-
nisms not previously measurable via thin film transmission
techniques. Understanding and minimizing such optical
losses is particularly important for all applications in which
the light directly passes through oxidized regions, as in bire-

fringent waveguides,5 buried microlenses7 and photonic

lattices.8 We present here prism coupling characterization
with fiber-probe loss measurements, secondary ion mass
spectrometry (SIMS) depth profiles, and Fourier transform
infrared (FTIR) transmission spectra on a multimode single
heterostructure (two-layer) waveguide. In addition, near
field images are shown which demonstrate waveguiding in a
single-mode double heterostructure (three-layer) oxidized
waveguide.

Metal-organic chemical vapor deposition (MOCVD) is
used to grow two AlGaAs heterostructures on semi-
insulating GaAs substrates: (1) a single heterostructure (SH)
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consisting of 1 pm of A108G~,zAs followed by 1.4 pm of

AIO.4G%,6AS;and (2) a double heterostructure (DH) with 1
pm Of Al~,*G~,*As, 0.4 pm Of A]MGao~AS, and 0.6 pm Of
A10~G%,2As. Both structures have 500 ~ GaAs cap layers,
and all layers are not intentionally doped. In each structure,
the waveguide core is in the A&,lG~,GAs layer which main-
tains a higher Ga content and refractive index relative to the

AIO,~GN.zAscladding layers after oxidation. 6 The GaAs cap
layer is removed in a 4:1 citric acid:30’% HZ02 selective
etch, and the heterostmctures are thermally oxidized from

the surface in water vapor as previously described6 at 493
“C for 262 min (SH), and 492 “C for 98 min (DH). The SH
forms a multimode asymmetric waveguide where an upper
cladding layer was omitted to allow prism coupling charac-
terization of the indices and thicknesses of both layers. A
prism coupling mode profile in Fig. 1 shows dips in the in-
tensity of light reflected from the prism surface contacting
the sample when the varying prism angle allows coupling

into modes of the oxide films.9 Two modes with effective
index /YkOexceeding the cladding layer index (marked by

3xidized ~lXGal -XAS Heterostructure Waveguide
(493 ‘C, 262 rein) -

guided modes
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FIG. 1. Prism coupler mode profile for oxidized AIGaAs single het-
erostructure planar waveguide. Two modes (marked with arrows) have
effective indices exceeding the cladding layer index (marked by vertical
dashed line), indicating propagation in the upper, waveguidinglayer.
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Results of these experiments demonstrate unique features of this novel test methodology:

(a) A time-dependent stress pulse generated resulting from graded-density impact allows a
smooth and efficient transition from the initial uniaxial strain loading to a uniaxial stress state as
the stress pulse propagates through the rod, and

(b) intermediate loading rates of 104/s obtained in this cotilguration lie in a region which
is not achieved easily by either split Hopkinson bar or shock-loading techniques.

In this paper, only the results of experiments conducted on Cercom silicon carbide rods are
reported. Results of Coors AD995 alumina rod experiments are published elsewhere [4,5].

Experimental Technique
These experiments were pefiorrned on a 64 mrn diameter, smooth-bore, single-stage,

compressed gas gun which is capable of achieving a maximum velocity of about 1.6 Ian/s. Three
electrically shorting pins were used to measure the velocity of the projectile at impact. Four
similar pins were mounted flush to the impact plane and used to monitor the planarity of impact.
Projectile velocity was measured with an accuracy of about 0.5% and the deviation from planarity
of impact was about a milliradian. The graded-density impactor assembly is fabricated by bonding
a series of thin plates in order of increasing shock impedance from the impact surface. The series
of layered materials used in these studies were TPX-plastic, aluminum, titanium, and 4340 steel.
The thickness of each layer is controlled to tailor the (time-dependent) input stress pulse into the
silicon carbide rod. The exact dimensions of each material assembly is given in Table 1.

TABLE 1. Summary of impact experiments on silicon carbide

-— Rod - Impactor Impactor Thickness Irnpactor
Test No. Lergth Materials Velocity Sleeved

(Inil) I (mm) (kdj

SiCl i74.506 k3teel/Ti/Al/TPX }19.06/0.782/0.904/1 .006 0.351 bes

SiC2 74.516 SteeUTi/Al/TPX 19.07/0.775/0.927/1.006 0.484 es

SiC3 74.813 Steel/Ti/Al/TPX 19.06/0.762/0.912/0.988 0.617 es

SiC4 74.508 Steel/Ti/Al/TPX 19.05/0.767/0.909/1 .006 0.396 es

Sits 74.933 Steel/Ti/AL/TPX 19.04/0 .358/0.439/0.5 11 0.347 es

SiC6 74.505 SteellTifAliTPX 19.07/0.356/0.439/0.508 0.506 Iyes

SiC7 76.276 lSteellTifAUTPX 19.03/0.770/0.919/0.970 ~.611 o

SiC8 75.753 ]Steel/TiiAl/TPX 19.03/0.772/0.922/0.991 ~.612 ~es (Ta)

This layered material assembly is used as facing on an aluminum projectile which is accelerated
on a gas gun to velocities from 340 m/s to 620 km/s prior to impact. This provides a time-
dependent loading at the impact interface from about 6.56 GPa to -15 GPa, which is beyond the
Hugoniot Elastic Limit for the material [8-1 O]. The experimental target assemblies consisted of
either a bare or a sleeved silicon carbide rod -19 mm in diameter. The length of the rods in this
study were nominally 74 mm and 4340 steel was chosen for the close fitting sleeve material to
provide a good shock impedance to the silicon carbide sample. The outer diameter of the sleeve
was nominally 38 mm. The experimental cor@uration is shown schematically in Fig. 1.
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Figure 1. Experimental configuration of a layered impactor
and a ceramic rod target assembly.

The silicon carbide used in this study is referred to as Cercom SiC-B. Its composition consists
of (99.3°/0) silicon carbide and is fabricated using hot pressed techniques. The density of the
material used in this investigation was 3.217 g/cm3; the longitudinal and shear wave speed was
determined to be 12.22 km/s and 7.75 kmls, respectively. This yields an estimate of 8.32 Ms,
11.81 km/s, and 0.164 for the bulk wave velocity, bar wave velocity, and Poisson’s ratio,
respectively. Specifically, this is the same batch of material used in previous studies on Cercom
SiC. [8-10].

When unsleeved, a polyurethane foam was used to de-couple the rod from the aluminum target
fixture. A 0.055 mm thick tungsten reflector glued onto the free surface of the rod was used to
obtain the axial particle velocity measurements using the velocity interferometer, VISAR having a
time resolution of- 1 ns. The loading strain rate is varied either by varying the impact velocity or
by varying the thickness of the layered impactors at the same impact velocity.

Effect of loading stressand loading rate
Four experiments were conducted with silicon carbide rods 74.5 mm in diameter and 19 mm

in Iength with steel sleeves. The impact velocity was varied ,M shown in Table 1, causing the
stress and the loading rate to vary at the impact interface. Fig. 2 shows the results of the
experiments- The two experiments with lower impact velocity, SiC 1 and SiC4, introduce stress
levels that are below its Hugoniot elastic limit at the impact interface. The experiments SiC3 and
SiC2 that exhibit a limiting maximum particle velocity, are those that introduce a stress at or
beyond its E?ugoniot Elastic limit. The overall effect of increasing stress and loading rate on steel-
sleeved silicon carbide rod is that a higher peak particle velocity is achieved. The velocity can
increase until the yield stress of silicon carbide is reached or exceeded at which time there is a
limiting maximum particle velocity.

Effect of loading rate
A set of two experiments was performed to investigate the effects of loading rates at the same

loading stress. This was accomplished by varying the dimensions of the layered impactor by
approximately one half in SiC6 compared to those used in SiC2. The r=dts are show in %. 3.
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FIGURE 2. Effect of stress and loading rate results in higher
peak paticle velocity, until a maximum leveI is achieved.
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FIGI_JIW3. Effect ofloadingrate. Increasing loading rate
results in higher peak particle velocity.

The experiment with the higher loading rate, SiC6, shows that it fails at a higher stress resulting
in a higher peak particle velocity than the experiment with the lower loading rate, SiC2. A higher
peak particle velocity implies a higher yield. This provides experimental evidence for the
dependence of failure stress upon loading rate.

Effect of con.nemeni
Three experiments were performed at the same impact velocity to determine the effect of

varying confinement. A 4340 steel sleeve was used for SiC3, a tantalum sleeve was used for——.
SiC8, and no sleeve was-used for SiC7. These measurements are shown in Fig. 4. The peak
particle velocity was lowest for the unsleeved silicon carbide, higher measured for the steel
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FIGURE 4. Effect of confinement. Confining SiC results in
failure at higher stresses because more damage has occurred in

the material.
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sleeved target and highest for
velocity, for targets confined
sustain a higher yield strength

the tantalum sleeved target. Measurements of higher peak particle
by materials of higher shock impedance suggest the material can
at a ftirl y higher stress.

Conclusions
Previous studies on impact of ceramic rods have concentrated upon using a single density

impactor [11-13] to evaluate the uniaxial compressive behavior of the ceramics. However, due to
the low span strength of ceramics [8-9] the radial stress components will fracture the material
during the loading phase even though the mean stress of the material indicates compression [4].
The technique proposed herein (i.e., using graded-density impactors ‘to study the uniaxial
compressive behavior of the rods) circumvents this problem by reducing the magnitude of tension
generated in silicon carbide during loading [4]. A sleeved rod prevents the formation of radial
tension during the, loading process [4]. It is not surprising therefore that the bare rod (SiC 7) yields
a ftilure stress of 7.8 GPa, the steel-sleeved rod (SiC3) 9.7 GPa, and the tantalum-sleeved rod
(SiC8) 10.66 GPa. The material that is darnaged the most (SiC7) fails at a lower stress. It is
anticipated that SiC7 will be damaged the most mainly because the radial stress components
exhibit tension states.

The current experiments address strain rate effects in SiC at strain rates of-104/s. This strain-
rate regime is difficult to access either by Hopkinson bar techniques or shock loading techniques.
The leading edge of the axial compression wave traverses at an elastic wave speed (12.2 Ian/s),
followed by a second compression wave traveling at a bar wave speed loading the material to a

final stress at a strain rate of - 104/s. The frost compression state 01 is calculated using crl=

(p~c16ufJ/2, where p. is the initial density, c1 the elastic wave speed, and auf, the incrernerltzd free

surface velocity measurement associated with the longitudinal elastic wave. The axial

compression state o% and the loading strain rates E associated with the bar wave are calculated
-—.

Using Oa= (poc@& and s = &~/(2cbt), where Cb is the bar wave velocity, and Auf~ the
corresponding free-surfaie velocity measurement, and t the time duration for loading. Results of
these experiments are shown in Figure 5, and are compared to the low strain-rate Hopkinson bar

experiments at strain-rates <10 3/s [14]. The low strain-rate experiments yield a ftilure stress of
-4 GPa and shows evidence of an increase to - 6GPa at strain rates slightly above 103/s [14]. As
the strain rate varies from 7.5x1 03/s to 1.8x104/s in these studies, the corresponding failure stress
varies from -6.7 GPa to 10.6 GPa. The results clearly indicate the dependence of the failure
stress on the loading rates and seen to transition to higher estimates of strength determinations
obtained fi-om shock experiments, and are consistent with those obtained for Coors AD995
alumina (see Figure 6). The results lead credence to the hypothesis that darnage kinetics is rate-
dependent, and ultimately, shock experiments yield higher estimates of strength because rate-
dependent kinetics prevent the nucleation and growth of flaws/defects in materials during rapid
loading.

CTH-calculational results [4] indicate that the ratio of the lateral stress to the axial stress is
-0.23 for the single-density impact of the alumina rod, and -0.1 and -0.08 for the graded-
density impact of the unsleeved and sleeved rod, respectively. This apparently indicates that the
degree of confinement is least for the sleeved rod. This is consistent with the earlier inference that
the stress propagation in the rods transitions to a uniaxial stress motion when it is loaded at finite
rates, and is shown in Figure 7. Therefore, the experimental measurements of a higher failure
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stress (5. 1 GPa) for the sleeved-alumina rod when compared to the lowest value (3.4 GPa) are not
due to the sleeved-confinement of the rod, but are more related to strain-rate sensitivities. This is
indicated in Figure 6. This is also true for silicon carbide as indicated in Figure 5.
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FIGURE 5. Failure stress of SiC as a function of
loading rate.
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Figure 6. Variation of failure stress with strain rate for Figure 7. Variation of calculated failure stress as a
Coors AD995. Quasi-static and shock loading function of confinement i.e., the ratio of lateralstress
experiments are rdso shown. to axial stress.

The most significant result of this study is that the use of a graded-density impactor in
combination with sleeved rods allows accessibility to intermediate strain rates. Current results for
SiC and previous studies on alumina [4-5] both suggest that the ftilure stress of ceramics is strain-
rate-dependent. It appears that loading rates of a few times 104/s can be achieved by optimizing
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the design of the graded density layered materials, the diameter of the bar, and the-impact
velocity. Concepts are currently being pursued to achieve yet higher loading rates of 10>/s. One
approach under consideration is to use the graded-density materials as an impactor to perform
isentropic loading experiments up to its Hugoniot elastic limit. This will achieve lower loading
rates than those obtained in single shock experiments.
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