High precision temperature- and energy-dependent refractive index
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A GaAs-Aly »Gag 13As heterostructure was prepared and used as a multimode optical
waveguide. Propagation constants for individual modes were measured by exciting one mode
at a time via real-space surface grating couplers, and the resulting eigenmode distributions
were used to obtain the refractive index of GaAs at a matrix of temperatures and

photon energies spanning 40 K < T< 300 K and 1.40 eV < v < 1.50 eV. Values for dn/d¥
and the extrapolaied refractive index at 7= 0 K were also obtained. The dominant

error source in these measurements was uncertainty in the angular placement of the sample.
These measurements agree well with the few pre-existing temperature-dependent
measurements, but are an order of magnitude more precise.

The optoelectronic properties of IHI-V semiconduciors
can be manipulated by adjusting impurity chemistry. The
behavior of these materials depends on the type, extent,
and spatial distribution of impurities incorporated in the
iattice. To study impurity chemistry, probes are needed
wiich are capable of chemical specificity, high sensitivity,
and high spatial resolution. By combining waveguide-based
optical depth profiling (ODP)'™ with low-temperature lu-
minescence and inelastic scattering, all of these issues can
be addressed. Extracting spatial information from the ODP
experiment requires precise knowledge of the electric field
amplitude distributions for each waveguide eigenmode.
These distributions are intimately tied 1o the refractive in-
dices of the superstrate, film, and substrate of the wave-
guide. Hence, full exploitation of the advantages of ODP
requires accurate refractive index data over a wide range of
temperatures and subband-gap photon energies. Here we
present an accurate method for extracting the refractive
index from any material which can be fabricated as a slab
optical waveguide, and use the method to obtain new re-
fractive index data for GaAs at a wide variety of temper-
atures and photon energies.

Several investigators have measured the dispersion of
GaAs at energies surrounding the intrinsic band edge.
Marple measured GaAs dispersion using prism refraction
for three temperatures over a large range of subband-gap
energies.? Seli ef al. used a double beam reflection measure-
ment on n- and p-type GaAs to determine refractive index
values both above and below the intrinsic band gap.® Afro-
mowitz has presented 2 semi-empirical method for deter-
mining the room-temperature index of refraction for
Al Ga,_  As.® In work presented here the subband-gap op-
tical dispersion of semi-insulating GaAs has been mapped
from 1.400 eV up to the start of the Urbach tail for tem-
peratures 40-300 K through excitation of single eigen-
modes in a GaAs/AlGaAs grating-coupled waveguide.
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The use of the optical waveguide affords much higher pre-
cision than other techniques due to the high sensitivity of
waveguide eigenmodes to the refractive index of the guid-
ing layer.™®

Consideration of the optical waveguide boundary value
problem yields, for the waveguide eigenmodes,

kr gt co8 6, — o~ b= mm, {1}

where X is the wave vector of the incident light, n, is the
refractive index of the waveguide layer, ¢ is the thickness of
the guiding layer, 6, is the waveguide angle referenced to
the surface normal, ¢, and ¢, are the substrate and cover
interfacial phase shifts, and m is an integer which identifies
the mode number.’ Assuming known superstrate and sub-
strate refractive indices, the film refractive index and thick-
ness can be determined by measuring the propagation an-
gles for at least two eigenmodes. Mode angles are measured
by rotating the sample to allow exclusive excitation of each
eigenmode during the angle scan. For at least two values of
8 and m, Eq. (1) can be solved by iterating values of n,
and ¢ unti] the relation is satisfied. U three or more mode
angles are recorded, an overdetermination of film parame-
ters can be performed. '

Near-infrared laser radiation is coupled into the wave-
guide through diffraction gratings fabricated into the sur-
face of the guiding layer at angles given by

ny8in 0,=n, sin 6, + vA/L, (2)

where #, is the superstrate refractive index, 6, is the cou-
phng angle with respect to the grating normal, v is the
order of the diffraction, L is the grating periodicity, and A
is the wavelength of the incident light. An angle scan con-
sists of recording eigenmode intensities as a function of §,.
Vaiues of (; can be converted to values of 8, through Eq.
(2).
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The waveguide sample consisted of a 2-um-thick epi-
taxial layer of high-purity GaAs grown over a 5 pm layer
of Aly,,Gay 4As by metalorganic chemical vapor deposi-
tion (MOCVD)} on semi-insulating bulk GaAs. A series of
200 pm X200 pm diffraction gratings were written into 2
polymethylmethacrylate photoresist layer using electron
beam lithography and then transferred to the epilayer us-
ing a reactive ion etch. The grating period was determined
through a reflective diffraction experiment to be
2496.0+0.2 A. The cryostat is designed to allow sample
rotation such that the input diffraction grating is over the
center of rotation using a special 360° view optical dewar
tail. This condition is necessary to ensure that the input
grating does not translate relative to the input laser during
the scan. Subband-gap near-infrared radiation was pro-
vided by an Ar" pumped Tisapphire ring laser and fo-
cused with the appropriate polarization optics onto an in-
put grating where the -+ 1 difiraction order was coupled
into the various transverse electric {TE) eigenmodes. The
entire wavegtide was monitored by imaging the active
fayer with a charge-coupled device television {CCD TV)
camera. Guided radiation was cutcoupled at a grating fur-
ther down the guide and detected by the camera. The im-
age of the outcoupling grating was then transferred to a
photomultiptier where Rayleigh scatter was detected using
lock-in techmnigues. The entire process was controlled
through the use of a laboratory personal computer.

Angle scans were carried out between 40 and 300 K in
20 K increments at photon energies from 1.400 ¢V up 1o
the optical band edge. All scans yielded four to six TE
eigenmodes. For photon energies within 30 meV of the
band edge. absorption due to the Urbach tail became trou-
blesome, manifesting itself by an obvious decrease in the
intensity of guided radiation and an increased mode spac-
ing. This often forced the loss of a mode when compared to
scans at lower photon energy. These phenomena have also
been noted by Swalen et ¢/, for polymer waveguides.'' The
scans at nonabsorbing wavelengths (£ < £y
-— 30 meV ) showed five or six TE modes and were fit to Eq.
(1) to produce refractive index values. To determine the
refractive index and thickness for the film, the fitting rou-
tine requires the angular values of the eigenmodes zlong
with the mode number, and the superstrate and substrate
refractive indices. The refractive index of the AlGaAs sub-
strate is not known and is thus iterated until a minimum is
found in the error sum. Hence at least three eigenmodes
are required for this fit. A typical angle scan appears in Fig.
1, which shows eigenmode intensities versus coupling an-
gle at 40 X and 1.490 eV. A fit of this dats yields a refrac-
tive index of 3.604 and a film thickness of 2.04 um. Several
angle scans were recorded at each photon energy-
temperature pair, and the resuliing TE eigenmode posi-
tions were averaged and used to produce refractive index
values., The eigenmodes are sensitive to temperature
changes as small as 4 K and photon energy changes on the
order of 5 meV.

Table I lists the refractive indices determined for GaAs
as g function of photon energy and temperature. Gads
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FIG. 1. Typical TE-polarized angle scan for the heterostructure at 7= 40
K and £-=1490¢V.

energy dispersion data can be fit to 2 first-order Scllmeier
equation of the form

(nz_—_A):ili——A/ii‘”B(h’V)zl (3)

constrained by three parameters 4, 8, and 7, ."? The dis-
persion data calculated at each temperature are consistent
with Eg. (3}, and a typical fit is shown in Fig. 2. The
n., parameter is the high-frequency dielectric constant.
The refractive index of the AlGaAs was also fit along with
the GaAs refractive index and GaAs thickness; however
the recovered values for AlGaAs dispersion were not
nearly as well behaved as those for GaAs. Because the
percentage of the electric field amplitude distribution,

TABLE 1. Temperature- and energy-dependent refractive index data for
GaAs.

Temp.

Energy

(eV) 40 K 60 K 80 K 0K 120K 40 K
1.400 3.517 3.523 3.534 3.538 3.545 3.346
1.410 3.523 3.526 3.537 3.539 3.548 3.553
1.420 3.529 3.533 3.540 3.546 3.560 3.564
1.430 3.541 3.544 3.550 3.554 3.568 3.573
1.440 3.552 3.552 3.557 3.563 3.576 3.578
1.450 3.560 3.561 3.564 3.570 3.584 3.594
1.460 3.568 3.569 3.573 3.580 3.5%4

1.470 1.578 3.578 3.584 3.592

1.480 3.589 3.590 3.59%8

1.490 3.604

1.500 3.615

Temp.

Encrgy

eV 160 K 180K 200K 220K 240 K

1.400 3.554 3.559 3.567 3.578 3.5806

1.410 3.559 3.569 3.578 3.589 3.600

1.420 3572 3.577 3.588 3.600

1.430 3382 3.587 3.608

1.440 3.593
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FIG. 2. Dispersion of the refractive index of GaAs at 40 K and the fit to
the Sellmeier equation. Error bars were calculated from angular uncer-
tainty and represent the estimated accuracy of the measurements.

which resides in the substrate material ranges beiween
0.2% for TE, and 12% for TE, the AlGaAs does not
carry a sufficiently large fraction of the total field to make
our measurements sensitive to its refractive index.

The GaAs refractive index vaiues can also be plotted at
constant photon energy as a function of temperature in
order to calculate a value for the temperature dispersion of
GaAs. The refractive index of GaAs increases for a given
photon energy as the temperature increases. A linear fit of
this data yields the temperature dispersion constant, {(dr/
dT), and n{T = 0), the refractive index extrapolated to O
K. Values for the temperature dispersion and 0 K refrac-
tive index at various subband-gap energies are listed in
Table I1. Angle scan fits provide values for both the refrac-
tive index and the thickness of the guiding layer. From
values of the coefficient of linear expansion, it is estimated
that the fiim thickness will change approximately 0.1%
over the range of temperatures used in this work, which is
negligible when compared to the precision of the thickness
measurement, which is ~1%. Over the 68 fits performed
the average of the best-fit thicknesses was calculated to be

TABLE II. Temperature parameters for linear fits.

Photon energy dn/dT
(eV) n (T =0K) {(x10 %
1.400 3.504 3.224
1.410 3.504 3.763
1.420 3.510 3.924
1.430 1.519 4.047
1.440 3.533 3411
1.450 3.540 3.558
1.460 3.551 3.230
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2.05+0.02 pm, in good agreement with the targeted thick-
ness of 2 um for the MOCVD process.

The major source of error in the calculation of the
refractive index data is in the angular values of the eigen-
modes. The value of the coupling angle was initially set at
0° by rotating the sample untii the backreflection off the
input grating propagated through an entrance aperture in
the optical train. The width of this aperture introduced an
error of £0.02° in the value of the coupling angle. Another
source of error in this angle is in the movement of the
rotational stage. Independent experiments showed it to be
accurate within £0.1°. All other variables in Eq. (2) are
assumed to have a negligible error when compared to the
coupling angle. Numerical evaluations of the accuracy of
the best-fit refractive index values yielded a maximum
change in the best-fit refractive index of +0.004. This
value should be a reasonable estimate for the accuracy of
the refractive index values shown in Table . It should be
noted that this value for the accuracy is much higher than
the typical +=0.0005 precision obtained from the fit of the
propagation constant data to Eqg. (1).

In summary, the refractive index of semi-insulating
GaAs has been determined as a function of both tempera-
ture and subband-gap photon energy by direct observation
of eigenmode propagation constants in grating coupled
slab waveguides. The advantage of this technique is that
the propagation constants are a very sensitive indicator of
refractive index changes in the waveguide. This provides
an excellent way to detect small changes in the refractive
index due to changes in temperature and photon energy.
Results for the energy and temperature dispersion of GaAs
are consistent with, but extend existing models.
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