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Abstract—We report on the large modulation of the optical
properties of a 14:14 monolayer GaAs–AlAs superlattice wave-
guide following quantum-well intermixing. Low-temperature
photoluminescence measurements illustrate a large 169-meV
differential blue-shift obtained between the disordering-sup-
pressed and disordering-enhanced materials. Effective index
measurements are presented as a function of polarization, for
both the as-grown and disordered material for near-bandedge
and half-bandedge wavelengths, which is the wavelength range
775–1550 nm. The largest effective refractive index shift observed
was 9 10 2 which exceeds that previously reported for disor-
dered AlGaAs ternary multilayer structures, and illustrates the
potential of the superlattice for the fabrication of etch-free, planar
optical components with large index contrast.

Index Terms—Frequency conversion, integrated optics, non-
linear optics, optical waveguides, quantum well intermixing,
quasi-phase matching (QPM), second-harmonic generation, semi-
conductor waveguides.

I. INTRODUCTION

THE III–V semiconductor has become widely used in
integrated optoelectronic circuits and nonlinear optical

devices. In particular, mature growth, lithography and etching
technologies allow the fabrication of low-loss guiding structures
andtheuseofelectronic-scaleheterostructuresenablesadditional
control, flexibility and functionality to be incorporated at the
device design stage. There are currently a number of techniques
for patterning the compositional structure of an optical chip,
including etch and regrowth, selective area growth [1] and
quantum-well intermixing [2], [3]. Although these techniques
were initiallydevelopedtodefine low-loss interconnectsbetween
active devices (i.e., modification of the absorption and gain:

), they also provide the means to pattern the refractive
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index [4], [5] and nonlinear optical coefficients (
and ) [6]. Applications of refractive index patterning include
the definition of waveguide regions [7], [8] or Bragg gratings. In
addition, modulation of the second-order susceptibility provides
a route to realizing quasi-phase-matching (QPM) structures
for frequency conversion [9], [10], which take advantage of
the large nonlinear coefficient (figure of merit is around
10 times larger than that of periodically-poled ) and
the extended midinfrared transparency range in comparison
to conventional ferroelectric media.

Provided the optical frequency does not correspond to ab-
sorption or gain resonances, the effect on the optical coefficients
from single or few quantum-well layers is rather small due to
the limited overall volume fill fraction of the well material.
Therefore, in order to maximize the modulation in either the
effective refractive index of the guided modes, or the nonlinear
optical coefficients, quantum-well layers should be relatively
closely spaced and the heterostructure region should have a
substantial overlap with the guided modes. This requirement
is most straightforwardly satisfied with a superlattice structure
forming the core of a waveguide. A theoretical analysis of
GaAs–AlAs superlattice structures has been previously per-
formed for second-order [11] and third-order [12] nonlinearities
which indicate a substantial modulation in the bulk-like coef-
ficients can be obtained between an as-grown and intermixed
structure. In particular, a 14:14 monolayer GaAs–AlAs super-
lattice was identified as near optimal for second-harmonic (SH)
generation with a 1550-nm fundamental, or equivalently near
degenerate parametric processes with a 775-nm pump.[13]

There is therefore a requirement for a comprehensive charac-
terization of the refractive index in such superlattice structures
and the subsequent modifications under intermixing. Current
models for refractive index provide, at best, a second-decimal
point accuracy which is insufficient for the proper design of
devices that rely on Bragg gratings, or QPM structures [14],
[15] The reasons for this characterization are two-fold. First,
a knowledge of the refractive index modification, including
the birefringence, and resolution are required for the design
of linear optical components such as waveguides and Bragg
gratings. Second, for frequency conversion applications the
dispersion of the refractive index is required across a sub-
stantial wavelength range, in order to determine the coherence
length and hence the QPM period. The narrow bandwidth of the
QPM process requires a detailed knowledge of the refractive
index to a relatively high degree of precision. Furthermore a
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Fig. 1. Schematic with the details of the epitaxial structure used in this work.

refractive index grating can provide Bragg scattering and can,
by itself, also contribute to the QPM process. [16] Calculations
indicate that for the present experimental structures, the rela-
tive phase relationship between the two QPM processes can
compromise the frequency conversion process [17], [18] An
accurate knowledge of the refractive index potentially allows
the minimization of optical losses due to Bragg scattering and
the minimization of the competition between the different QPM
processes.

In this paper we present results from a comprehensive study
of the linear optical properties of the as-grown and disordered
superlattice structures. For the data to be useful, we need to max-
imize the accuracy in the determination of the effective index of
a slab waveguide, with the superlattice forming the core layer.
The refractive index measurement setup is based on grating
coupled slab waveguide structures, providing an accuracy of
1 10 in the refractive index measured.

II. PHOTOLUMINESCENCE MEASUREMENTS AND

QUANTUM-WELL INTERMIXING

The sample used in these experiments was grown by molec-
ular beam epitaxy (MBE) on to a GaAs substrate and is shown
schematically in Fig. 1. The details of the structure have been
previously published [10]. The 600-nm-thick superlattice
waveguide core consisted of 75 periods of 14:14 monolayer
(4.0:4.0 nm) GaAs–AlAs layers and is clad on either side with
300 nm 56% AlGaAs layers; these cladding layers have been
added to the structure to improve end-fire coupling efficiencies
[13]. The epilayers were grown at an elevated substrate temper-
ature to ensure good optical quality of the resulting waveguide
structure. Preparation of the photoluminescence sample began
with the deposition of 500 nm of PECVD SiO over the entire
sample surface. The sample was spun with a 0.9- m-thick
UV3 resist and areas to be intermixed were defined through
exposure to 50 kV electrons at an exposure dose of 20 C/cm .
Following development, the pattern was transferred to the
underlying 500-nm-thick SiO layer through reactive ion
etching in a CHF plasma and the UV3 resist was subsequently
removed in an O plasma. Disordering of the superlattice relied
upon point defect generation through sputtered-silica deposi-
tion [19]. In the areas protected by the 500-nm-thick PECVD
SiO layer the disordering process was suppressed while those

Fig. 2. Low-temperature (10 K) PL measurements of disordered (D) and
disordering-inhibited (D) superlattice material annealed at a temperature of
750 C for 60 s.

areas exposed to sputtered silica were disordered. Following
sputtering, the sample was placed between two pieces of bulk
GaAs to prevent As desorption and annealed in a rapid thermal
annealer at 750 C for a duration of 60 s.

Photoluminescence spectra measured at 10 K for bulk-area
disordered and disordering-suppressed regions are
shown in Fig. 2. The rise of the photoluminescence signal at
short wavelength is the result of the 632.8-nm excitation wave-
length of the HeNe source used. As illustrated, a 169-meV shift
of the photoluminescence peak is achieved between the and

samples. Compared to data measured for single and double
quantum wells [20], [21], and other multiple quantum-well
and superlattice structures [22], [23], the large energy shift of
the present data is indicative of the ease with which the thin
superlattice layers are disordered and the extent to which the
band structure of the binary structure investigated is modulated
upon disordering. It is worth noting that the large 169-meV
blue-shift achieved in the present work was at a much lower
temperature 750 C compared to the 900 C and 800 C used to
achieve shifts of 140 [23] and 100 meV [22], respectively. The
47-meV energy detuning between the main superlattice peak
and the small peak on the low energy side in the sample is
in excellent agreement with longitudinal optical (LO) phonon
energies in the AlAs layers [24], [25]. The large decrease
in photoluminescence intensity upon disordering is partially
attributed to the nature of the superlattice structure investigated
to undergo a transition from a direct- to indirect-gap upon
disordering. Indeed, increasing the temperature beyond 750 C
results in further suppression in the photoluminescence (PL)
peak as the process of complete intermixing of the structure to
the average (indirect) alloy is approached. The spatial resolu-
tion of the process has been studied and was found to be on the
order of 1 m.

III. REFRACTIVE INDEX MEASUREMENTS

The waveguide effective index was measured using the
grating coupling technique. The grating couplers were de-
signed for nominal coupling angles of 30 using the AlGaAs
refractive index model of Afromowitz and assuming the index
of the superlattice was approximated by a 50% AlGaAs alloy
[14]. The measurements were performed using the both a
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Fig. 3. Field profiles within the structure shown in Fig. 1. The hatched regions
illustrate the extent to which the etched grating coupler perturbs shows the extent
to which the waveguide mode is perturbed for a near-bandgap wavelength of 775
nm (top panel) and a half-bandgap wavelength of 1550 nm (bottom panel).

solid-state titanium-sapphire laser tunable from 770 to 880 nm
and an external-cavity laser diode emitting in the range from
1460 to 1580 nm.

To facilitate fabrication, a 560-nm period first-order grating
was chosen for the half-bandgap wavelengths, and an 840-nm
period third-order grating was chosen for near-bandgap wave-
lengths. Two-dimensional mode solver predictions were used to
design the etch depths of the grating coupler for minimum per-
turbation of the optical mode. This resulted in etch depths of 800
and 300 nm being selected for the bandgap and half-bandgap
grating couplers which resulted in estimated effective index per-
turbations on the order of and , respectively.
Grating couplers were fabricated on as-grown material and disor-
dered material produced through sputtering of 50 nm of SiO and
subsequent annealing at 750 C for 60 s. Fig. 3 depicts the field
profiles in the etched grating coupler region indicating the extent
of the perturbation of the waveguide mode for a near-bandgap
wavelength of 775 nm (top panel) and a half-bandgap wave-
length of 1550 nm (bottom panel). Following disordering, all
sampleswerecleanedandcoatedwitha150-nm-thickplasma-en-
hanced chamical vapor deposition (PECVD) SiO layer. Grating
regions of 400 400 m were defined through exposure of a
200-nm-thick 4% - 4% polymethyl methacrylate (PMMA) bi-
layer, electron-beam resist exposed to 50-kV electrons at doses
of 400 C/cm . Intermediate pattern transfer into the silica layer
took place in a CHF etch after which the PMMA resist was re-
moved in an O plasma. Final pattern transfer to the designed
depths of 300 and 800 nm took place through reactive ion etching
in a SiCl plasma.

The samples were mounted vertically upon a temperature
controlled block maintained at 25 C 0.01 C, sufficient to
maintain temperature-induced refractive index variations on the
order of [26], as can be seen in te schematic in Fig. 4(a).
This mount was placed on a computer-controlled stepper motor
driven rotational stage accurate to within 0.001 deg. Radiation
from the lasers passed through a wave-plate and a polarizing
beam-splitting cube to facilitate measurements for both the TE
and TM polarization data. The strength of the mode transmitted
through the cleaved facet of the sample was measured as a func-
tion of incidence angle. As explained by Dakss et al. in their

Fig. 4. Schematic in (a) shows the refractive index measurement setup.
Temperature controlled (TEC) grating coupler (GC) is mounted on a computer
controlled rotation stage (ROT) accurate to 0.001 . The optical chopping
is used to enhance the sensitivity of the detector (D), while the polarization
control (PC) enables the measurement of both TE and TM. The use of a lens
with a focal length (L) of 150 cm was to facilitate beam positioning. (b) Shows
and example of the signal quality of the coupling resonances acquired by the
grating coupler measurement setup for the as-grown superlattice sample.

original work on the grating coupler [27], the waveguide effec-
tive index can be related to the coupling angle such that

where represents the grating harmonic, is the free-space
wavelength of radiation, and is the period of the grating
coupler. The mode profiles for the measured resonances were
checked to ensure that the lowest order mode was being ex-
cited. Similar to previous reports [26], [27], [29], the measured
full-width at half-maximum (FWHM) of the coupling reso-
nances was on the order of 0.1 degree. The nominal coupling
angle is estimated via Gaussian regression and suggests an
error in determining the coupling angle of 6 10 degrees.
However, the nominal coupling angle shown in Fig. 4(b) must
be referenced to the surface normal, as established via retro-re-
flection of the incident beam through a 100- m aperture at a
distance of 30 cm from the sample face. The quadrature sum of
these two errors results in overall angle determination on the
order of 2 10 degrees. Contrary to previous work where it
is assumed that the surface normal is determined exactly [28],
[29], we conclude that the error resulting from retro-reflection
of the incident beam through an aperture is more significant
than the measurement of the unreferenced coupling angle itself.
This can be compared to the 2-deg. difference in peak position
due to the natural birefringence of the sample.

Taken together the high-precision electron beam lithography
which defines periodic structures with a fractional error in pe-
riod of , and including an estimate to address the extent
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Fig. 5. Evolution of grating coupler signal with wavelength for both input
polarizations. The gradual degradation of the signal-to-noise ratio as the
measurements extend to shorter wavelengths can be attributed to increased
waveguide confinement at shorter wavelengths and a decreasing overlap of the
waveguide mode with the etched surface grating.

to which the grating perturbs the waveguide core, the waveguide
effective index can be determined with typical accuracies of ap-
proximately .

Coupling measurements were carried out as a function of
wavelength in order to determine the dispersion of the refractive
index of the superlattice waveguide. Fig. 5 shows measured
coupling resonances for: a) TE and b) TM polarized inputs,
measured for the as-grown superlattice for near-bandedge wave-
lengths. Note the greater than 20 degrees variation in coupling
angle over the wavelengths measured, which is further in-
dication of the high sensitivity attainable with this type of
measurement. Especially evident for the TE polarization in
part (a) of Fig. 5 is gradual degradation of the signal-to-noise
ratio as the measurements extend to shorter wavelengths. This
signal-to-noise degradation results from increased waveguide
confinement at shorter wavelengths and a decreasing overlap
of the waveguide mode with the etched surface grating. This
effect has a maximum at the shortest wavelength tested where,
for the TE polarization, the incoming radiation couples to a
higher order mode verging on cutoff and fails to couple to the
fundamental waveguide mode. This demonstrates the minimal
extent to which the grating coupler perturbs the waveguide
core, and further provides confirmation of the accurate nature
of the measured data.

Using equation 1 to convert the angular data to effective index
data, Fig. 6 shows the (a) near-bandgap and (b) half-bandgap
dispersion of effective refractive indexes for both the as-grown
and disordered material. Disordering the current structure, itself
optimized for the maximum modulation in optical properties
upon disordering, provides changes in near-bandgap effective
refractive index for the TE and TM mode of 9 10 and
4 10 , respectively. The previous largest reported index
changeof achievedinzinc induceddisordered
material [4].

IV. DISCUSSION

Overall, the substantial modulation in effective refractive
index attainable in the current structure upon disordering modu-
lation is sufficient to support guided-waves. The demonstration
of quasi-phase-matched SH generation indicates that submi-
cron resolution can be obtained using ion-implantation induced

Fig. 6. (a) Near-bandgap and b) half-bandgap dispersion of effective
refractive indexes for both the as-grown (circular symbols) and disordered
material annealed at 750 C for 60 s (square symbols). The open symbols
denote TE polarization while the filed symbols denote TM polarization.

Fig. 7. Shown is the measured birefringence of the effective refractive index
data for both as-grown (filled circles) and disordered material (squares).

disordering [10]. Hence, there is the potential to fabricate var-
ious waveguide devices, e.g., splitters, couplers, ring structures
and interferometers, without etching. In many respects this
is equivalent to ion-exchange methods for writing waveguide
devices in dielectrics and has the similar advantage of reducing
scattering losses in comparison to etched waveguide walls
which usually incorporate some degree of roughness, more
significant for deep and dry etching. Using this disordering
method for the modification of the refractive index can be
applied to both passive and active devices. The post growth
nature of the technique offers both flexibility and simplicity
compared to methods where the integration is incorporated
during the wafer growth. Particularly important for the Al con-
taining compounds, is avoiding the technological difficulties
associated with etch and over-growth of heterostructures due to
the oxidation of Al.

There is also a significant polarization dependence of the
modification of the index upon disordering allowing polarization
selective functionality to be incorporated into devices. Fig. 7
shows the measured birefringence of the effective refractive
index data for both as-grown and disordered material. Espe-
cially evident, and in agreement with previous observations,
is the strong relaxation of the superlattice birefringence upon
disordering. This birefringence modulation can also be used in
conjunction with nonlinear optical effects utilizing or
for novel applications [31]. Superlattice structures also possess
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Fig. 8. Measured QPM wavelength versus period compared with the
calculated values based on the refractive index measurements conducted in this
work. The slope of the calculated values, which is in units of nanometer of
QPM SH wavelength per micrometer of QPM period, is 52 nm=�m while that
of the measured data is 68 nm=�m.

a large anisotropic contribution to the polarization dependence
of the nonlinear optical coefficients ( and ) and similarly
disordering leads to a much diminished anisotropy, although
a substantial anisotropic component remains in the nonlinear
coefficients (but not in the material component of the linear
optical coefficients) due to the underlying zinc-blende crystal
structure [12].

Knowledge of the refractive index at the relevant wavelengths
and its modification upon disordering allows the determination
of the appropriate QPM period for a given frequency conver-
sion process. In Fig. 8, the calculated periods for type I phase
matching, based on the current slab waveguide measurements,
are plotted versus the corresponding QPM SH wavelength. For
comparison we also show recent tuning curve results indicating
the wavelength for the maximum SH generation for various
QPM periods in a strip-loaded waveguide fabricated in a nom-
inally identical wafer [30]. As can been seen from the figure
both plots have a similar slope, but the absolute QPM periods
obtained for a particular SH peak wavelength in the strip-loaded
waveguide are approximately 0.3 m shorter than that inferred
from the current slab waveguide measurements. We attribute
this offset to the different guiding structure (two-dimensional
for the strip-loaded versus one-dimensional for slab), which
will result in a further modification to the effective index, and
possible unintentional differences in the MBE growth between
the two nominally identical wafers. However it is reassuring
to see the slope of both tuning curves match as the slopes are
dominated by the material dispersion. The results here can be
extended to determine tuning curves for nondegenerate cases
which are appropriate for difference frequency generation and
parametric processes.

The large change in refractive index observed here is at-
tributed to the near complete intermixing of the short period
binary superlattice structure, indicated by the correspondingly
large bandgap shift of 170 meV, and not to the specific
intermixing method used. This substantial refractive index
modulation has implications for QPM using domain disor-
dering. A refractive index modulation can also be used for
quasi-phase-matching second-order interactions [16] and
careful consideration is required when both the modulation in

the linear and nonlinear coefficients contribute to the frequency
conversion process. In the transparency window of semicon-
ductors, the increase in the fundamental absorption edge energy
upon disordering provides a reduction in magnitude of both
the effective index and the nonlinear coefficient . For the
case of second-harmonic generation, the relative phase of the
generated SH wave is opposite for these two contributions,
compromising achievable conversion efficiencies. Accurate
knowledge of the modulation in coefficients allows the use of
detailed simulations to provide an estimation of the reduction
in efficiency [17], [18] and the investigation into device designs
to minimize the problem. Similarly applications based on the
modulation of (for example spatial soliton emission [31])
will equally have to take account of the beneficial or detri-
mental effects resulting from the associated refractive index
modification.

V. CONCLUSION

In this work, we measured large modulation in the refrac-
tive index obtained for quantum-well intermixing of a 14:14
monolayer GaAs–AlAs superlattice. Low-temperature photolu-
minescence measurements indicate a large 169 meV differential
blue-shift obtained between disordering-suppressed and dis-
ordering-enhanced material. Effective index measurements
are presented as a function of polarization, for both as grown
and disordered material for near-bandedge and half-band-
edge wavelengths. The largest effective refractive index shift
observed 9 10 exceeds previous reports for disordered
AlGaAs ternary multilayer structure. This value suggests that
the superlattice structure has potential applications for the
direct fabrication of integrated optical waveguides, integrated
splitters, and interferometers. The birefringence modulation
measured is also useful for device fabrication given the ease by
which the spatial modulation of this dispersion can be achieved.
The comprehensive nature of the measurements reported will
serve as a valuable design tool for active and passive compo-
nents aimed to operate around 1550 nm.
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