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We demonstrate second harmonic generation at telecommunications wavelengths in photonic
crystal cavities in (111)-oriented GaAs. We fabricate 30 photonic crystal structures in both (111)-
and (100)-oriented GaAs and observe an increase in generated second harmonic power in the (111)
orientation, with the mean power increased by a factor of 3, although there is a large scatter in the
measured values. We discuss possible reasons for this increase, in particular, the reduced two
photon absorption for transverse electric modes in (111) orientation, as well as a potential increase
due to improved mode overlap. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4833545]

Low mode-volume, high quality (Q) factor optical
microcavities are promising for nonlinear optical devices, as
they have the potential to reach similar conversion efficien-
cies to traditional optical cavities, but in significantly more
compact devices. In particular, if the optical mode volume
becomes small compared to the material nonlinear coherence
length, the phase matching condition is replaced by the
requirement of large mode overlap between the relevant opti-
cal modes.' This is particularly useful in the case of III-V
semiconductors such as GaAs, GaP, and InP, as these materi-
als have a very high second order nonlinearity, but do not ex-
hibit birefringence. This makes phase matching of bulk III-V
semiconductors challenging, and typically quasi-phase
matching or additional birefringent materials are employed.
Quasi-phase matching these materials poses additional chal-
lenges as, unlike frequently used LiNbOj3, III-Vs are not fer-
roelectric and require wafer bonding or epitaxial growth for
periodic poling.” Conversely, integration of III-V materials
with optical microcavities is relatively easy due to the ease
of fabrication using semiconductor processing. III-V semi-
conductors also allow integration of active gain media such
as quantum dots or quantum wells,”™ as well as potential
on-chip integration with detectors, switches and modulators.

Experimentally, high efficiency, low power y® nonlin-
ear processes in resonant microcavities have been demon-
strated, in particular, second harmonic generation (SHG) in
microdisks® and microrings,” as well as second harmonic
generation and sum frequency generation in photonic crystal
cavities.*'° Millimeter sized lithium niobate microdisks
have also been used for high efficiency second harmonic
generation and ultra-low threshold optical parametric oscilla-
tors (OPOs).''™'? The efficiency of the conversion process is
proportional to the quality factors and spatial overlap integral
of the three modes involved."'* In the case of second har-
monic generation in photonic crystal cavities, the experimen-
tally achieved efficiency of the processes has been limited by
the difficulty of engineering multiple high quality factor
modes with a high degree of overlap.*”' This difficulty
arises because the bandgap of photonic crystals does not
span a sufficiently large frequency range for y(®) processes,
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and there are no significant higher order bandgaps. This
means that only one of the modes of the photonic crystal
cavity in the process is well defined and has high Q. For
example, in experimentally demonstrated second harmonic
generation in three hole defect (L.3) photonic crystal cavities,
the pump is coupled to the high Q fundamental cavity mode.
Previous work indicates that second harmonic generation in
photonic crystal cavities is primarily due to the bulk y?
rather than a surface y(?) effect (even in materials where the
generated second harmonic is above the bandgap and
absorbed).®® This suggests that the second harmonic couples
to leaky air band modes perturbed by the presence of the
cavity,**™' which have low Q factors, and potentially low
overlap with the fundamental mode. In order to improve the
efficiency, there have been several proposals for designing
photonic crystal cavities with multiple high Q resonances
and large frequency separations.'>™"°

Additional complications in designing nonlinear cavities
in II-V semiconductors arise due to the symmetry of the y?)
tensor; the only nonzero elements of the bulk /1(122 have
i #j# k, where i,j, and k are directions along the [100],
[010], and [001] crystal axes. Furthermore, the mode overlap
is proportional to Eijkjdrxl(.ji)E 1iE2jE3k, where E is a compo-
nent of the electric field and the numeric subscript describes a
distinct mode in a three wave mixing process. Spatially anti-
symmetric products of the three field components have zero
overlap. The vertical symmetry of the photonic crystal cavity
forces all modes to be either primarily transverse electric
(TE)-like or transverse magnetic (TM)-like.?® For a TE-like
mode, E,, E,, and H, obey even symmetry in the vertical
direction about the center of the slab while E.,H,,H, = 0 at
the central xy plane and are anti-symmetric about this plane
(where we define z as the direction normal to the wafer, and x
and y to be in the plane of the wafer). For TM-like modes,
E., H,, and H, obey even symmetry in the vertical direction
about the center of the slab while E, E,, H. = 0 at the central
xy plane and are anti-symmetric about this plane. Examining
the mode overlap integral reveals that for the process of sec-
ond harmonic generation, a TE-like mode may only couple to
a TM-like mode if the wafer is normal to the [100], [010], or
[001] (equivalent) directions, as in standard (001) oriented
wafers.” This is illustrated in Fig. 1(a). The consequence of

© 2013 AIP Publishing LLC
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FIG. 1. (a) (001) and (b) (111) oriented III-V semiconductor wafer, showing
electric field co-ordinates E,, E,, and E. aligned with the crystal axes. For
(111) orientation, each field component has components along all three of
the main crystal axes. (c) SEM of the three hole defect (L3) photonic crystal
cavity fabricated in (111) GaAs. Simulated magnitude of the electric field of
the fundamental mode is shown in the inset. Scalebar is 5 um. (d) Cross
polarized reflectivity spectrum of the cavity in (c) with resonance at
1551 nm. (e) Second harmonic spectrum of the cavity in (c) at 600 uW input
power. (f) Second harmonic power versus pump power for low pump powers
for the same cavity as shown (c)—(e); red line shows quadratic fit.

this is that both high Q TE-like and TM-like modes must be
engineered for second harmonic generation in suspended pho-
tonic crystals on this substrate, which is challenging as nearly
all planar photonic crystals only have a bandgap for TE polar-
ization (with the exception of a few recent demonstra-
tions,?"** which require either complex 2D patterns or thick
1D structures, thereby making fabrication more challenging).
However, if the wafer is cut such that the plane of the wafer is
normal to a different crystallographic direction, the x and y
directions in the plane of the wafer may have components
along each of the [100], [010], and [001] directions, and in
this case, TE-TE coupling between modes may be allowed.
For example, in the case of (111) oriented III-Vs, illustrated in
Fig. 1(b), such TE-TE mode coupling is allowed. This opens
up additional degrees of freedom for engineering photonic
crystal cavities for frequency conversion,'? as all three modes
in a three wave mixing process may now have either TE-like
or TM-like symmetry.

In order to achieve efficient nonlinear frequency conver-
sion, it is also desirable to choose a semiconductor with a
transparency window that overlaps well with the experimen-
tal frequencies. GaP has a large bandgap and has been dem-
onstrated as a high-efficiency nonlinear source of visible
frequencies,’ but is challenging to grow in (111) orientation.
On the other hand, GaAs has a strong nonlinearity, is easier
to grow in (111) crystal orientation, and is compatible with
bright gain media such as InGaAs quantum wells, and
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efficient quantum emitters, such as InAs quantum dots.*
However, GaAs has a smaller bandgap than GaP, and suffers
from a large two photon absorption at telecommunications
wavelengths, as well as linear absorption of visible wave-
lengths. Moreover, due to the tensor nature of the nonlinear
properties, the two photon absorption of TE modes in (111)
GaAs is several times smaller than in (001) GaAs.”

In order to demonstrate the improvement of nonlinear fre-
quency conversion in nanophotonic structures by controlling
the crystal orientation of the underlying material, we fabricate
L3 photonic crystal cavities in (001) and (111) GaAs and
compare second harmonic generation in both. Photonic crystal
cavities were fabricated in 165nm thick (001) and (111)
GaAs membranes grown on a thick AlGaAs sacrificial layer
(1 um thick in the (001) sample, 0.8 um thick in the (111)
sample) on n-type doped substrates. The (111)B GaAs sub-
strate was off-oriented by 2° towards [2-1-1]. The cavities
were fabricated using e-beam lithography to define the pat-
tern, followed by dry etching and HF wet etching to remove
the sacrificial layer. An SEM of a fabricated device is shown
in Fig. 1(c). The fabricated structures had lattice constant
a=460-470nm and hole radius r/a=0.28. The electric field
of the fundamental mode of this cavity is shown inset in the
figure, and was simulated by 3D finite difference time domain
(FDTD) method. Fabricated photonic crystal cavities were all
characterized experimentally at the fundamental (1st har-
monic) wavelength with a broadband LED light source using
a cross polarized reflectivity method.** The spectrum for the
structure shown in Fig. 1(c), measured by this method, is
shown in Fig. 1(d) with a Q factor of 10 000.

To perform second harmonic generation, a tunable CW
telecommunications wavelength (1465-1575nm) laser is
reflected from a 50-50 beamsplitter and coupled to the high-
Q fundamental cavity mode at normal incidence with a high
numerical aperture objective lens. The second harmonic
emission is collected through the same objective and passes
through the beamsplitter to be measured on a liquid nitrogen
cooled Si CCD spectrometer.” The tunable laser is scanned
across the cavity resonance, and the maximum counts meas-
ured on the spectrometer for each laser wavelength are
recorded. The value in counts/second was calibrated in order
to calculate actual powers. An example of such a spectrum
for the cavity in (111) GaAs measured shown in Fig. 1(c) at
600 W pump power is shown in Fig. 1(e), the red line is a
fit to a Lorentzian squared with Q factor of 10 000. The sec-
ond harmonic power dependence on input power can be
recorded by varying the laser power at a particular wave-
length; the resulting curve for the same cavity is shown in
part (f), with a quadratic fit in red. Since the generated sec-
ond harmonic is above the GaAs bandgap, the process effi-
ciency is greatly reduced by the two photon absorption of the
pump and linear absorption of the second harmonic; this is
indicated by the fact that the measured power is significantly
lower than that measured from similar cavities in GaP, de-
spite the relatively higher %(® nonlinearity of GaAs.” Since
at low powers the measured second harmonic versus pump
power is quadratic and the efficiency versus pump power is
approximately linear, in this power regime, we can obtain
the (constant) conversion efficiency per Watt of input pump
power for each structure. The maximum low power
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conversion efficiency per Watt measured in a (111)-GaAs
structure was 0.002%/W (not accounting for in/out coupling
losses), which is 450 times lower than the measured conver-
sion efficiency per Watt in GaP photonic crystal cavities.
Next, we compare the second harmonic spectra for simi-
lar L3 cavities in (111) and (001) GaAs, in order to demon-
strate the difference in the second harmonic process in the two
orientations for input powers leading to collected second har-
monic powers in the pW range. We expect to observe a differ-
ence in the measured second harmonic power for fixed pump
power, due to differences of the nonlinear optical interaction
strengths and of the two-photon absorption coefficients
between the two samples, although this experiment will not
distinguish between the two effects. Around 30 cavities were
fabricated for both (111) and (001) GaAs. The input power
was kept at 600 uW, where the SHG versus pump curve was
still quadratic for the case of (111) GaAs, as in Fig. 1(e), but
the power was high enough that second harmonic signal could
be measured for most cavities. For (001) GaAs, this may have
already been in the strong nonlinear absorption regime due to
the higher two photon absorption; however, below this power,
the second harmonic power was too low to measure for a sig-
nificant number of structures in the (001) orientation, and
therefore, we chose to measure at 600 uW in order to keep
these structures in our sample. We therefore do not quote low
power conversion efficiency for both but rather measure sec-
ond harmonic power at 600 uW. For each photonic crystal
cavity, the tunable laser was scanned across the resonance.
Second harmonic power was were plotted versus wavelength,
and the peak value was recorded. Table I summarizes the
results, which indicate higher efficiency SHG in the (111) ori-
entation. A large structure to structure variation was observed
and is possibly due to the high sensitivity of air band mode
frequencies to structure parameters, as well as variations in in-
and out-coupling efficiency. In order to try to suppress this
variation, we also fabricated perturbed L3 photonic crystal
cavities.”® However, we still observed significant scattering of
values. Since this scattering was less severe in the case of GaP
cavities in previous studies’ (e.g., allowing a noticeable de-
pendence on in plane cavity rotation), we suggest that the
absorption contributes to the high sensitivity of measured
powers. The results for (001)-oriented GaAs are statistically
enhanced by the fact that there were several cavities in that
orientation for which we could not measure any SHG, perhaps
because the efficiency was too low, and these were not
included in the results. Different rotations relative to the crys-
tal axes were also fabricated; however, the variation from
structure to structure was larger than any rotation variation
that we could measure. Therefore, we include structures of all
rotations in the table. The quality factor of the structures

TABLE I. Comparison of second harmonic power in pW for L3 cavities in
(001) and (111) GaAs for 600 uW input power.

(001) GaAs (pW) (111) GaAs (pW)
Max 1.66 7.3
Mean 0.47 1.55
Median 0.11 1.03
Standard deviation 0.55 1.6
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measured was between 8000 and 13000, and no significant
dependence on Q factor was found in this range. We attribute
this to the fact that although the conversion efficiency
increases with increase in Q factor, the coupling efficiency
decreases with increasing Q factor, and in this range the two
effects cancel. The increase in the SHG in (111) cavities rela-
tive to (001) cavities may be a combination of the smaller
two-photon absorption in (111) GaAs and the possible better
overlap between the fundamental L3 cavity mode and air
band modes, due to the possibility of coupling to TE modes,
as explained above. FDTD simulations of the potential con-
tributing air band modes* were used for calculations of the
mode overlap, and indicate that this overlap can be improved
or reduced with a change in wafer orientation by up to an
order of magnitude, depending on the particular air band
modes involved. Determination of which of these modes is
involved is challenging, as these modes are low Q and there-
fore difficult to isolate via FDTD simulation, and in general
confirmation via farfield measurements and rotation of the wa-
fer are required. In these simulations, however, linear and
nonlinear absorption were not included, and therefore identifi-
cation of the precise modes involved was not possible.
Another potential difference is the difference in outcoupling
between TE and TM modes. One might naively expect that
TM modes would couple out more poorly than the TE modes.
However, for the low Q air band modes we simulated (see
Ref. 4 for an example of such modes), we found that between
20%-70% of the light couples into the NA of the objective
lens for both TE modes and TM modes, with more variation
depending on the precise mode than between TE and TM. A
precise characterization of the improvement resulting from
the chosen wafer orientation would require further experi-
ments at longer pump wavelengths to distinguish between
improvement from lower two photon absorption and improved
overlap due to TE-TE mode coupling.

At higher input pump powers, the generated second har-
monic will deviate from a quadratic dependence due to
absorption processes and resonance shifts. This is shown in
Fig. 2(a). The fundamental is absorbed via two photon
absorption, while the second harmonic is absorbed linearly.
This absorption leads to the generation of free carriers
and free carrier absorption. Additionally, free carrier absorp-
tion causes a change in refractive index causing the cavity to
blueshift,”” as well as heating of the cavity, causing the
cavity to redshift (microsecond timescale). These transient
effects cause regenerative oscillations or bistability, particu-
larly on the red side of the resonance,>> % and are of
interest for switching and optical signal processing
applications.zw]_33 In addition, photo-oxidation of the cav-
ity causes a slow and permanent blueshift of the cavity reso-
nance by up to several nm.** The input powers at which this
deviation from quadratic behavior occurs varied significantly
from cavity to cavity. The described resonance shifts can
cause problems during measurement, as high Q cavities shift
off resonance suddenly. Fig. 2(a) parts (i) and (ii) show the
second harmonic spectrum at low and higher power; at
higher powers the spectrum can be seen to be slightly
“tilted” from the Lorentzian squared fit due to nonlinear
absorption effects. Fig. 2(b) shows the second harmonic
power versus wavelength versus input power for another
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FIG. 2. (a) Second harmonic generation in (111)-GaAs photonic crystal cav-
ities versus input power. Quadratic dependence shown inset on log-log plot.
Power versus wavelength at different power levels shown in (i) and (ii). (b)
Second harmonic counts versus power versus wavelength for a different
structure. (i) and (ii) show the power versus wavelength for two different
pump power levels.

cavity with higher absorption. As the power is increased, the
spectrum deviates more and more from a Lorentzian squared.
This is shown in parts (i) and (ii) where the spectra are
shown at the low and high power ends. The high power spec-
trum is highly asymmetric and the peak has redshifted; the
second harmonic also becomes bistable at this side of the
spectrum (see supplement).

In summary, we have demonstrated second harmonic
generation in (111) GaAs with the pump at telecommunica-
tions wavelengths. We observed higher conversion efficien-
cies for the (111) GaAs than in (001) GaAs, which is most
likely due to the combination of reduced two photon absorp-
tion for TE-like modes relative to (001) GaAs, and better
overlap between involved (TE-like) modes. Future experi-
ments at longer pump wavelengths could assert which effects
are more responsible for this difference.
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