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Abstract: This paper mainly describes fabrication of two-dimensional GaAs-based photonic crystals with low
nanometer scale air-hole arrays using an inductively coupled plasma (ICP) etching system. The sidewall profile and
surface characteristics of the photonic crystals are systematically investigated as a function of process parameters in-
cluding ICP power, RF power and pressure. Various ICP powers have no significant effect on the verticality of air-hole
sidewall and surface smoothness. In contrast, RF power and chamber pressure play a remarkable role in improving
sidewall verticality and surface characteristics of photonic crystals indicating different etching mechanisms for low
nanometer scale photonic crystals. The desired photonic crystals have been achieved with hole diameters as low as 130
nm with smooth and vertical profiles by developing a suitable ICP processes. The influence of the ICP parameters on
this device system are analyzed mainly by scanning electron microscopy. This fabrication approach is not limited to
GaAs material, and may be efficiently applied to the development of most two-dimensional photonic crystal slabs.
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1. Introduction

Photonic crystals (PC)[!-2] are optical materials with pe-
riodic changes in the dielectric constant on the wave-length
scale, analogous to the crystal structure of a semiconductor, in
which photonic band gaps can be created for certain ranges of
photon energies. Various applications have been predicted and
are expected to be realized by photonic crystals, including ultra
small optical circuits, photonic integrated circuits and quantum
dot single photonic sources!® 4], Ideally, such optical electronic
devices should be realized using a three-dimensional system,
but an alternative system using a dielectric slab with a two-
dimensional (2D) photonic crystal, called a 2D PC slabl®- €], is
also very attractive for its relatively easy fabrication. It uses the
effect of the 2D PCs to confine light in the in-plane direction,
and the refractive index contrast to confine light in the vertical
direction!”- 81,

The fabrication of PC necessitates pattern transfer tech-
niques with good control of both structure size and shape. Re-
cently, the requirements have become more important with the
resurgence of structures requiring vertical profiles and very
smooth surfaces in dimensions on the order of hundreds of
nanometers, e.g., photonic band gap devices® 11, which are
particularly demanding in this respect. Among the different dry
etching methods available, inductively coupled plasma (ICP)
seems to be the most appropriate candidate with its large flex-
ibility for plasma control and uniformity. It is possible, unlike
in a reactive ion etch (RIE) system, to control independently
the density of the plasma and the energy of the ions to achieve
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large etch rates without significant crystallographic damage for
a wide range of materials['2.

There have been some reports of ICP etching of GaAs-
based photonic band gap devices!!> 4. One of the main chal-
lenges, however, remains the fabrication of photonic band gap
structures where the main difficulty lies in the realization of
PC with air-hole diameter < 150 nm features with vertical and
smooth sidewalls. In this paper, we mainly describe the fabrica-
tion of 2D PC micro-cavities with low nanometer scale air-hole
arrays using an ICP etching system. The sidewall profile and
surface characteristics of PC are systematically investigated
as a function of process parameters including ICP power, RF
power and chamber pressure, and the mechanisms are also dis-
cussed. PC structures with air hole diameters as low as 130 nm
and etch depths of around 400 nm with uniform size, vertical
sidewalls and smooth profiles have been achieved by optimiz-
ing various process parameters in a chlorine-containing plasma
etching system.

2. Experiment

The sample structure reported in this article has been de-
signed for quantum dot (QD) single photon resources for long
wavelength applications in two-dimensional GaAs-based PC
micro-cavities. The materials used here consist of a 200-nm-
thick undoped GaAs slab waveguide grown by molecular beam
epitaxy (MBE) and clad by air on the upper surface and a 1000-
nm-thick sacrificial Aly.7Gag 3As layer on the n-type GaAs
substrate side. A single layer of InGaAs QDs is embedded
100 nm below the surface in the center of the GaAs waveguide.
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Due to the typical relatively poor dry-etching resistance for
the electron beam resist!!%], a hard mask has been used instead.
The hard mask used in this article is SiO,. Although the SiO,
mask is prone to erosion under high temperature processes,
it also has the advantage of easy patterning and RIE etching
with well defined profiles, which is crucial to ensure good side-
wall quality and verticality. 150 nm of SiO, is first deposited
by plasma enhanced chemical vapor deposition. The thickness
of the SiO, layer is measured using an ellipsometer. Electron
beam lithography is then used to write the test patterns, typi-
cally 300 nm, on the SiO, mask layer. RIE with a CHF3/Ar
plasma is used to etch the SiO, layer for pattern transfer.

The ICP tool used in this study is a load-locked plasma
etching system based on a cylindrical coil configuration. Power
is coupled to the plasma by exciting the coil with a 2 MHz RF
potential. The resulting magnetic field induces a circumferen-
tially oriented electric field that largely fills the chamber, creat-
ing high density plasma. lon energies are controlled by super-
imposing a RF bias of 13.56 MHz on the sample. The samples
are loaded into the reactor by mounting them on a sapphire
carrier wafer and the wafer is then clamped to the cathode.
The ICP chamber is conditioned by running a BCl3/Cl, plasma
for 30 min prior to conducting the designed experimental runs.
Based on previous experience with this material system and
similar devices, a mixture of BCl3/Cl,/Ar, in the ratio of 1/1/3,
is deemed suitable for this particular process chemistry. For all
the tests described in this article, the same sample size is used
and the etch time is controlled using an end-point detection sys-
tem. With such conditions, the three main parameters under
investigation are ICP power, RF power and chamber pressure.
Sidewall and surface characteristics are inspected under a scan-
ning electron microscope. Additionally, in our experiment, the
three primary requirements on the etching are firstly, the etch
depth is required to reach the requisite thickness, i.e. the etched
holes need to extend through the GaAs slab waveguide into the
sacrificial layer (> 200 nm), in order to form a suspending pho-
tonic crystal slab structure by undercut chemical wet etching
the Alg.7Gag 3As sacrificial layer. Secondly, the etched holes
need to be vertical to reduce loss. Finally, the etched sidewalls
should be as smooth as possible to reduce scattering losses.

3. Results and discussion

3.1. Influence of the RFpower

Theoretically, the RF power level sets a DC bias, which is
basically a potential difference between the plasma coils and
the lower electrode upon which the sample sits. This DC bias
drives the ions into the sample. A large DC bias will impart
significant kinetic energy to the ions, making physical sputter-
ing a dominant process. A large ion sputtering component will
significantly affect the etch mask as well. In addition, the large
DC bias can heat the sample.

The influence of the RF power is here studied by keeping
the chamber pressure, ICP power and other parameters con-
stant. The process is performed at a pressure of 2 mTorr with
ICP power arbitrarily fixed at 300 W as a starting point. RF
power is then varied over arange of 50—-110 W. Figures 1 shows
typical SEM photographs of a photonic crystal with the RF
power between 50 and 100 W. The significant characteristics

observed are that high RF power (100 W) causes the enlarge-
ment of air holes for photonic crystal structures: the diameter
of an air hole is around 220 nm, which is noticeably larger than
that of the air hole on the SiO, patterns (the hole diameter of the
SiO, mask layer patterns is around 110 nm.). In addition, sig-
nificant roughness is introduced into the upper edges of air hole
sidewalls, though the bottom part of the holes and the surface
of GaAs are very smooth. However, relatively lower RF power
(50 W) results in a bowing profile on the upper part of holes,
while holes exhibit good circularity and uniformity on the sur-
face of the GaAs slab, and the diameter of holes is around 130
nm, which is nearly equal to the diameter of holes on the SiO,
mask layer. This can be explained by the fact that increasing the
RF power will be translated into an increase in the acceleration
of the ions, and the etching process is largely dominated by
physical sputtering, as shown in Fig. 2(a), which will decrease
the etching selectivity between the GaAs and SiO, materials.
The enlargement and sidewall roughness of air holes probably
results from erosion of the SiO, mask, which, as it recedes,
leads to degradation of the intended etch pattern, as shown in
Fig. 2(c). When the mask recedes enough to reach the underly-
ing substrate, this will result in enlargement of the etch pattern
and the introduction of significant roughness on the top edge
of etch sidewalls. However, under low RF power, the etching
process is largely dominated by chemical etching, as shown in
Fig. 2(b). In addition, mask erosion can be delayed by decreas-
ing the RF power, leading to the improvement of selectivity
between the GaAs material and SiO, mask, thus forming the
holes with almost equal dimensions of SiO, patterns. On the
other hand, the etch depth of holes is around 400 nm at high
RF power and around 300 nm at low RF power, i.e. the corre-
sponding aspect ratio is around 1.8 : 1 and 2.3 : 1, respectively,
indicating the higher etch ratio at high RF power. However,
the etch depths all extend through the GaAs slab waveguide
region completely for the two different RF powers and reach
the requisite etch depth.

3.2. Influence of the chamber pressure

The chamber pressure is another important process param-
eter. Typically, the chamber is held at a baseline pressure of
~10~7 Torr when no process is being run; typical process pres-
sures are below 10 mTorr. Based on our previous experiments,
the effect of the chamber pressure on the etch behavior can
be somewhat difficult to gauge. In principle, if the etch is one
in which chemical etching is the dominant mechanism, an in-
creased chamber pressure will increase the concentration of the
reactive elements and can speed up the etch rate. If the etch
is primarily a physical sputtering process, an increased pres-
sure will also initially increase the etch rate, but may eventually
cause it to slow, as the increased pressure may cause collisions
between ions that will reduce the kinetic energy with which
they bombard the surface.

In our experiment, the influence of chamber pressure on
the verticality of photonic crystals with nanometer scale air-
hole diameters is now discussed, keeping other parameters con-
stant. When the RF power and ICP power are fixed at 70 W and
300 W, respectively, the pressure is varied between 1.0 and
1.8 mTorr in an attempt to find a suitable value for obtaining
the desired verticality. Figure 3 shows SEM photographs for
the etched photonic crystals with the chamber pressure varying
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Fig. 1. (a), (b) SEM photographs of photonic crystals when RF power is 100 W, exhibiting remarkable enlargement of air holes and roughness
on the upper part of holes. (¢) SEM photograph of a cleaved device at 70 W power after GaAs etching but before the removal of the Si0, mask
layer and sacrificial layer, showing the bowing shape of sidewalls. (d) SEM photograph from the top view after chemical wet etching the SiO»
mask layer and sacrificial layer, exhibiting relatively uniform and rounded air holes on the GaAs slab surface.
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Fig. 2. Schematic pictures showing a variety of profiles of etched substrates and masks with the verticality degraded by physical sputtering
effects represented by ion bombardment and chemical etching effects represented by a radical effect. (a) Physical sputtering. (b) Chemical

etching. (c) Mask retardation.

over 1.3 and 1.6 mTorr. It can be observed that at 1.6 mTorr,
the sidewall exhibits a bowing shape in the middle of the holes
(see Figs. 3(a) and 3(b)). The hole diameter on the surface of
GaAs is around 130 nm and the depth of holes is around 300
nm, which is similar to the profile of holes at the low RF power
above, but they have two remarkably different characteristics.
On one hand, the bowing profiles are formed in the middle of
the holes, not on the upper part of the holes as in those formed
at low RF power; on the other hand, the profile here is more
rounded than that of the holes mentioned above. This probably
results from different etching mechanisms.

When the chamber pressure decreases, the bowing shape
profile is gradually eliminated, and the sidewalls exhibit trape-

zoid profiles when the pressure is 1.3 mTorr, as seen in
Figs. 3(c) and 3(d); the diameter and etch depth of holes is
around 130 nm and 350 nm, respectively, which is nearly equal
to the diameter of holes at high chamber pressure. A possible
reason for this is that at higher chamber pressures the energetic
ions undergo an increased frequency of collisions before they
strike the sample, which begins to randomize the ion trajecto-
ries and degrade the etch anisotropy, so the etching curvature of
the sidewalls is rather evident. Moreover, increasing the cham-
ber pressure also implies that the chemical-etching component
is enhanced. When the chamber pressure decreases, the balance
between physical sputtering and chemical etching is improved,
and thus the bowing shape is gradually eliminated. On the other
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Fig. 3. Magnified SEM photographs of profiles with different chamber pressures. (a), (b) At high chamber pressures, a bowing profile which is
similar to that at low RF power is seen. (c), (d) At low chamber pressures, the bowing profile is gradually eliminated and a trapezoid profile is

formed.

hand, the aspectratiois 2.3 : 1 and 2.7 : 1 for high chamber pres-
sure and low chamber pressure, respectively. This can be ex-
plained by the fact that ions obliquely incident into holes have
difficulty reaching the bottom of the hole, as the size of the
hole is narrower because the mean-free-path of ions at higher
pressures is short; in other words, obliquely-incident ions are
increased. However, at a lower pressure, the mean-free-path is
much longer than that at a higher pressure, or in other words,
normally-incident ions are dominant, so that a relatively high
aspect ratio is created at low pressures, but the etch depths all
extend through the GaAs active region completely into the sac-
rificial layer.

3.3. Influence of ICP power

In principle, ICP power controls the density of ionized
atoms. In addition, it can have an effect on the sample tem-
perature because dense plasmas generated by high ICP powers
can cause heating of the sample, which can influence the etch
rate, sidewall profiles, and hence are expected to have an im-
pact on the chemical aspect of the etching. This effect has been
exploited in our etching of photonic crystals with wide dimen-
sions. However, here it is operated as a function of ICP power
between 200 and 300 W, keeping the pressure (1.3 mTorr) and
RF power (70 W) fixed; we notice little variation in etching
quality as a function of ICP power over the range of ICP pow-

ers explored, but the etch depth is deeper than the GaAs active
layer. One possible reason for this is that photonic crystals with
low nanometer scale dimensions are less dependent on temper-
ature variation over the range of ICP power explored.

3.4. Optimum conditions for photonic crystals fabrication

The conditions that lead to the above effects are affected
to a possibly larger extent by the confined etching geometry.
For photonic crystals with large size patterns as in the previous
experiment, it can be confirmed that the optimum conditions
are obtained for RF and ICP power fixed, respectively, at 70
W and 300 W with a pressure of 2 mTorr at room temperature.
This process is nonetheless applied to those of small sizes with
the same epitaxial wafer structure. The design used in this arti-
cle is based mainly on photonic crystal micro-cavities for QD
single photon sources with hole diameters < 150 nm.

Taking the factors mentioned above into account, it is found
that RF power and chamber pressure have the maximum influ-
ence on surface quality and, especially, on the verticality of
sidewalls, while ICP power has less influence on etching qual-
ity. The primary modification here in the process is an opti-
mization in RF and chamber pressure. Based on the above ex-
perimental results, the final photonic crystal etching conditions
are settled on: the chamber pressure is 1.0 mTorr, RF power
is 90 W, ICP power is 200 W, and the etching time is 160 s.
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Fig. 4. SEM photographs of a photonic crystal after optimizing the
various process parameters. (a) The holes of a photonic crystal ex-
hibit significantly vertical and smooth sidewalls. (b) Top view close-
up SEM photograph of a complete photonic crystal micro-cavity.

The resulting devices exhibit significantly smooth and vertical
sidewalls, as shown in the SEM photograph of Fig. 4(a). No
bowing profile is observed in the sidewall, indicating suitable
process parameters among RF power, chamber pressure and
ICP power. In addition, the holes exhibit uniform and circular
size, with the diameter of holes being as low as around 130 nm
and the etch depth around 400 nm.

4. Conclusions

In conclusion, we have studied the plasma etching of two-
dimensional GaAs-based photonic crystals using an ICP etch-
ing system. The influence of the RF power, chamber pressure
and ICP power on the surface smoothness and verticality of
hole profiles has been systematically investigated and an op-
timum process has been developed for the achievement of the
desired photonic crystal structures with low nanometer scale
holes. RF power and chamber pressure have the maximum in-
fluence on the verticality and play a significant role in improv-
ing the sidewall verticality and etching surface quality of air

holes. In contrast, ICP power has no significant effect on etch-
ing characteristics for the tool conditions used here. Its mecha-
nisms have been also discussed and are thought to be due to the
balance effect between physical sputtering and chemical etch-
ing. Vertical and smooth air holes with hole diameters as low
as 130 nm have been achieved by careful optimization of the
various etching parameters.
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