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We have developed an inductively coupled plasma etching process for fabrication of
high-aspect-ratio hole-type photonic crystals in InP, which are of interest for optical devices
involving the telecommunication wavelength of 1550 nm. The etching was performed at 250 °C
using Cl,/0, chemistry for sidewall passivation. The process yields nearly cylindrical features with
an aspect ratio larger than 10 for hole diameters near 0.25 um. This makes them very suitable for
high-quality photonic crystal patterns. © 2006 American Vacuum Society.
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InP-based two-dimensional hole-type photonic crystals
are likely to be present in many of the future optical devices
involving the telecommunication wavelength of 1550 nm.
For this application, the etched holes are placed on a trian-
gular lattice with a pitch of a~400 nm and diameter of
d~250 nm and etched through an InP/InGaAsP/InP planar
waveguide structure. To minimize optical loss, the holes
should be ~2.5 um deep and exhibit smooth and vertical
sidewalls.' Excellent results have been achieved with chemi-
cally assisted ion beam etchingz’3 and electron cyclotron
resonance reactive ion etching (RIE) (Ref. 4) using
Ar/Cl,-chemistry. A more versatile technique for large-scale
fabrication is inductively coupled plasma (ICP) etching. This
technique provides a high etch rate due to high current den-
sity and allows independent control of the ion energy. Excel-
lent results on deep-hole etching have already been obtained
with ICP using SiCly chemistlry.5 Here, we present detailed
results of successful fabrication of InP photonic crystals by
ICP etching, using simple Cl, gas to provide the reactive
species. In this way, we extend the versatility of Cl,-based
InP device manufacturing.

We have previously reported on ICP etching of hole-type
photonic crystals using Cl, chemistry.6‘7 Reasonably deep
holes (2.3 wm) could be etched, but with significant under-
cut in the top region and sloped sidewalls (87°). Since the
limited hole depth requires the guiding core layer to be in
close vicinity to the top surface these undercut regions may
cause significant optical loss.® Our approach to add N, to the
Cl,-plasma chemistry resulted in vertical sidewalls with no
undercut because of sidewall passivation.7 However, the hole

YElectronic mail: c.f.c.carlstrom @tue.nl
YAlso at Kavli Institute of Nanoscience, Delft University of Technology,
P.O. Box 5053, 2600 GB Delft, The Netherlands.

L6 J. Vac. Sci. Technol. B 24(1), Jan/Feb 2006

1071-1023/2006/24(1)/L6/4/$23.00

depth was limited to 1 um due to low etch selectivity with
respect to the mask.

An alternative candidate for surface passivation could be
O,. This gas was shown to be very effective in fluorine
(SFg)-based etching of high-aspect-ratio structures in si’
Furthermore, it has been shown by Smolinsky et al.'’ that
GaAs etches selectively with respect to oxides in Cl, plasma.
No selective etching of InP with respect to its oxides was
observed in Ref. 10. However, in their case, the etching
mechanism was probably rather physical as the substrate
temperature (60 °C) was significantly lower than required
for chemical etching of Inp."” Cl,/0O, mixtures have indeed
been used in reactive ion etching (RIE) of InP laser stripe
facets, producing vertical sidewalls at 250 °C." In the
present article, we demonstrate the feasibility of Cl,/O, ICP
etching at temperatures near 250 °C for fabrication of high-
aspect-ratio holes needed in photonic crystals.

All experiments were performed on (100) n-type InP (Sn-
doped) substrates with a size of approximately 8 X 8 mm?.
The photonic crystal pattern is defined into a layer
of ZEP520A (positive electron-beam resist) with electron-
beam lithography. This pattern is then transferred into a 400
nm thick, plasma-enhanced chemical vapor deposited
SiN,-masking layer with a RIE process employing CHF; as
etch gas. After the final ICP etch step, the samples were
cleaved and the cross section was inspected with a scanning
electron microscope (SEM). The ICP etch experiments were
carried out in a load-locked Oxford Plasmalab 100 system.
As the main etch product, InCls, is not volatile enough at
room temperature, all etching was performed at an elevated
temperature (250 °C) to ensure chemical etching by CL"
Sample temperature control in ICP etching can be difficult
due to significant heating by the ion bombardment."® To keep
the sample temperature as close to the preset value as pos-
sible, the following measures were taken. The samples were
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glued with heat conducting paste onto a 4 in. silicon carrier
wafer. The table temperature was regulated by resistive heat-
ing in combination with short sequenced processing (etch
steps of 30 s) allowing the sample to cool down between the
etch steps. Due to the plasma stabilization time of less than
3s, the sequencing could lead to an underestimate
(<10%) of the etch rates. The substrate chuck temperature
was measured with a thermocouple. The ion energy was con-
trolled by the dc-bias voltage.

In a first series of experiments, the passivation capabilities
of O, for the Cl, ICP process were investigated. Figure 1(a)
illustrates the Cl,-only case showing a 10 um wide trench
after 1 min (i.e., 2 etch steps) etching using 7 sccm Cl, at
2 mTorr with an ICP power of 500 W and dc bias of
—500 V. The slight undercut of the vertical sidewalls sug-
gests ion-assisted chemical etching. By adding 1.8 sccm O,
the sidewalls become more vertical as can be seen in Fig.
1(b). The etch depth for the two processes is comparable:
4.7 pm [Fig. 1(a)] and 4.9 wm [Fig. 1(b)], while the bottom
roughness slightly increases [Fig. 1(b)]. However, when the
0, flow is increased to 2.6 sccm [see Fig. 1(c)], the bottom
surface becomes very rough and the etch depth is signifi-
cantly reduced (~2.5 um). This grasslike roughness has
some darker features on top. These most likely consist of
broken grass, clustered together during etching. This is ob-
served more clearly when the O, flow is further increased
(not shown). Evidently, at higher O, flows, the enhanced
passivation effect causes micromasking at the bottom surface
and inhibits etching despite direct exposure to the ion bom-
bardment. These results indicate that O, indeed has a strong
passivation effect.

The passivation effect on the sidewalls is even more evi-
dent in the case of high-aspect-ratio holes. Figures 2(a) and
2(b) show cross sections of a triangular photonic crystal lat-
tice consisting of 200 nm wide holes and a lattice parameter
of 400 nm. Here, the crystals were etched using the process
just described with the Cl,-only, shown in Fig. 2(a), and with
the 1.8 sccm O, addition, shown in Fig. 2(b). In the Cl,-only
case, the lateral etching in the top region is more pronounced
than for the trench [Fig. 1(a)] with openings in the sidewalls
to the neighboring holes. The hole bottom profile near the
corners shows slight trenching [buckle up shape in Fig. 2(a)],
which is indicative for substantial ion impact in the etching
process with ions being reflected from the sidewall. In sharp
contrast, with addition of O, [Fig. 2(b)] the sidewalls are
more vertical, although a slight undercut is still visible. The
holes in the latter case are deeper and have a rough bottom
surface. Apparently, in the Cl,/O, process, etch products col-
lect at the bottom and cause micromasking, which dominates
the bottom profile. The bowing in the top [Figs. 1(a) and
2(a)] is well known from deep silicon etching.14 In that case,
it was shown from simulations that the undercut is due to
direct exposure of radicals from the plasma in combination
with ions scattered from the mask.'* When 0O, is added, sur-
face passivation protects the sidewalls from etching and
chlorine radicals are not consumed there. Consequently, the
radicals are available at the bottom surface, which is acti-
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FiG. 1. SEM micrographs of 10 um wide trenches etched at 2 mTorr and
250 °C using an ICP power of 500 W and dc bias of 500 V. Gas flow rates
were (a) 7 sccm Cl,, (b) 7 sccm Cly+1.8 scem O,, and (¢) 7 sccem Cl,
+2.6 sccm O,.

vated by the ion bombardment. In this way, a very aniso-
tropic etching process is obtained, leading to large hole
depths.

The different etch behavior of large and small areas upon
O, addition prompted us to perform a more systematic study
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Fig. 2. SEM micrographs of photonic crystals etched at 2 mTorr and
250 °C using an ICP power of 500 W and dc bias of 500 V. Gas flow rates
were (a) 7 scem Cl, and (b) 7 scem Cly+1.8 scem O,. Note that the photo-
nic crystal symmetry axis (I'K) makes a small angle (~5°) with respect to
the cleaving plane, giving a three-dimensional impression of the hole shape.

of aspect-ratio dependent etching (ARDE). Figure 3 summa-
rizes the dependence of etch depth on hole diameter (200,
240, 400, and 960 nm) at different O, flows. The Cl, flow
was 7 sccm while the O, flow was 0, 1.8, 2.6, or 7 sccm. For
comparison, the etch depth of the 10 wm wide trench is also
included. In the Cl,-only case, the etch depth decreases with
decreasing hole diameter, also known as RIE-lag. When in-
creasing the amount of O,, the RIE-lag is reduced; eventu-
ally leading to inverse RIE-lag (etch depth increase with de-
creasing hole diameter) at the largest O, flow. The
consequences of O, addition for the overall etch behavior
with respect to ARDE are twofold, each with a different
impact. On the one hand improved sidewall passivation leads
to enhanced exposure of the bottom to reactive species,
which will increase the etch rate. On the other hand, im-
proved bottom passivation inevitably leads to lower etch
rates due to formation of less volatile etch products. The
results in Fig. 3 indicate that the resultant of the two effects
varies largely with aspect ratio. In the lower aspect ratio
regime (960 nm diameter hole, 10 um trench) the enhanced
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FiG. 3. Etch depth as a function of hole diameter for photonic crystal holes
after 1 min etching at 2 mTorr and 250 °C using a Cl,/O, mixture with
7 sccm Cl,. ICP power and dc bias were 250 W and 640 V.

bottom passivation and slow down of the etch rate dominates
for increasing O, content after a slight increase at the lowest
O, addition (1.8 sccm). In the high-aspect-ratio regime (200
and 240 nm diameter), the impact of sidewall passivation
and the correspondingly enhanced flux of reactive species to
the bottom dominates. The hole depth is independent of the
given O,-flow range. Apparently, the bottom surface is
hardly passivated in these high-aspect-ratio holes at this flow
regime. The same etch behavior is also observed using a
higher Cl, flow of 14 sccm (not shown), but then the hole
depth is significantly larger. The abundance of neutral spe-
cies at the hole bottom is strongly dependent on aspect
ratio. " Evidently, in this regime the ion-enhanced etching is
limited by the supply of neutral CI species. It is pointed out
that with a proper Cl,/O, balance, the etching process can be
tuned to aspect independent etching, as manifested by the
2.6 sccm O, curve in Fig. 3. This could be very useful when
the waveguide and photonic crystal element are to be real-
ized in a single etch step. Apart from all surface chemical
effects at the sidewall and bottom, the addition of oxygen
increases the dissociation'® and ionization of chlorine since
the strong electron attachment mechanism for chlorine will
be suppressed. The systematic increase of the etch depth
when 1.8 sccm of O, is added could be partly ascribed to this
effect.

From the above discussion it is clear, that a Cl,/O, bal-
ance is crucial not only with respect to pressure and tempera-
ture to control the flux of Cl radicals, but also with respect to
the ICP and chuck bias powers as these parameters affect the
dissociation/ionization ratio and the ion energy, respectively.
Figures 4(a) and 4(b) show cross sections of photonic crystal
structures after 1 min of etching using more optimized con-
ditions. Here, the pressure was 2 mTorr and the gas flows
were set to 14 sccm and 1.8 sccm for Cl, and O,, respec-
tively. The ICP power was lowered (250 W) and the dc bias
increased (640 V). The holes in Fig. 4(a) are of typical size
for the photonic crystals operating at 1.55 um (vacuum
wavelength), being 240 nm in diameter and on a pitch of
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FiG. 4. SEM micrographs of photonic crystal holes and a trench. The etching
was carried out at 2 mTorr and 250 °C using an ICP power of 250 W and
dc bias of 640 V. Gas flow rates were 14 sccm Cl,+1.8 sccm O,: (a) Hole
diameter 240 nm, (b) hole diameter 960 nm, and (c) trench width 10 um.

400 nm. The holes are deep (~3.4 um) and, more important
for hole-type photonic crystal applications, the sidewalls are
almost vertical (>89°) in the upper 2 um. At this low ICP
power, the bottom part of the high-aspect holes is narrow,
which appears to be a commonly encountered feature in InP
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photonic crystal etchinf_g.z_5 The narrowing might relate to
shadowing of ions and/or neutrals. Similarly, the wider holes
of 960 nm [Fig. 4(b)] and 480 nm (not shown) in diameter
also have a cylindrical shape in their upper part. The micro-
masking of these holes [Figs. 4(a) and 4(b)] is either absent
or occurs at a lesser extent [compared to Fig. 2(b)] probably
due to a lower oxygen fraction, i.e., 14/1.8 compared to
7/1.8. The sidewall surface exhibits some striations in the
upper region, most likely originating from the mask. For the
trench, depicted in Fig. 4(c), the whole upper region of the
sidewall is very rough and there is a marked transition to the
smoother lower region. Similar abrupt transitions in sidewall
roughness have been observed before with other dry etching
processes, including Cl,/0,-RIE and has been attributed to
the redeposition of nonvolatile etch products.“’17 We observe
this transition also in the Cl,-only case, though it is then less
pronounced [Fig. 1(a)].

In summary, we have demonstrated that O, is capable of
surface passivation in Cl,-based ICP etching of InP and that
the balance of neutral and ionic species is crucial. While
work on optimizing this process to obtain smooth and verti-
cal sidewalls for both low and high-aspect-ratio features is
still in progress, these first results show that this process is
very suitable for fabrication of deep hole photonic crystals
structures in InP.
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