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Abstract. Active suspended membranes are an ideal test-bench for experimenting
with novel laser geometries and principles. We show that adding thin AlGaAs barrier
near the top and bottom Air/GaAs interfaces of the membrane significantly reduces
the carriers non-radiative recombinations and decreases the threshold of test photonic
crystal test lasers. We review the existing literature on photonic crystal membrane
fabrication and propose an overview of the significant defects that can be induced by
each fabrication step. Finally we propose a complete processing scheme that overcome
most of these defects.

Submitted to: Nanotechnology

1. Introduction

2D Photonic Crystal (PhC) are particularly successful to study light-matter
interaction [I 2 B, [4, 5l ©], induce non-linear light conversion [7, 8, 9] and to serve
as extremely compact laser sources |10, 11} 12] 13, [14]. In particular, active suspended
membranes are an ideal test-bench for experimenting with novel laser geometries and
principles, such as chemical and biological sensors [15, [16], logic gates for photonic
computation [17].

GaAs based photonic crystal membranes fabrication have been an active field of
research for several years. In particular they have been used for PhC lasers and passive
devices demonstrations, and are particularly attractive for Near InfraRed (NIR) active
devices as efficient InGaAs Quantum Wells (QWs) or Quantum Dots (QDs). Their
development has been hindered as compared to InP based lasers mostly due to the highly
effective non radiative recombination rates of GaAs surfaces [I8, [19], which strongly
limits their practical implementation.
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2

In this paper, we show that PhC lasers threshold can be drastically reduced by
using a combination of first AlGaAs barriers that prevent carriers diffusion to the
GaAs/Air interfaces, and thus reduce the carriers recombination rate, and secondly
an optimized processing limiting as much as possible the plasma induced damages to
the GaAs structure.

Moreover, whilst numerous bibliography references exist on GaAs etching for PhC
membranes realization [20] 21], 22] 23], only a few of them deal with the various aspects
of a full membrane fabrication, despite it strongly impacting the efficiency of the
fabricated devices. Among these, [20] described a soft mask fabrication process for GaAs
based PhC membranes showing that the steps following the PhC etching have a strong
impact on the fully fabricated device aspect. In this paper, we propose an alternative
full process that allows to fully remove the electrosensitive resist without N-methyl-
pyrolidone (NMP) solvent and most of all without having to resort to a combination of
oxidation /deoxidation wet etching of the membrane.

In the following, we will first describe the different processing steps we used for PhC
membrane fabrication. In the second section we show how each step was introduced in
order to minimize plasma induced defect in the membrane structure and to remove any
unwanted residue from the processing. In a last section, we show that the full procedure
allowed us to fabricate PhC Distributed Feedback (DFB) lasers with experimental
characteristics close to the predicted ones and showing a lower threshold than using
a more straightforward approach.

2. Technological process description

The investigated structure is a 270-nm-thick GaAs membrane with 3 6-nm-thick
embedded Ing.GagsAs quantum wells (QWs). The samples were fabricated by
Molecular Beam Epitaxy on GaAs (001) substrates with a 1.5-um-thick Alg¢Gag4As
sacrificial layer. As compared to structures used previously [10], described in figure[l](a),
we added 2 20-nm-thick Alp,GaggAs barriers 10-nm away from the bottom and top
of the membrane layer, as shown in figure[l](b). These additional barriers limit
carrier diffusion to the top and bottom GaAs/air interfaces and prevent non-radiative
recombination [24].

Figure[2] presents the process-flow that was developed in this study. The first column
(Figure[2(a)) is the reference 0o-free process flow described below. The second and third
column (Figure 2](b) and (c)) are alternative process flow with 0, ashing that will help
us better understand the possible damages caused by oxygen inside de membrane by
studying the wet etching residues at the bottom of the surface left after hydrofluoric
acid (HF) etching (dark green rocks). For e-beam lithography (green box figure 2| (a)),
optimized photonic crystal DFB laser arrays, as proposed in [10] were patterned in the
resist using a 20kV electron-beam lithography tool (Raith 150) and standard CSAR-62

2

commercial resist (350nm). They are exposed at an uniform dose of 90 uCcm™* and

developed in amyl acetate for 60s and then rinsed in isopropanol (IPA) for 60s at room
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Figure 1. Comparison of membrane structures: (a) proposed in previous studies, (b)
proposed in this paper. In light gray GaAs, in gray Alg 2Gag gAs barriers, in dark gray
Ing oGag gAs. The TE mode profile considered is represented in red.

temperature. We then use hydrochloric acid solution for 90s (HCI 37% mixed 1:3 by
volume with deionised water (DI)) to remove oxides formed at the surface of the exposed
areas.

The PhC holes are then transferred in the membrane by dry etching, more
specifically inductively coupled plasma reactive ion etching (ICP-RIE) technique
(Sentech Si-500) using Cly /N5 chemistry [25, 26] (yellow box figure[2] (a)). Cl is the main
etching agent, ensuring physical etching driven by Cl ions and chemical etching driven
by Cl radicals. Ny promotes the deposition of a side-wall passivation which protects
the vertical side-walls from lateral etching. We use etching parameters close to the ones
of [27]: Cl; = 50SCCM, Ny = 20SCCM, T = 25°C, P = 3mTor, duration = 37s,
Prep = 200W and Prp = 60 W. During the etching, samples are glued to an Si-carrier
using a thermal glue (fomblin) to ensure good thermal contact between the sample and
the carrier. Under these conditions we get a selectivity of around 3, which is enough
to etch the holes of the photonic crystal through the 270-nm-thick membrane, while
keeping a significant safety margin of CSAR62. After dry etching the remaining resist is
removed using Dimethyl sulfoxide (DMSO) at a temperature of 80°C for 2h, and then
rinsed in IPA (red box figure 2] (a)). However, as can be seen in figure[3|(a) a mixture of
resist and etching residues are still present, particularly around each hole of the PhC.

The next processing step is the selective wet-etching of the sacrificial layer (blue
boxes figure [2| (a)). As compared to previous studies, the protocol was modified to take
into account the effects of native oxidization of the bottom of the holes laying in the
Al-rich sacrificial layers (figure [2| (a) dark green areas at the holes side-walls). This thin
film is not etched by HF |21} 28] and therefore is left beneath the PhC hole as residues
after wet-etching of the sacrificial cladding layer [22].

We use a series of several bathes with intermediate rinsing in water for 60s, which



Resist deposit a = [ng 0 Gag gAs
; (@) Aly2Gag.gAs
- GaAs

o m Aly 6Gag 4 As
HEEE m AlO,
——— = CSARG2
- Damages

Y

¢ v ()

DMSO
2h 80°C 02 Plasma
cl=I=lFI=I
SEM1—¥ IPA IPA pay (O
HCI HCI
90s 90s
=== )|
y DI DI y
HF HF HF
90s 90s 90s
== T —
AW R N KW &M‘)ﬁ:&:“o ekl 45 SIN,
y DI
HCI
90s
SIS DI DI
SEM2—y DI
DMSO DMSO DMSO
600s 80°C 600s 80°C 600s 80°C
ESTE LA TR it 1s S0,
SEM3
Figure 2. (a) reference process flow without Oz plasma; (b) & (c) two alternate

process flows with 0p plasma ashing. Ethanol and nitrogen flow dries are not
represented, but they take place after the final DMSO step.



98

99

100

101

102

103

104

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

5

are successively: a 300s dip in TPA to ensure total wetting of the (GaAs layers and air
bubbles removal, a 90 seconds hydrochloric acid solution (HCI 37% mixed 1:3 with DI
water by volume) to remove oxides formed at the surface of the sacrificial layer, specially
on the side-walls of the photonic crystals (figure [2| (a) first HCI blue box) and eventually
the HF sacrificial layer etching solution (HF 50% mixed 1:1 with DI water by volume)
at room temperature and a magnetic stirrer for 90s. We then proceed to a second
deoxidation step by dipping the sample again in the HCI solution. This step allows
to properly clean the sample from most of the residues left by wet and dry etching,
specially the remaining oxides present inside the sacrificial layer (figure [2| (a) last HCI
blue box: green residues are no longer present). However, as can be seen in figure[3|(b)
some residues are still present around the sidewall of the holes.

The last cleaning step consists in removing the possible remaining resist by means of
a DMSO solution and a stirring hot plate at a temperature of 80 °C for 600 (figure[2] (a)
DMSO blue box). As can be seen in figure[3|(c) the sample is now free from resist or
etching residues.

nm LAAS-CNRS 20.0kV 8.6mm x250k SE(U)

Figure 3. SEM images of PhC holes: (a) after first DMSO cleaning, (b) after
wet etching but before final DMSO cleaning and (c) after final DMSO cleaning. They
correspond respectively to SEM1, SEM2 and SEM3 along the process flow (a) in ﬁgure

Eventually, in order to reduced the capillary forces during the drying step, we
dip the sample in ethanol for 30s before gently drying using nitrogen flow. As thin
suspended GaAs membranes have moderate stiffness, capillary forces and subsequent
inter-solid adhesion might lead to a collapse onto the substrate [29]. To prevent any
collapse, we pay special attention to keep the entire sample under a liquid droplet during
the whole process, in particular when transferring from one bath to the next.

Figure shows a scanning electron microscope (SEM) image of a sample fabricated
using this process. As seen in figure[d|(a) it consists of PhC waveguides of different
lengths, with varying lattice constant a. Inset (b) and (c) show details of the PhC
waveguide homogeneity and of the smoothness and verticality of the holes that is
achieved using the previously exposed plasma parameters.

Figure 5 shows a Focussed Ion Beam Etching (FIBE) cut of a suspended PhC
membrane laser. Some Gallium droplets can be seen along the edge of the cut, it is
an artifact of the FIBE. The insert is a schematic representation of the suspended PhC
laser.
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Figure 5. SEM image of the cross section of one suspended PhC membrane laser,
obtained using FIBE. The insert is a schematic representation of the suspended PhC
membrane laser, with the corresponding layers. The 270 nm suspended membrane is
pointed out using the orange delimiter. Its composition corresponds to Figure (b)

The Al ¢Gag.4As sacrificial layer is pointed out using the green delimiter. The GaAs
substrate is pointed out using the white delimiter.

128 3. Results and discussion
120 This section aims to justify the different fabrication steps of the proposed process flow.
More specifically, we focus on the advantage of using organic solvent for resist striping,
instead of oxygen plasma ashing. We first show the role that oxygen plasma may play
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in changing the shape and size of the PhC holes. Then we show that oxygen plasma
may induce damages inside the membrane and the QW despite the resist protection,
therefore degrading the optoelectrical properties of the QWs 30} 31],32], and introducing
non radiative recombination sites [I8, B3] enhancing losses.

3.1. Impact of oxygen plasma on hole size and shape

To highlight the impact of oxygen plasma, we prepared a sample using an alternative
process flow (figure [2| (b)) where resist is stripped using O, plasma ashing instead of
using DMSO. The ashing is carried out in the same chamber used for the dry etching
(Og = 80 SCCM, T=25°C, P = 15 mTorr, Pgr = 50 W and P;cp=800 W).

We monitored in-situ the resist etching using an optical reflectivity end point
detection system. The resist from the large surfaces is completely etched after about
30s of plasma ashing. We introduced different overetching times to completely remove
resist from PhC holes.

Figure [6] shows a SEM image of the surface of our PhC after 46s of Oy plasma,
before wet etching.

LAAS-CNRS

Figure 6. SEM image of PhC holes for plasma etching of 46s, before wet etching.

Resist residues are still present, specially at the borders of the PhC holes. We
did not managed to remove these residues even after dipping our sample for 48h
in acetone. This is due to resist hardening by ion bombardment during the dry
etching. Other strategies for removing this residues include potassium hydroxide
selective etching [21) 23] and digital etching 20, B34]. The use of potassium hydroxide
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in a clean room with CMOS compatible processes requires a complex purification and
neutralization process that requires dipping the sample multiple times in DI water and
acetic acid. These multiple steps increase the probability of losing the surface droplet of
liquid, which will result in the collapse of our suspended membrane. Moreover, KOH will
slightly increase the holes diameter [20], whilst acetic acid is used in many GaAs surface
preparations [35] and sometimes leads to holes geometry modifications. Concerning the
second strategy, digital etching involves oxidizing the remaining resist in order to obtain
volatile compounds such as COs [20]. A deoxidation step is then essential in order
to clean the sample from GaAs oxides. This has a direct impact on geometrical and
optical properties of DFB photonic structures [Tl [36] as each step reduces the membrane
thickness and increases the diameter of the PhC holes.

We increased the overetching duration to try to remove all the resist, specially the
one present at the borders of the PhC holes. Figure [7| (a) and (b) show SEM images
of the surface of our PhC after the wet etching procedure, for two different O, plasma
durations: 330s and 70s.

(a) O, plasma duration: 330 s (b) 0, plasma du’ration: VAR (C) Without O, plasma

Figure 7. SEM image of PhC holes after wet etching: after (a) 330s and (b) 70s
of Oy plasma ashing; (c) using the Oq-free process of figure |2| (a). The vertical white
dashed lines represent the intern sidewalls of the holes, the yellow dashed lines their
top edge.

From figure [7] (a) and (b) we can clearly see that the top edge of the holes has a
torus like form. It is easier to see, from figure [7] (a) the torus like form thanks to the
contrast difference. We use white and yellow dashed lines as guides for the eye. The
white dashed lines represent the vertical side-walls of the inside of the PhC holes. The
yellow dashed lines the surface of the sample. The discontinuity between this dashed
lines shows that the border of the holes are not vertical and are rounded, which increases
their size. This effect is stronger for longer O, plasma (figure[7] (a)) than for shorter ones
(figure [7] (b)). From figure [7] (¢c) we can see that this in not the case for the improved
process (figure[2] (a)), as the sidewall/surface transition is sharper. In conclusion oxygen
plasma over etches the top of PhC holes, affecting their size and geometry. This deviation
from cylindrical hole geometry tends to increase discrepancies between expected and
observed photonic properties and it hinders accurate hole diameter estimation needed
to simulate the fabricated devices.
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3.2. Impact of oxygen plasma on the oxidation of the membrane

In this section we discuss how oxygen plasma might introduce lattice defects and
damages by implantation inside the membrane and the quantum wells [30], thus creating
non radiative recombination sites [33]. This effect can be tracked by studying the
composition of the residues left after the sacrificial layer etching (figure |2 (b) and (c)).

(a) O, plasma duration: 330 s (b) O, plasma duration: 70 s

Spectrur 1 |
" |

|

!

LAAS-CNRS 20.0kV 8.5mm x1.50k SE(M

Figure 8. Scanning electron microscope (SEM) image of the bottom of the substrate
after Oy plasma ashing then wet etching of the sacrificial layer using only HF. Both
samples were in contact with oxygen plasma at the same conditions as the ones showed
in figure[7] (a) and (b). (a) 330s of oxygen plasma and (b) 70s of oxygen plasma. The
red circles highlight some residues at the bottom of the substrate.

For this we use 0y plasma ashing for resist removal (dry etching followed by O
plasma instead of DMSO, processes (b) of figure . We then etch the sacrificial layer
using only HF without any HCI treatment, as shown in figure [2 (b). The results of
the wet etching of micrometric patterns are shown in figure |8 for two oxygen plasma
durations: (a) 330s and (b) 70s. We see in figure[§| (a) a large number of rocks (dust-like
gray structure covering the central part of the figure which corresponds to the bottom
of the sacrificial layer). Figure |§] (b) exhibits the same rocks (dashed red circles). The
density of these rocks is clearly linked to the Oy plasma duration.

Such feature have already been observed. For example [20] observed fluoride based
crystal (AlF3). This is not the case here as these rocks do not show the crystalline
characteristic form of AlF3 and are not soluble in water, even after a rinse in HyO for
600s.

[21, 28] pointed out the observation of an oxide compound (Al,O,) that comes
from the aluminium-rich sacrificial layer and the contact with either O, plasma, residual
oxygen present in the dry etching chamber, or ambient oxygen. We performed an Energy
Dispersive X-Ray Analysis (EDX) to assess the presence of oxygen in the rocks.

The results from EDX are shown in figure [0] For the substrate, no oxygen line
appear in the EDX spectrum (figure [0](b)), while for rocks (figure [9|(c) and (d)), the
spectra reveal the presence of oxygen (0.5KeV). As for the compound signature of Ga-
(1.098 KeV, 9.241 KeV) and As- (1.282KeV, 10.530KeV), we found the same intensity
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Figure 9. EDX measurements after wet etching of the sacrificial layer: SEM image
of the substrate with rocks (a) ; EDX spectra of the substrate (b) and of two isolated
rocks (c) and (d).

levels for rocks and the substrate. One possible explanation is that this signal comes
from the interaction of the EDX ray with the substrate and not the rocks. From these
EDX spectra, we conclude that the rocks contain oxygen. Moreover, as the rocks were
not etched by HF, they might correspond to an Al,O, oxide compound.

To furthermore understand the formation of these compounds, we tested the process
(c) of ﬁgur adding a de-oxidation after the O, plasma, before the sacrificial layer wet
etching. If these Al,O, were only created on the surface of the exposed Al Gag4As
layer, this step should allow their removal. However, surprisingly, we still found rocks,
in a density increasing with the Oy plasma duration. The sole explanation is that these
AlL,O, compounds are not only created on the exposed side-walls, but also inside the
AlgGag4As layer. Such process are possible and have been used to demonstrate sub-
surface oxidation of AlAs layers [31] B2]. It should be noted that these rocks can also
be found below the PhC membranes.

In conclusion, we believe that oxygen plasma is not suited for resist removal, first
because it degrades the geometry of the PhC holes, and second because it is able to
implant oxygen in the semiconductor, potentially creating defects in the GaAs membrane
(which is only covered by a small residual layer of resist at this stage of the process).

We thus ended with our reference dry etching procedure, as shown in figure [2| (a),
for which we replace oxygen plasma with an organic solvent DMSO in order to remove
the resist. DMSO was chosen for its low toxicity as compared to other solvents such as
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NMP used in [20] for example.

4. Optical results

In this section we assess the impact of both the inclusion of the barrier in the vertical
stack (see figure [1)) and the new process without oxygen plasma (see figure [2)) on the
optical characteristics of the membranes.

Figure shows the photoluminescence spectra of unprocessed wafers for both
structures described in figure(l} in solid green for the membrane with additional barriers,
in solid blue without the barrier, in dashed blue without the barrier using a x20 intensity
magnification. Both spectra were recorded using identical conditions (continuous-wave,
200mW, 532nm excitation) and are plotted using the same arbitrary intensity units.
The addition of the barriers results in a 20-fold enhancement of the luminescence, on
the un-etched structure, with only a single Air/GaAs interface. Our interpretation is
that the barriers prevent the optically-generated carriers to recombine non-radiatively
on the top surface of the structure, and that the effect will be even stronger on the
membrane.

1 4 | = With barriers =
—— Without barriers :
0.9 1| weeen Without barriers (x20)

0.8

0.7 1

0.6

0.5 4

0.4 4

PL intensity (arb. u.)

0.3 4

0.2 4

0.1+

800 850 900 950 1000
Wavelength (nm)

Figure 10. Photoluminescence emission from active membrane: without barriers
(blue) corresponding to figure [1j(a) and with barriers (green) corresponding to

figure [1](b).

To asses the impact of both the barrier and our novel processing, we fabricated
274 order DFB lasers using an optimized deformation scheme as reported in [10]. The
photonic defect waveguide acting as the DFB cavity relies on the same deformation
parameters (o = 0.82 and € = 1.04) and hole radius r = 0.3 a as in [I0], where a is the
lattice constant of the PhC.

Figure [11](a) shows the band diagram of the considered structure (gray) together
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with the fundamental mode guided in the defect (black) and the second folding point at
k. = 0 and up ~ 0.312 (yellow). We want to excite the mode at this second folding point

u u u

[(ﬂ ~(a) [%} (b) Lattice —298 307 [(ﬂ
0.34 F0.34 constant 301 —310 | }o.34
] anm] —304 —313
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ky [27/a] Intensity [arb. u.]

Figure 11. (a) Band diagram of the PhC waveguide (gray), fundamental guided
mode (black) and DFB mode at the ond folding point (yellow). (b) Emission spectra
above threshold for 300-pm-long cavities for different lattice parameters a.

where we can get efficient DFB lasing. As the gain peak in the membrane is around
Ao = 980 nm this corresponds to a lattice parameter ag = Ag X ug ~ 305 nm and a radius
r ~ 92nm. In order to accommodate for fabrication uncertainties and dispersion in our
material we fabricate DFB lasers with six different lattice parameters from a = 298 nm
to a = 313 nm with a pitch of 3nm, while keeping r/a = 0.3. The fabricated DFB lasers
are shown in figure [4] (a), where each column corresponds to a different cavity length
and each row to a different lattice parameter.

Figure (b) shows the laser spectral emissions under optical pumping by an
elliptical beam aligned with the waveguides for the 300-um-long lasers, in units of a/\,
as a function of the lattice constant (colour code). We can observe two different type of
emissions.

For a = [298, 304 — 313] nm, the spectrum is broad-band and contain multiple peaks. It
corresponds to Fabry-Pérot laser emission for the free propagating mode guided in the
defect and confined longitudinally by the etch mirrors at both ends of the waveguide.
For a = 301 nm (yellow), we observe a narrower and brighter emission corresponding the
DFB mode at the second folding point. The observed experimental reduced frequency
of u=0.311 is in good agreement with the predicted one uy ~ 0.312.

Figure [12] shows the emitted versus pump power curves recorded for lasers with a
lattice parameter a = 301 nm and with cavity lengths of 300 um (a) and 50 um (b). A
clear emission threshold is observed, at powers of 17kW /cm? (300-pm-long cavity) and
40 kW /cm? (50-pym-long cavity).

The laser emission threshold of the 300-um-long cavity is about 17kW/cm?,
which is 8 times lower than the previously reported thresholds for such cavities
(~127kW/cm?) [10]. As for 50-um-long cavity, no laser emission was possible using
the membranes without barrier and the fabrication process with oxygen plasma. This is
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Figure 12. Emitted power versus pump fluence for (a) 300-um and (b) 50-um-long
cavities. The red vertical dashed lines represent the laser threshold for each cavity.

a clear indication of the quality of the achieved PhC waveguides through our upgraded
process, and of the impact of the AlGaAs barriers to prevent surface recombination
of carriers at the GaAs/air interfaces. However, balancing the effect of the process
improvement as compared to the barriers impact is difficult, and would involve a
comparison between successive samples with different barriers and comparable process.

5. Conclusion

We have reviewed the complete classical fabrication process of GaAs active PhC
membranes, from the epitaxial structure to the wet etching technique.

Particular attention was devoted to reducing the non-radiative recombination that
occurs at the GaAs/air interfaces. For this we presented a new epitaxial structure
that includes two AlGaAs barriers, near the top and bottom surface of the membrane,
that significantly reduced the non-radiative recombination, rather than using chemical
passivation [33, [37]. This resulted in a 20-fold enhancement of the luminescence of QWs.

On the processing side, we focused on using soft solvent-based stripping steps rather
than plasma-based stripping and achieved complete cleaning of the sample together with
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a good preservation of the geometrical parameters of our PhC holes.
The combination of both improvements allowed the demonstration of GaAs PhC
lasers with ultra-short cavities.
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