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We investigate the parameter optimization for micron-scale etching by Inductive Coupled Plasma - Deep
Reactive Ion Etching (ICP-DRIE) of GaAs/AlGaAs semiconductor heterostructures. Although dry etching ap-
proaches have been reported in the literature using a broad variety of plasma etch tools, there is still need to
meet the majority of microsystems dry etching requirements. The etch process family studied here, is dominated
by the relative pressures of BCl; (Boron trichloride) and Cl, (Chlorine) gases. The influence of using a BCl3/Cl,/
Ar/N, mixture at different pressures has been investigated: A small addition of N, (Nitrogen) is very effective
inducing sidewall protection when using photoresist masks. The etch profile quality has been characterized as a
function of the plasma process and of the etched feature sizes. The desired etch characteristics for GaAs/AlGaAs
heterostructures can be achieved by controlling the various process parameters with good reliability, high se-
lectivity, and - simultaneously — high etch rates and sidewall verticality. Etch rates from 1 to over 5.5um/min
have been obtained. The selectivity with optical photoresist varies from 2.3 to 16. The presented results can be
valuable for a wide range of applications involving fabrication of micro-electro-mechanical-systems or Micro

Optoelectronic Mechanical Systems.

1. Introduction

Current mainstream microelectronic and microsystem technology
uses silicon as the substrate material [1-3]. III-V compound semi-
conductors, on the other hand, dominate of course optoelectronic ap-
plications [4-11]. However, III-V compound semiconductors suit high-
performance applications even beyond optoelectronics, due to higher
electron mobilities and peak velocities than silicon. As a consequence,
there is growing interest for DRIE etching of III-V compound semi-
conductors and ICP reactors have been widely used in both manu-
facturing and research laboratories.

The BCl; and Cl,-based chemistries are widely used in dry etching of
III-V compound semiconductors. However, it is rare to use just Cl, or
BCl; (or both together). Combinations with Ar or N, gases are generally
employed [12-15], depending on the etched material system (GaAs,
AlGaAs, GaP, GaSb and GaN) and also on the applications [16-23].
Sloped profiles may be necessary for some applications, such as a
trenche, to guarantee adequate coverage during subsequent metal de-
position. Vertical profiles (corresponding to an angle of 90 *= 2°) are
essential for etching mirror facets for semiconductor lasers, or a cavity
in the substrate for MEMS devices. In particular, III-V compound
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semiconductors such as GaAs and AlGaAs are widely used for the mi-
crofabrication of sensor devices for applications in optoelectronics,
optical wireless communications [24,25] and microsystems [26].

The aforementioned applications demand anisotropic etch profiles,
as well as smooth sidewalls and surface morphology, and high etch
rates and selectivity. Conventional reactive ion etching (RIE) is often
used for the selective etch process of III-V compounds [23]. However,
RIE processes rely on only one RF chuck (called platen or bias power),
making it difficult to achieve good etch uniformity on large wafers
(100 mm wafers are nowadays commonly used in III-V technology).
Moreover, elevated RF platen bias are typically necessary to achieve
vertical sidewalls. This also leads to high etch rates, but the physical
impact of the ions on the III-V compounds and on the mask is increased
too. The former one can cause damage to the device [27-29]. The latter
one reduces the mask selectivity. One solution is to use an ICP-DRIE
reactor where two power inputs are employed for the plasma. One is
the platen power, similar to a RIE reactor. The other is the ICP source
power. The latter one plays the crucial role of ionizing and generating
the plasma. This technology provides almost independent control of ion
density and ion energy, respectively. With optimized ICP conditions,
typically a low RF chuck power and a high ICP source power, minimum
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WD29.9mm 10.0kV x750 50um

Fig. 1. SEM images of features etched into a GaAs wafer with micromasking effects apparent on the surface: a) with metal mask, b)-c) and d) with photoresist mask.
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Fig. 2. SEM micrographs of a 6um-thick etching of a GaAs wafer a-b)exhibiting a smooth floor, but c-d) rough sidewalls. This is typically found when using recipes

R1-R4, that are Cl,-based.

damage or damage-free etch with high etch rate and sidewalls can be
obtained with III-V materials [15,30].

Several approaches to increase the etch selectivity have been de-
veloped. The use of gases promoting formation of polymer films on the
surfaces was shown to favor the selectivity. In this article we show that
a BCl3/Cl,/N,/Ar plasma chemistry can produce highly anisotropic
etching of GaAs/AlGaAs heterostructures in combination with photo-
resist-based masks. Each ICP-DRIE etching parameter has an effect on
the rate, anisotropy, surface roughness, and sidewall morphology. All of
them must be carefully controlled for reliable device manufacturing.
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Special attention has been paid to the problem of plasma-induced
structural damages such as the micromasking and the sidewall rough-
ness. Our objective is to optimize III-V compounds etching using a ICP-
DRIE etcher. We have identified plasma conditions that provide not
only an adequate surface chemistry but vertical and smooth sidewalls as
well. The paper is organized as follows: section II describes the solution
to overcome the micromasking phenomenon and to obtain a smooth
surface using a photoresist mask (for low cost processing). Section III
describes the ICP process for GaAs as a function of gas mixtures and
pressures. In section IV, we investigate the sidewall quality and angle
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Fig. 3. SEM micrographs and corresponding optical photograph of features etched into GaAs with BCl3/Cl,/Ar. Typically found when using the recipes a) R1, b) R2 ¢)

R3 and d)R4.

profile by exploring how the shape of the photoresist mask evolves
during the ICP processes. We conclude with a discussion of these results
and their potentiel applications.

2. Experiment

The experiments were performed in a STS (Surface Technology
Systems) reactor, equipped with a maximum available power 900 W,
13.56 MHz RF coil generator. The gases employed in this study were
BCl3, Cl,, Ar, N, and O,. During all the experiments, the temperature of
the electrode was fixed at 25°C. A 5-min-long oxygen clean procedure
was performed between each run to remove any polymer from the re-
actor sidewalls, minimize contamination, and preserve process repeat-
ability. The samples were loaded into the reactor by mounting them on
an alumina carrier wafer with silicone grease to ensure good thermal
contact. As part of the optimization of the etching parameters a mask
design with different kinds of test structures (trenches and cavities) for
measuring the process outcome was employed. In this investigation a
surface inspection of the etch result was the best way to check the etch
characteristics. All test samples were 1 cm X 1 cm pieces of bulk GaAs
or GaAs /Aly 15Gag gsAs THz quantum cascade lasers [31].

We studied several different etch processes and their general char-
acteristics were compared. Typical parameters from these processes are
summarized in Table I, with an etching time set at 5min for all the
samples. Photoresist (AZ9260, 6um-thick), was patterned with test
geometries on GaAs wafers, or on GaAs /Alj 15Gag gsAs THz quantum
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cascade heterostructures [31], and used as the mask material. The mask
erosion was estimated by measuring its thickness pre- and post-etching
for a fixed time. The mask selectivity was estimated by calculating the
ratio of the semiconductor etch rate to photoresist etch rate. The
samples were etched and studied using an optical microscope and a
Scanning Electron Microscope (SEM). The latter one provides error on
the measurement due to the pixel size of the image. The error bars on
the depth and angle measurement, or on the etch rate and selectivity
are plotted in all the figures.

3. Results
3.1. Micro-masking

Micro-masking occurs when material liberated during the etching is
redeposited elsewhere on the sample and creates an undesirable addi-
tional etch. It is most frequently encountered when a metal mask is used
because of the physical sputtering of small metal particles, that are not
volatile (as seen in Fig.1a). A photoresist mask may also induce polymer
deposition on the etched sidewalls due to a reaction with the plasma
and result in roughly etched surfaces due to micro-masking (as shown
in Fig.1b, ¢ and d). As a consequence, the micromasking phenomena
can significantly reduce the etch rate. Fig. 2 shows SEM images of the
samples after an etch with a Cl,-based chemistry. The samples present
very smooth bottom surfaces. However an undercut is also observed
and the sidewalls are rough. As predicted for Cl,-rich environments,
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Table 1
Typical results from the different etch processes used in this study with coil
power: platen power ratio fixed to 8:1 with an etching time set at 5 min for all
samples.

Parameters Results
Recipe Pa (mTorr) BCl3/Cly Ar N, Etch rate (um/min) Selectivity
1 10 4 0 0 3.64 6.67
2 10 2 0 0 3.6 6.5
3 10 2.5 0 0 2.38 4.3
4 10 4 5 0 2.38 4.43
5 10 2.5 5 0 2.13 3.73
6 10 6 5 0 2 4.12
7 10 6 0 0 2.37 2.71
8 10 8 0 0 2.1 4
9 10 6 5 2 3.84 5.95
10 10 6 5 25 4 7.22
11 10 6 5 3 4 6.2
12 10 3 5 3 2.5 2.3
13 10 12 5 3 1.6 3.9
14 10 20 5 3 1 2.85
15 10 20 5 3 1.8 4
16 5 20 5 3 1.14 2.5
17 10 20 5 3 1.8 4.22
18 20 20 5 3 2.36 5.2
19 25 20 5 3 3.6 11.26
20 30 20 5 3 3.7 12.33
21 30 20 5 5 5.56 16
22 20 20 5 5 4.1 10
23 10 20 0 3 1.92 3.35
24 20 20 10 3 2.8 8.9
25 20 20 20 3 3 8
26 20 20 30 3 2.5 7.28
27 20 20 50 3 2.23 6.42
Table 2

Dissociation enthalpy of BCl3, Cl,, N, and Ar used to enhance the etching rate of
GaAs.

Parameters BCl3 Cl, Ny Ar

Dissociation enthalpy (kcal mol ~*) 110.7 58 226 363.73

GaAs and AlGaAs were chemically etched causing severe undercut as
observed in Fig. 3, when using the recipes R1-R3. In BCls-rich en-
vironments instead, when using the recipe R4, GaAs and AlGaAs are in
general slightly passivated and the undercut effect is reduced
[32,33,34]. Note: BCl3 may cause a problem because Boron-containing
molecules can be deposited onto the wafer surface. By adding Ar in the
BCl;/Cl, mixture, it is possible to sputter these non volatile products
away. With the Ar in the BCl3/Cl, mixture, we obtained less under
etching (see Table 1: R4, R24, R25, R26 and R27). The effects of the gas
mixture on the etch characteristics of GaAs show that by increasing the
Cl, flow rate, the etched surface becomes very smooth, but the etch
profile is isotropic and the sidewalls are very rough. In the next section,
the effect of plasma process parameters on the etch rate and the pho-
toresist mask is studied.

3.2. High etch rate

The bulk micro-machining processes include wet etching, plasma
(RIE or ICP DRIE) or both to realize microstructures. Because aniso-
tropic wet etching often yields curved facets and rounded shapes, it is
often not suitable for optoelectronic applications [35,36]. As a con-
sequence, the ICP-DRIE etching remains a very good alternative since it
does not introduce undercut or rounded edges, and it is highly flexible.
Shallow etch depths and lower etch rates are desirable for pattern
etching, whereas higher etch rates are preferred for very deep etching.
Both these regimes can be attained with ICP-DRIE. A benchmark for the
processes is an etch-rate greater or equal to 4um/min for a GaAs
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substrate.

Our objective is to develop a recipe with increased etch rate by
facilitating the availability of chloride ions as a result of the reaction
between BCl; and Cl,. The addition of Ar or N, to the BCl3/Cl, mixture
affects the etch rates. In essence, adding Ar or N, can result in a dif-
ferent degree of dissociation of Cl,. As shown in Table 2, the dissocia-
tion enthalpy of the used gases are different: a balance in terms of in-
jected gas flow ratio and the power used is required. We investigated
the introduction of N, to the BCl3/Cl,/ Ar mixture. It is important to
note that adding only a very small amount of N, (2 or 5 sccm) already
resulted in a sizeable increase of the GaAs etching rate, as shown in
table I. From these results, it is also observed that the etch rate increases
rapidly with increasing Cl, flow rate in the ratio BCl3/Cl, due to the
increase in the supply of reactive Cl1* or Cl species at the sample sur-
face. The change in etch rates as a function of the Cl, gas flow permits
to infer if the process is reactant or diffusion limited. On the other hand,
at a fixed Cl, flow, the etch rate increase with the BCl; flow is not as
dramatic. This stems from the higher dissociation energy of BCl3 mo-
lecules that leads to a smaller number of available CI radicals for the
reaction.

The optimum conditions for obtaining a higher etch rate were ob-
tained at a high concentration of N, gas in the BCl3/Cl,/Ar mixture at
10 mTorr (see Table I: R9, R10 and R11) and at even higher operating
pressures of 20-30 mTorr (see Table I: R20 and R21).

The addition of N5 to the BCl3/Cl,:Ar (6:5) mixture increased the
GaAs etch rate. For example, the etch rate of GaAs increased from 2um/
min to 4um/min with the addition of 3 sccm of N,. As shown in Fig. 4,
the addition of N, also enhances the sidewall passivation preventing the
isotropic undercut (typical of Cl,-only based recipes) and produces a
very anisotropic pattern transfer into the GaAs as well as into GaAs/
AlGaAs heterostructures. We also observed that the etch rates of GaAs
and of GaAs/AlGaAs heterostructures were not significantly different.
As a matter of fact, the mechanisms for vertically etching bulk GaAs or
GaAs/AlGaAs heterostructures are shown to be similar.

Fig. 4 shows the etch profiles as a function of operating pressure
(Recipes R16-R18). Vertical profiles are obtained for pressures as high
as 20 mTorr. The advantage of operating at higher pressure is to im-
prove the selectivity with the photoresist mask. Nevertheless, the
higher the pressure, the less smooth the sidewall surface is. However,
the sidewall angle was always 9°. Note that maximum etch rates ex-
ceeding 3.8 um/min (recipe 10) for 10 mTorr, and 5ym/min (recipe 21)
for higher pressure ranges from 20 to 30 mTorr are obtained in BCI3/
Cl2/Ar/N2 with a good selectivity. These etching conditions suit the
production in bulk GaAs and GaAs/AlGaAs heterostructures for MEMS,
MOEMS and microlectronics applications. In the next section, a special
attention is paid to the problem of plasma-induced structural damages
such as the anisotropy and the sidewall roughness.

3.3. Smooth sidewall and angle

GaAs/AlGaAs-based waveguides are used for nonlinear optics ap-
plications, with advantages such as band-gap engineering flexibility
and possibility to achieve broadband transparency throughout the tel-
ecommunication band. The performance of these waveguides is typi-
cally limited by the propagation losses, whose main source - in high-
index contrast waveguides - is often the scattering due to the sidewall
roughness and angle [37,38,39,40]. Positive-tone photoresists for de-
vice micro-fabrication were optimized to obtain a high resolution with
excellent vertical profiles. Straight wall profiles achieve the best pattern
fidelity. In fact, the mask erosion by the plasma ions mainly impacts the
rounded or sloped edges of the photoresist mask. This results in an
angled photoresist profile and - in case of deep etching - this angle is
transferred to the etched pattern by gradual erosion of the photoresist
at the mask edges. Furthermore, an increase in surface roughness on the
top of the sidewalls (see Fig. 5.c) is in general observed.

Unfortunately, the major disadvantages of using a thick photoresist
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Fig. 4. SEM micrographs and corresponding optical photograph of features etched into GaAs with BCl3/Cl,/Ar.Typically found when using recipes R16; R17 and R18.
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Fig. 5. (a,b): The AZ9260 photoresist profiles: the overcut profile (a) and the optimized vertical profile (b) (c,d): SEM images after etching a GaAs wafer sing a resist
mask with overcut profille (c) and vertical profile (d).

are poor resolution and difficulty in obtaining straight wall profiles. The chemical thus leading to unwanted undercut features. In Fig. 6 we
vertical striations on the sidewalls of the etched features appear to be quantify this trend and we show - for a gas mixture ratio of BCl3/Cl,: 20
related to edge roughness of the photoresist etch mask (see Fig. 4 at 5 with Nj: 3 sccm - the experimental etch rate and selectivity as a func-
mTorr and 10 mTorr). tion of operating pressure. The reason is that at lower pressure the

As shown in Fig. 5, the micro-masking effect was completely absent mean free path of electrons, ions and neutrals is increased. The etch rate
when the sample was etched with N5, under the same time and process is reduced due to a more physical etching process, while at higher
conditions. The N5 concentration in the plasma improves the smooth- pressure the ion concentration on the GaAs surface enhances the che-
ness of the etched profiles. mical character of the etching. To be able to control the anisotropy of

Increasing the BCl; flow reduces the etch rate, while increasing the the process, the Ar concentration was adjusted by varying the relative
pressure enhances the selectivity, but the process becomes more flow rates. Despite the addition of Ar in the gas mixture BCl3/Cly: 20,
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Fig. 6. GaAs etch rate and selectivity variation with pressure. The gas mixture is BCl3/Cl,:Ar 20:5 and N»:3 scem, (see Table 1: recipes 16 to 20).
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Fig. 7. GaAs etch rate and selectivity variation with argon. The gas mixture is BCl3/Cl,: 20 and N,:3 sccm at 20 mTorr, (see Table I).

(see Table I: R4), some under etching with rough sidewalls was always
observed and the slope was still found to be around 90°. On the other
hand, by adding Ar in the gas mixture BCl3/Cl,: 20 with Ny: 3 scem (see
Table I), increasing the Ar gas flow from 5 to 50 sccm leads to an in-
crease then a decrease of the etch rates as shown in Fig. 7. This trend in
etch rate is attributed to a change from a chemically dominated reac-
tion to a physically dominated one. This is further confirmed by the
decreased selectivity with an increase in the Ar flow, due to the in-
creased physical character of the etching. Compared to etching with
BCl3/Cl; or BCl3/Cl,y/Ar, a mixture of BCl3/Cly/Ar/N, yields smoother
surfaces and vertical sidewalls without micro-masking effects. This is
due to a balance of physical and chemical etching mechanisms. In
contrast, we observe that micro-masking appears when we increase the
N, proportion (with a threshold of 3 sccm.) and that the smooth surface
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sidewall is not preserved at high pressure.

4. Discussion

Plasma etching is the result of a combination of isotropic chemical
and anisotropic physical etchings. In ICP-DRIE reactor, the dominant
etching mechanism for GaAs-based materials with a Cl,/Ar chemistry is
a chemical reaction, while with a BClz/Ar chemistry is physical sput-
tering [41]. An optimized recipe R15 has been developed. It yields
anisotropic etching with moderate etch rate and very smooth surfaces.
Compared to etching with only BCl3/Cl, or BCl3/Cl,/Ar, a mixture of
BCl3/Cl,/Ar/N, yields smoother surfaces and vertical sidewalls without
a micro-masking effect.

Even with an optimized plasma etching process, the profile of the
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Fig. 8. Ripple effects on GaAs etch rate: (a-b) optical view and (c-d) SEM view.
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Fig. 9. ARDE effects: the GaAs etch rate is presented as a function of the mask aperture, a) for four different etching recipes (R11, R15, R21 and R22), b) illustration

of ARDE.

photoresist sidewalls and the associated ripples are critical to many
applications and do affect the quality of the etching. A vertical profile
photoresist provides the best pattern fidelity, but it is relatively difficult
to obtain. The presence of the ripples depends on the pattern and also
on the conditions of the lithographic process. It often occurs, especially
near concave corners. The resist wall profile and the ripple effect can be
controlled by adjusting the photoresist, exposure dose, baking, devel-
oper strength, and development time (see Fig. 8).

One of the significant issues in this etch is the ARDE (Aspect Ratio
Dependent Etch). In fact, the scaling of the etch rate with the feature
dimension is an important issue in the fabrication of microelectronic
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and photonic devices. It requires a considerable effort to modify the
etch processes each time changes in the design are made. As expected,
as shown in Fig. 9, the GaAs etch rate depends on the mask opening
size. In particular, the smallest mask opening was etched the slowest.
Moreover, as shown in Fig. 10, the etch rate of GaAs and AlGaAs
changes significantly as a function of the processing time. Nevertheless,
the quality of the sidewalls is similar in both cases. Since, as highlighted
before, the mechanisms for etching vertically bulk GaAs and GaAs/Al-
GaAs heterostructures are similar, the difference in selectivity between
the two is purely a result of the difference in the etch rates of the
semicondcutor material. The results reported in Fig.9a and Fig.10 are



P.B. Vigneron et al.

Microelectronic Engineering 202 (2018) 42-50

300 +—+—+—r—"—r+r—r—r—"—"1rr—r—"rrr—rr——
275 3
250 3
— 225 3 3
S ] ]
2 200 4 3
5 ] —&— AlGaAs : 5 min .
S 1 .
o 175 3 —@— AlGaAs: 10 min =
% ] —4&A—GaAs: 10 min ]
o 150 A —W¥—GaAs:5min 3
()] ] ]
125 3 3
5 : 5
1004 /= 3
75 3
50 +-—+—r—r—1T+r-r—r—r"Tr-r—r—Trr—rr—

0 20 40 60 80 100 120 140 160

Mask aperture (um)

Fig. 10. Etch depth of GaAs and of a GaAs/AlGaAs heterostructure, as a function of the mask aperture size for two different etching times. (recipe R15).

Table 3

Comparison between our work and two representative results in the literature
on the GaAs/AlGaAs etching using a ICP-DRIE reactor based on a BCl3/Cl,/N»/
Ar plasma chemistry.

Reference Our work [41] [17]1
Photoresist mask AZ9260 SiO, AZ5214
Features (um) 2-100 0.08 3-10
Pressure chamber (mTorr) 5-30 5 1
Coil Power/ Platen Power 8:1 10:1 8.5:1
BCls/Cl, =2 1 1
Flow rate Ar (scem) 5-50 10 50
Flow rate N, (sccm) 2-5 n.c. 2-2.5
Chuck temperature (O] 25 20 10
Etch rate (um/min) 1-5.5 0.5-1.5 n.c.
Selectivity 2.5-16 20-100 n.c.
Depth (um) 5-30 2.6 n.c.

important because knowing how etch rates scale with design para-
meters accelerates the introduction of new designs into manufacturing
while minimizing the cost of doing so.

In the literature, several studies of etching process parameters can
be found using different etch masks (photoresist, insulator, metallic),
size apertures, etch depths, and the etching time. We chose two sig-
nificant examples (Si02 and AZ5214 masks) and compared our results
to them in Table III. Compared to the silicon oxyde [41] and photoresist
masks [17], our results suggest that it is possible to obtain a faster
etching with improved selectivity.

In summary, this investigation proposes an etch process with high
etch rate of GaAs/AlGaAs heterostructures, a good selectivity, aniso-
tropic profiles, smooth surface morphology without any significant
damage to the surface and sidewalls, using a thick photoresist mask
which is a low cost organic polymer Table 3.

5. Conclusion

We have qualitatively and quantitatively investigated the link be-
tween various gas mixtures (and operating pressure) and micro-
masking, surface and sidewall smoothness, etch rates of GaAs/AlGaAs
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semiconductor materials, and photoresist selectivity in a DRIE-ICP etch
system. The choice of using photoresist masks provides a better flex-
ibility and economical processing. Note that in an industrialization
perspective, this development is compatible with Roll-to-Roll (R2R)
technologies, thus allowing a massive production using only a single
commercial ICP DRIE tool. The passivation layer induced by the addi-
tion of N to the BCl3/Cl,/Ar plasma chemistry prevents lateral etching,
thus producing smooth and nearly ideally vertical sidewalls.
Nevertheless, beyond a N, threshold value of 3 sccm the enhanced
passivation effect causes micromasking. A combination of different
plasma parameters have been studied and the related ICP recipes can
prove useful for optoelectronic, microelectronic and microsystem ap-
plications.
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