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Laser-micromachining silicon three-
dimensional structures, tunnels, and cavities

B. Shen, M. Allard, S. Boughaba, R. lzquierdo, and M. Meunier

Abstract: A laser-micromachining technigue has been developed to make unnels and cavities in i under 510y or 51,8,
filmis, Based on the laser-induced Cly etching of 5i, and high chloang S50, and Si/51,N, etch-rate ratios, tonnels with
length of up 1o 3 nim and cavities of 100 x 100 pm? were successfully fabricated in 810,81 bilayered samples. Similarly,
cavities of 50 x 50 pm? were also fabricated in $i;N,/81 samples

Risume - Noug avons développé une méthode de micro-usinage par laser permetiant la réabisation de mnnels el de caviles
dans un substrat de 50, sous des couches de Si0; ou de SN, Cente technique est fondée sur la gravure du Si par O], el
exploite les valeurs élevies des rapports de sélectivité SESi0, et S¥51,N,. Des wnnels de lomguenr allant jusqu’s 3 mm el
des eavitgs de 100 x 100 wm® oot é1é usinés dans des échantillons bicouches 510,51 Des cavités de 50 = 50 pm® anl
epalement é1¢ réalisées avee succes dans des subsirats 51,N,/S

1. Introduction

Conventionally, silicon micromuachining 15 achieved using the
photolithographic process, followed by wet amsotropic etch-
ing or reactive jon etching (RIE) [1, 2]. While successfully
evolving from microelectronic fabrication technologies, these
conventional techniques have some inherent limitations, such
as 21 patterning and, in the case of wet etching, a dependence
an the crystallographic orientation of the substrates [, 2.
When the saerificial layer technique is used, complex mulu-
patterning, multilayering processes and lLift-off etching are
involved [1, 2], Laser micromachining, which has provoked
preal interests over the last decade [3], has none of these
shorlcomings but rather several benefits that make it an attrac-
tive alternative technique [4-6]. Here the lasér micromachin-
ing of silicon refers to the laser-induced chlorine eiching of
silicon, Since it is a computer-controlled, truly three-dimen-
sional (3D} process permitting maskless patterning, applica-
tions in the emerging field of microelectromechanical systems
{MEMS) have been explored [T-10]. Twe important aspects
of the laser micromachining of silicon are the transparency of
silicon diexide (Si0,) and silicon nitride {S:5N4) to the Art
laser and the high chlorine 514510, and S1/81;N, elch-rate ra-
tios [11]. These properties permut silicon to be patterned under
Si0; or Si;N, layers, yvielding buried structures. In this way,
tunnels and cavitics may be fabricated [11-13]. Such micro-
structures may be applicable to microfluidic devices and free-
standing parts of MEMS. In this paper, after presenting our
Taser-micromachining svstem, we report on the laser-induced

Received Scplember 11, 1995, Accepted December 18, 1995,

B. Shen, M. Allard, 5. Boughaba, R, Lzgquierdo, and M.
Meunier.! Groupe de Recherche en Physigue et
Technologie des Couches Minces, Département de Génie
Physique, Ecole Polytechnigue de Montréal, P.O. Box
6079, Station « Centre Ville », Montréal, QT H3IC 3AT,
Canadn,

U Anthor 10 whom all correspendence should be addressed.
Telephone: ($14) 340-4971; FAX: (314) 340-3218;
e=mail; meunier( phys.polymtl.ca

Can. J. Phys. (Suppl.] 74 B54-558 [ 19%:)

Cly etching of bare Si and on the abrication of tunnels and
cavities on Si04/S1 and 51,N/S1 bilayered samples,

2. Laser-micromachining system and
experimental techniques

A schematic of the laser-micromachining system is shown in
Fig. 1. It consists of a ¢w Ar® laser, an oplical system that is
used 1o project the laser beam into o stainless steel reaction
cell, a gas distnbution system, and computer-controlled e
translation stages. The Ar™ laser may be set to three operation
configurations in terms of wavelength and laser output power,
when working at 488 nm, 314 nm, and multiline modes, the
laser provides maximum powers of 1.5, 2, and 5§ W, respec-
tively. The optical system comprises mirrors, a dual wave-
length quarter-wave plate (for 488 and 314 nm}, and a
microscope with a long-working-distance objective (23X,
0.31 NA). The quarter-wave plate is used to eliminate the
polarization effect on etched structures [ 14], although the im-
provement is limited for the multiline operation. A beam split-
ter is inserted in the beam path to permit an operator o monitor
the etching process on a video screen.

The laser TEMy beam, which was projected and focused
by the optical system, entered the reaction cell through a
guartz window to irradiate the substrate surface. The 1/¢
beam spot diameter at the focal plane of the microscope ob-
jective was measured using the knife-edge technique [15] and
found to be 7 wum. The focus position could be adjusted by
moving the z-direction translation siage so thal the encrgy
density at the surface could be modulated and controlled. The
laser direct-writing is controlled by the xyz translation stages,
with @ maximum speed of 16 mm s and a spatial resolution
of 0.1 pm.

After pumping down to 107 Torr (| Torr = 133.3 Pa), the
reaction cell and the gas distribution tubes were purged using
N, and Ar gases. The reaction cell could be heated to acceler-
ate the outgassing, The cell was then filled with high purity
(99.99%) Cl,, at pressures ranging from 100 to 500 Torr. The
silicon surface to be patterned was moved vertically (z-direction)
to be set in the focal plane of the objective and the laser was

W 1996 MR Cunada



Shen &t al,

Fig. 1. A schematic of the laser-micromachiming system.
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turned on ol o suiliciently high power o heat the local surface
to its melting temperature (1410°C). This melting threshold
must be reached in the micromachining process o oblain the
Iighest etehing rates [6]. The localized melted zone defines a
reaclion arca where the dissociation of the reactant chlonne
molecules vecurs, I must be emphasized that the dissociation
of the chlorine molecules 15 pyrolyiically controlled at the
heated surface. No photolytic effect takes place in the gas
phase where Cl, is almost 1oially trapsparent to the Ar' laser
wavelenpths [3]. The dissociation of the chlorine molecules
resulis in the generation of free chlorine atoms {radicals) that
react with the silicen to form volatile S1C1 (x 2 2) compounds
[6]. By moving the surface in the focal plane horizentally,
the melted zone and. therefore, the giching can be displaced so
that direct-writing patterns can be generated. The spatial reso-
lution of the process almost corresponds o the dimension of
the melted zone, which may be smaller than the beam spot size
due to the Gaussian shape of the TEM; beam [16-18].

Two sets of substrates were used, The first consisted of
<100= 81 wafers, These samples are first cleaned by sucees-
sive mimmersing in hot trichloroethane (TCE), acetone, and
isopropyl alechol, then rinsed in deionized (D) water. For the
substrates on which the etching on bare silicon was invesi-
gated, the native oxide was removed using-a 1:10 buffered HF
solution for 30 s. Afier removal of the native oxide for the
subsirates on which the buried structures would be machined.
drv oxidation (O, Na atmosphere. 1280°0) of silicon was car-
ricd oul, 5105 films with thicknesses of (.2 and 0.3 um were
orown, The second sel consisted of silicon wafers covered

Sh5

with 0.7 pm thick PE-CVD Si;N, films whose compositions
have been venlicd o be stoichiometric (3:4), as measured hy
X-ray photoelectron spectroscopy (XPS), Note that silicon ni-
tride films with 3:4 stoichiometry are transparent to Ar™ laser
[19]. The samples were cleaned using procedures similar to those
mentioned sbove, except for the bulfered HF-stripping step.

For etching beneath the Si0, or Si,N, films, arrival and
renewal of the Cly gas at the reaction zone must be assured,
Hence, prior to the introduction of the Cl; gas into the cell
under vacuum, removal of the surface overlayer was performed
using the Ar' laser beam to form &n opening of 200 x 200 pm?,
Since the 510; or Si;N; films are transparent to the Ar' laser,
the high-power beam was absorbed by the silicon subsirate 1o
form a molten luver that vaporized. The vaporization process
may create o recoil pressure on the Houwid laver and expel the
molten silicon, which can break the overlayer leading Lo the
removal of the 8510, or 51,8, Dlms, Another process that may
play a role in this remaoval is the formation of volatile species,
such as S0, at high wmperature. The direct-writing of the
tunnels or cavities under the Si0y or 505Ny was then carried
out by moving the beam, which was initally focused on the
bare silicon, from the exposed silicon surface oward the cov-
cred area,

A scanning clectron microscope (SEM) was used o exam-
ine the etched structures, as well as t measure the eleh depths.

3. Results and discussion

The preliminary experiments were performed on bare silicon
substrates, The eich rate depends on the laser power, Cl, pres-
sure, and scanning speed in o complex way. Figure 2a shows
a SEM microphotograph of some grooves etched at a Cly
pressure of 500 Torr and a scanning speed of 100 pm s ' As
the laser power of the 514 nm radiation was increased from
0.8 10 1.6 W, the grooves became deeper, varying from (L4 Lo
8.1 pm. The width of these grooves correspondingly viried
from 1.5 o 4.4 wm. Switching to the multiline operation mode,
the same behavior was observed but, for powers beyond 3.2
W, did not result in greater depths, This may be seen in Fig. 25
where the dependence of the etch depth on the laser power is
given for both operations. The inerease in the elched depth
with power, followed by saturation, may be related 1o the
inerease in the melted proportion of the irradiated silicon [20],
When a continuous, sufficiently thick, melted laver is obtained,
no further increase in the depth is observed since any fuither
increase of the beam energy will primarily contribute to latent
heat [3. 21), In the multiline operation mode, etch rates as high
as< x 10* um® s ' were obtained. This value is comparable to
that obiained in other studies [6. 7. 11].

The laser machining of buried structures was performed
using 514 nm radiation. Laser powers ranging from 0.9 1o | 4
W. Cls pressures of 100-500 Torr, and scanning specds of
10-100 pm 57! were used. Figure 3a shows a top view of
tunnels etched under a 0.2 pm thick Si0; film at 300 Torr of
Cl, and different scanming speeds and laser powers, These
tunnels are 430 um long and 3 pm wide. Tunnels of up (o 3
mm long were also successfully obtained, Figure 3 shows an
enlargement of the etching starting pomts in the initially ab-
lared area. Starting at the exposed silicon surface, the elching
is then displaced toward the Si0./8i area (to the left, in Fig. 34],
This adopted architecture permits the continued supply of Cl,
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Fig. 2, Erch-depth dependence on Jaser power at a Ol pressure of
SO0 Torr: (@) SEM photograph of a group of grooves elched at 3
scarming speed of 100 fwm s, and 514 nm laser powers ranging
from (L8 1o 1.6 W (from right to lefi). () Erch-depth dependence
om Inser power of 514 nm and muliifine operalion modes
Scanning speeds are 100 pun 57 and 1 mm s ', respectively.

[b} Etch Depth vs. Laser Power

B0

g4 et -

o
L ED
E
250
£ an
o
B oy

20 .

—a— 514 rm, 100 iy
1.0 & Muitilane, 1000 urdd
oo 1 + - "
pon 050 250 300 35 400
pas {o the reaction zone, 1t must be emphasized that, even at a

pressure af 100 Torr and a scanning speed of 100 um s I no
evidence of gas transport limitation into the tunnels was ob-
served, There s enough Cls 1o sustain the reaction in tunnels
as long as 450 pm. Indeed. by simply performing an additronal
etch starting at one of the previeusly machined tunnels, an
additional interlinking of wnnels can be made, Fig. 35, The
5i0), lilm covering the tunnels was then carefully examined
using high-resolution SEM, no physical defects were found in
the overlaver, though the optical properties of the film need
further characterization.

Figure 4 shows a cleaved sample in which two tunnels were
etched under 0.2 um thick 510, at a laser power of 1.4 W, 3
1, pressure of 500 Torr, and scanning speeds of 10 um s 5
ifor the left tunnel) and 30 um s (for the right wnnel). The
tunnels ctehed at 30 and 10 wm 57" are 1.3 and 3.3 pm deep,
and 2.6 and 2.8 pm wide, respectively.

By etching tunnels with several side by side paths (raster
sean), with an overlap, 1t 15 possible 1o machine cavities. Fig-
ure 5 shows such a cavity of 100 = 100 pm= etched undera 0.2

Gan., J. Phys, (Supply 74, 1906

Fig. 3. SEM microphotogeaphs of tunnels wnder o S0k film, (o)
Tunnels eiched in S under 0.2 pm thick 510, flm ) Enlargement
of (o) showing details of the starting points, Note that the firs!
tunnel on the top 15 the result of double scans.

188Fm WD3Y

Exposed Si area
I after ablation

um thick 510, layer at a Cl, pressure of SO0 Torr, a laser
power of 1.2 W, and a scanning speed of 30 um 7', The
spacing between each tunnel 15 2 . It took about 3 min to
complete this fabrication. If higher scanning speed 1s used. the
fabrication time could be shorter. The supply of the reactant
gas to the machined area was provided through the tunnel
conneeted at the top right comer of the cavity where the raster
scanning started. This mannel began at an ablated square ared
as that shown previously (Fig. 3}, and was 1.6 mm long. Nole
that the gas supply 1o the etching area was not restricted by the
turming point seen at the upper right camer of the cavity,
Since 5i,M; is a material whose mechanical properties are
also of interest for MEMS [1], it is of interest for machine-
buried structures under Si;M, films Figure 6 shows a cuvily
of 50 = 50 um? etched in silicon under a 0.7 pm thick 5i;M,
film. The scan started at the upper lefl corner, where'd hole
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Fig. 4. Cleaved 5i0./51 sample showing two mnnels etched @
14 nm with a laser power of 1.4 W and a Cl. pressore of

S00 Torr, Scanmng speeds: 10 pom s (1eft) and 30 pm s~' (nght),
he cleavope was positened close 10 the end of the minnels,

which are both 15 mm long
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Fig, 5 SEM microphotoeraph of o cavity (100 = 1 jme )
cierid 1|_':. 0.2 pn thick Sit b film, The étchng was carmed oun
al foser power of 1.2 W, 0 Ol pressure of SO0 Tormr, and a

seannig speed of My m s !

X608 18v¥m HD3S

wias first etched to supply the Cl, gas. The process was basi-
cally sucecessful except that there is a small opening on one
side of the square cavity. This may be due to the stress release
of the SiaN, film. Further investigations are in progress to
avaoid such imperfections.

4. Conclusions

Tunnels and cavities were successfully machined in silicon
under 50, Tilms. Mo defects were observed in the S50, over-
layers. The use of 5isN, instead of Si0, gave cncournging
resulis

257

Fig. 6, SEM microphotagraph of a cavity (50 ¢ 50 pm®) covensd
by a 0.7 pm thick 513N, film, Laser power, 0.9 W Cl, pressure,
1040 Torr; and scannimg 5pecd, 100 (e 5 I
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Laser mucromachiming s simple and more elficient because
of ns maskless approach and its truly 3D processing nidure
s could be of interest for the fabricatuon of MEMS, Wark
15 in progress on laser micromachinimmg of migrosiructures
mvolving tunnels, cavities, and sealed structures u.-.inl.: loser
deposition techniques [13]
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