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ABSTRACT

A laser processing system is developed for laser microfabrication and micromachining of three-dimensional (3D)
microstruciures. We show the feasibility of laser induced chlorine ewching of silicon under Si03 and SisNg membranes for the
formation of underlying cavities and tunnels, Deposition of tungsten and silicon columns on SiO;N/Si substrates is also
demonsirated,

1. INTRODUCTION

Laser microfabrication offers the possibility of making unique structures which are difficult or sometimes impossible
1o be made by conventional technology 23, The emerging field of microelectromechanical systems (MEMS) encourages the
development of laser micromachining which is becoming an atractive option in the fabrication of 3D micromechanical
structures®, Laser assisted chemical vapor deposition (LCVD)®S of 3D objects and laser induced chemical gas etching of 3D
microstructures -1 ! intend 1o avoid the conventional lithography and sacrificial layers in the fabrication of micromechanical
srructures. The mechanism of laser induced chlorine etching of silicon bas been studied by many groups!2-18, LCVD of
wingsten and Si lines on different materials has also been investigated!?-25. In this paper, we present a 3D microstructure etched
in silicon by Ar* laser, as well as cavities and wnnels under Si0; and Si3N4 membranes, Furthermore, we show that siationary
Art laser irradiation instead of writing can realize the deposition of mungsten and silicon columns on 8i0;N,/Si substrates.

2. LASER PROCESSING SYSTEM

The system shown schematically in Fig.1 is composed of a continuous-wave (cw) Ar laser operated at 488 nm, an
optical sysiem, x-y translation stages, and two gas distribution systems. The optical system which consists of mirrors and a
microscope with 2 long-working-distance objective, delivers the laser beam into a stainless steel reaction cell where the samples
are loaded. Two objectives with numerical apertures (NA) of 0.15 or 0.31 are used depending on the applications. The cell is
mounted on computer-controlled x-y stages which have 2 spatial resolution of 0.1 um and a2 maximum velocity of 100 pm/s,
The z-direction movement is adjusted manually. Two isolated gas dismibution systems and reaction cells have been set up, one
for chlorine eiching and the other for tungsten and silicon deposition. High-purity Clj (99.99%) and Ar gas are used for the
etching, while for the deposition, the gases are WFg, Ha, SiH; and Ar.

3. LASER INDUCED CHLORINE
ETCHING OF 3D MICROSTRUCTURES

Silicon can be etched by chlorine in 2 microreaction controlled by the laser. The localized Ar* laser beam (488 nm)
heats the silicon surface and raises the temperature 10 the meling point 1o induce the formation of volatle products of silicon
chlorides through the chemical reaction between the liquified silicon and chlorine. When high laser powers are used, the
pyrolytic regime is predominant over photolysis!®. The etching process can be controlled by the laser power, the scanning
speed, the beam spot size, and the Cly pressure. Since laser focus position is adjustable in z-direction, 3D objects can be
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" Fig.1 A schematic diagram of the laser processing system for laser 3D microfabrication and micromachining.
3 icati 3D micros s with &

Prior to experiments, undoped Si (100) samples were degreased in hot wichloroethane (TCE), acetone, and propanol, |
. rinsed in deionized (D) water, then immersed in a (1:10) solution of HF-H20 for 10 seconds to remove the native oxide. After i
| being loaded with the cleaned samples, the reaction cell was evacvated by a mechanical pump o 2 base pressure of about 10> |
: Torr and purged with an argon gas flow of 150 standard cm3/min (scem) for one hour. If needed, the cell can also be heated in |
. order to reduce bumidity. The laser induced etching of silicon experiments were carried out in a static chiorine ambient.

Figure 2(a) shows a 3D microstructure (300x300 pm?) with siepped pauerns (100x100 um? for each one) etched at ai
total Cls pressure of 300 Torr, with an incident laser power of 0.9 W and a beam spot size of 5 pm, The x-y translation stages |
 were moved at 100 pm/s in the specific patiem controlled by the computer. The etched plane was written line by line, and the |
interval between each line was 2 um. To adjust the focus position, the objective was Jowered in 3 pm increments after
completing each plane. The base square was scanned 4 times leading 1o a 12-pum-deep structure. Six scannings resulied in the
_ 18-jum-deep stepped patiems (two inner squares). The measured removal rate was 600 pm3/s which is much Tower than 2.0x10%
um3/s reported by other rescarchers®, probably due to the much lower laser power density and lower chlorine pressure. The
SEM micrograph also shows deep boles at all comers of the structure, Since the scanning decelerates when the laser beam is




_ pressure of 300 Tor. fa) and (b) show the whole structure and the texaire of eiched surface respectively.

approaching the comers, deep holes could he fonned due to a lomeer laser dwell time. A computer-controlled shutter could be |
used 1o overcome this imperfection, '
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Fig. 2 Scanning electron micrographs (SEM) of a 3D microstructure with two stepped patterns etched in silicon at a Clz

The texture of the eiched surfzce is shown in Fig 2(b). The plane was scanned in the x direction and the ¥ direction |
alternately in order to avoid possible deep grooves caused by unidirectional scanning. It can be observed that the surface is |
eiched line by line, and a roughness of 1 um is achieved. Even though high resolution requires a small beam spot size and a
low Cly pressure, high volume etching raie and smooth surface need relatvely larger spot sizes and higher Cla pressures®?, In
our experiments, the compromise was made 10 choose intenmediate Jaser power (0.9 w), spot size (5 pm) and Clz pressure (300
Torr) 1o obtain smooth surfaces. The optimum cendition will be determined by performing mare experiments,
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A unigue property of chloring elching is i1s high 51 $i0s matenial selectivity which can be as high as 1000:17/8, This ™~

| can lead 1o etching of Si without affecting an overlymg $i03 Javer. Initially, the focused laser beam opened a hole in the oxide |

| film covering the silicon, Starting from the hole. the laser beam scanned

the sample while optically penetrating the oxide layer |

without damaging it. In the meanwhile, the chemical reaction berween chloring, which was diffusing through the hole, and the |
Si atoms under the oxide layer was induced by the scanming laser. This mechanism enables us 10 make very interesting ;
microstructures such as a single cavity connecting with wnnels under a 5102 membrane, This type of microstructares could |

| eventually be applied to the fabrication of micromechanical devices such

)

as pressure sensors and microfluidic structures.
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Fig. 3. SEM micrographs of a cavity (panially shown) with tunnels eiched in 3i under a 0.3-pm-thick 5i0z membrane. (2)

Three tunnels connecting 1o the caviry. (b} Details of the jont of an und
edges and the comers of the cavity

erlying tunnel and the cavity. Cracks appear around the




Figure 3(a) and 3(b) show a cavity with winnels in Si covered by a 0 3-pum-thick 51037 layer. The square pattern of
-

200x200 pm? was scanned at a laser power of 1 W and a chlorine pressure of 200 Teer. The scannings with 2 pm intervals

" were performed at 100 pm/s, The shont tunncls were writien at 100 pm/s while the longer one was made at 10 pm/s. Scanning

specd plays an unporiant role in the process. It can not be very bigh because the inlet can not supply sufficient etchant gas
flow as fast as the laser scans fo sustain the reaction, This explains why those short runnels shown in Fig.3(a) are interrupted

~ even if the laser scanned a longer distance. On the other hand, scanning speed can not he very low either, gince the laser dwell
 time would be long enough to cause ablation of the oxide layer. Scanning speeds in the range of 10 pm/s 10 100 pm/s have

been found 1o be satisfactory depending on the geomeiry of the eiched patterns From Fig.3{(a)and 3(h), we can also observe the
cracks in the membrane around the edges and the corners of the cavity. They are probably due to the stress relaxation during or
after the processing. Further investigation will be done to understand the cracking process more precisely and comprehensively
in order 1o obtain a higher quality in the fabncation of microstructures

Underlying cavities were also realized on Si3N4/Si samples Figure 4 shows a square cavity of 50x50 pm? which was
etched under a 0.7-pm-thick SizNg membrane with a laser power of O 9 W znd a chlorine pressure of 100 Torr. The scanning
was performed at 100 pm/s with 1 pm interval beiween lines. In this case, no crack occurs in the membrane, and only (wo
holes appear at an edge and at a corner of the caviry.
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4. LASER DEPOSITION OF
TUNGSTEN AND SILICON COLUMNS

Tungsten and silicon were deposited using the same laser processing system as for §i etching but in a different reaction
cell which was equipped with gas lines for Ar. Hy, WFg and SiH4. Deposition can be made either in an isolated reaction cell or
by flowing the gases into the cell at determined flow ratios. WFg and H; were filled 1o the operation pressures for W deposition,
while SiHy was used for Si deposition. Substrates were 0.6-um-thick plasma CVD grown silicon oxynitride (810xNy)
deposited on c-8i with a composition, measured by X-ray pbotoelectron spectroscopy (XPS), of 30 at.% 31, 65 at% O and 5
a1.9 N. Before the deposition, the samples were cleaned in bot TCE, acetone, and propanol and rinsed in deionized water. They
were then heated to 140°C for at Jeast 30 minutes 1o remove water from the surfaces. After being introduced into the reaction
cell, the samples were heated again to 80°C with a 130 scem flow of Ar for 30 minuies.

When moving the sample under laser irradiation with the appropriate gas mixture, W and 5i lines were deposited?1-25,

However, when the laser spot was kept stationary for a period of time, columns were grown. The shape of those columns
depends on various parameters: irradiation conditions (laser power and spot size), gas conditions (pressure, gas composition),



and the deposition time. Figure 5 shows a (ungsien column depesited in 10 seconds in a flowing gas mixture of 2 scem WEg,

10 sccm Ha, and 20 secm Ar, at a 1ol pressure of 30 Torr. The laser power was 0.4 W, and the beam was focused with the
0.15 NA objective, The W column with a sharp tip has a height of 45 wn and a diameter of 25 um approximately. Silicon
. columns can also be deposited. Figure 6 shows such & colu

wer of 0.5 W, a deposition time of $ s and a 0.15 NA objective. Various 1010 srructures with different shapes can
56,26

i mn deposited in a static gas mixture with a SiHyg pressure of 400
Torr, a laser po
* be obtained by moving the sample in x. y and z direcuons during the deposition

Fig. 5. A tungsten column deposited with a flowing gas mixiure of 2 scem WFg, 10 scem Ha, and 20 scem Ar, at a total
pressure of 30 Torr, a laser power of 0.4 W, a 0.15 NA objectve, and a deposition time of 105

Fig.6. A silicon column deposited in & sialic gas mixture with a SiHa pressure of 400 Torr. a laser power of 0.5 W, a
deposition time of 5 sand a 0.15 NA objective.




5. CONCLUSIONS

Laser processing bas been used to fabricate 3D microstructures, and 1o deposit tungsten and silicon columps. Based
on Lhe mechanisin of laser induced Cly eching of silicon, a 3D microstructure of 300x300 pm? was etched in a silicon
substrate under a Cly pressure of 300 Torr using an Ar laser of 0.9 W at 100 pm/s scanning speed. The cavities and tunnels

“covered by SiO; or SiaNg membranes were also made by laser etching due to the high material selectivity of §1/5103 and
Si/SigNg4. Tt is found that laser scanning speed and Cly pressure must be chosen carefully to ohtain good quality in the
fabrication. Column depositions on SiOgNy substrates were performed using stationary laser irradiation. A sharply tipped

" ngsien column with a height of 45 pm and 2 diameter of 25 um was achieved, Silicon columns were also deposited. Mare

experiments are underway 1o improve the quality of the microstructures. Investigation on the integration of LCVD with laser
induced chemical etching is being pursued to explore potential applications in the field of MEMS.
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