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bstract

This paper reports a microfluidic system for the generation and characterization of liquid and gaseous micro- and nanojets. The system comprises
n-plane silicon micro/nanonozzles with dimensions ranging from 500 nm to 12 �m, a micro-to-macrofluidic interface and package, and a high
ressure delivery source allowing microfluidic flow at pressure drops up to 15 MPa (2200 psi). Further, the system possesses the ability to characterize
he jets by use of both shadowgraphy and impinging cantilever techniques. Unlike previous work reporting the fabrication of nano-orifices defined
ithin the thickness of the substrates [1–4], the in-plane nanonozzles presented in this paper are designed to sustain the high pressures necessary

o obtain substantial nanofluidic jet flows. This approach also allows important three-dimensional features of nozzle, channel and fluidic reservoir

o be defined by design and not by fabrication constraints, thereby meeting important fluid-mechanical criteria such as a fully developed flow. The
hrinking jet dimensions demand new metrology tools to investigate their flow behavior. A laser shadowgraphy technique is used to visualize and
mage the jet flows. Micromachined heated and piezoresistive cantilevers are used to investigate the thrust and heat flux characteristics of the jets.

2006 Elsevier B.V. All rights reserved.
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. Introduction

With advancements in microfluidics, applications of
icro/nanojets are expanding to a variety of areas, including

nk jet printing [4], drug [5] and gene delivery, localized etch-
ng/nanofabrication [3], selective deposition [6] and microelec-
ronic cooling [7]. In the past very little work has been reported
n the generation and characterization of sub 10 �m liquid jets.

Previously work has been reported on fabrication of out-
f-plane silicon micro/nanonozzles utilizing focused ion beam
FIB) milling of potassium hydroxide (KOH) etched hollow
yramids [1–3]. Materials other than silicon have been employed
n some cases like generation of organic molecular nanojets by

ommercial glass pipettes of submicron orifice diameter [6,8]
nd polymeric nanonozzles fabricated by sacrificial template
rinting [9]. The above mentioned methods are not suitable
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E-mail address: nisarga@gatech.edu (N. Naik).

j
d
r
r

i
I

924-4247/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.sna.2006.04.053
y; Cantilever

or high pressure applications, or involve serial fabrication pro-
esses that may make mass-manufacturing more difficult.

Based on previously reported work [10], the in-plane fabrica-
ion approach presented in this paper is designed to produce sili-
on nozzles capable of supporting large pressure drops required
o drive micro/nanojets. Silicon is chosen as the material for this
n account of its good mechanical properties and availability of
any silicon-based microfabrication technologies. The entire

ozzle unit is fabricated by a single mask step using anisotropic
et etching. All the dimensions and profiles are defined by the
esign giving maximum flexibility to meet design requirements.
he aspect ratio of the cross section of nozzle channels is main-

ained very close to unity to ensure generation of stable circular
ets. Apart from the simplicity of fabrication and flexibility of
esign, this approach offers a further advantage of ability to
educe the micromachined orifice dimensions to the submicron

ange very easily by controlled oxidative sealing.

Current trends in microfluidic miniaturization have led to an
nterest in examining the behavior of liquids at the nanoscale.
n the absence of experiments that could directly measure liq-

mailto:nisarga@gatech.edu
dx.doi.org/10.1016/j.sna.2006.04.053
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id flow at this scale, numerous studies have been focused on
olecular dynamics simulations [11,12]. In this work, laser

hadowgraphy is employed to visualize and image free liquid
icrojet flows. Piezoresistive and thermal cantilevers are used

o characterize liquid and gaseous jets.

. Micro/nanonozzle fabrication

The micro/nanojets are generated from micromachined sil-
con nozzles consisting of a nozzle channel and a small scale
ressurized reservoir. Fig. 1 depicts the fabrication sequence
f the nozzles. Silicon dioxide is grown on a double-side pol-
shed 450 �m thick (1 0 0) silicon wafer (Fig. 1a). Standard
hotolithography is performed to delineate the nozzle structure
n one side of the wafer. The oxide layer is etched and pat-
erned using inductively coupled plasma (ICP) etching (Fig. 1b).
nisotropic wet etching with potassium hydroxide (KOH) (con-

entration of KOH = 40% at 70 ◦C) is carried out to define

hannels and reservoirs in the silicon substrate (Fig. 1c). Using
ackside alignment, the other side of the wafer is patterned to
acilitate the eventual individualization of the dies. The oxide
ayers are etched away using hydrofluoric (HF) acid and the

e
d
P
a

ig. 1. Fabrication sequence: (a) silicon dioxide is deposited on both sides of the wa
tch the channel and the reservoir, (d) silicon to silicon fusion bonding is performed
CP or dicing and (f) the nozzles are optionally oxidized to reduce the orifice dimens
tors A 134 (2007) 119–127

afer is piranha cleaned. The nozzle structures are enclosed
y fusion bonding with another silicon wafer, and the stack
s annealed at 1100 ◦C for 4 hours (Fig. 1d). The nozzles are
hen individualized using a through-wafer ICP etch employing
he Bosch process or alternatively by dicing (Fig. 1e). These
eparation techniques result in sidewall roughness. Fig. 2a illus-
rates the surface roughness due to ICP etching. This may have
esulted due to redeposition of etched particles causing the for-
ation of micromasks. Imperfections on the exit plane of the

ets lead to instability of the jets. Fig. 3a and b show shadow-
raph images of pooling and spraying of the jets necessitating
smooth surface. Hence the surface of the nozzles containing

he orifice outlet is polished using chemical mechanical pol-
shing (Fig. 2b). Oxidative sealing is then optionally utilized
o reduce the openings of the nozzles from a few microns to
he nanometer range (Fig. 1f). Fig. 4 shows a schematic of an
ndividualized nozzle with enclosed channel and reservoir. This
abrication technology presents several interesting features. The

ntire nozzle structure, from the reservoir to the exit orifice is
efined by photolithography, providing high design flexibility.
arameters such as channel length and width, and reservoir width
nd depth are easily alterable by design (Fig. 5a). The dimen-

fer, (b) silicon dioxide is patterned, (c) anisotropic wet etching is performed to
to enclose the nozzles, (e) dies are separated by through wafer silicon etch by
ion from micrometer to nanoscale.
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Fig. 2. The exit plane of the nozzle: (a) showing the surface roughness after an ICP etch is performed to separate the dies and (b) after performing chemical mechanical
polishing (CMP) to smoothen out any fabrication imperfection.
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ig. 3. Shadowgraph images of unstable jets caused due to fabrication imperfec
f the nozzle and (b) spraying of butane rather than forming a column jet.

ions of the reservoir are chosen in order to minimize the surface
rea of the interior of the reservoir while obtaining a maximum
ossible entry (cross section) surface area for the fluid. This
ptimization reduces the reservoir surface area facing the fluid
ressure, increasing the pressure withstanding capacity of the
ozzle. The channel length is chosen to be 10-times the channel
idth in order to ensure generation of a fully developed flow.

In the above approach, a single anisotropic KOH wet etch-

ng step allows the definition of triangular channels with very
mall cross sections while etching a deeper reservoir. KOH etch-
ng exhibits interesting properties as it etches different silicon

ig. 4. 3D schematic of an individualized nozzle with fluid reservoir and nozzle
hannel.
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on the exit plane of the nozzle illustrating: (a) pooling of butane on the surface

rystal planes with different etch rates; for example, the (1 0 0)
lane is etched 70-times faster than the (1 1 1) plane (concen-
ration of KOH = 34% at 70.9 ◦C) [13]. This property allows the
abrication of structures of different depths using a single mask
rocess (Fig. 5b). Since the line width of the channel is very
mall compared to the reservoir, the early intersection of (1 1 1)
lanes results in etch stop. We obtain a triangular channel with
very small cross section while the reservoir continues to etch.
ith a timed etch the required depth of the reservoir can be

btained. The (1 1 1) planes of the nozzle channel offer smooth
alls for fluid flow. Also the undercut of convex corners and

he ramp between the reservoir and the channel give a smooth
ransition for the fluid to flow from the reservoir to the orifice
tructure (Fig. 5a). For concentration of KOH = 40% at 70 ◦C,
he undercut of convex corners (in x and y directions) is roughly
.5-times the etch rate of the depth (z direction).

Thermal oxidation of individualized nozzles enables con-
rolled reduction of orifice size from the micron range to the
anometer range. Fig. 6 shows a 460 nm nozzle obtained after
16 hours long wet oxidation at 1100 ◦C of a 3 �m triangular

ozzle. This step enables us to fabricate nanonozzles without
esorting to nanolithography.

Variations of the above design can be obtained by adding
nother mask step. To obtain a rectangular cross section ori-
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ig. 5. SEM images of KOH etched nozzle: (a) tilted view showing different p
ross sectional view and (c) schematic of KOH etch profile.

ce, the reservoir is etched by KOH etching in order to obtain
he smooth ramp; while the nozzle channel is etched by ICP
tching as compared to KOH etching in the previous design
Fig. 7). In the case of KOH etched channels, a misalignment

ay lead to channel dimensions different than that designed

n the mask as shown in the Fig. 8. An additional mask step
ssures reproducibility of nozzle-channel length. Fig. 9a shows

w
t
l

Fig. 6. SEM images of a 3 �m nozzle: (a) before oxidati
f the nozzle namely the channel, the reservoir and the ramp, (b) top view and

he cross section of a rectangular nozzle. The edges of the rect-
ngle are rounded due to a slight isotropy of the ICP etch. A
ear-circular cross section channel can be obtained by oxidiz-
ng the triangular channel and etching the grown silicon dioxide

ith hydrofluoric acid. The oxidation rate towards the corners of

he triangles is less compared to that along the rest of the edge,
eading to a nonuniform oxide profile along the edge (Fig. 6b).

on, (b) after 16 hours of wet oxidation at 1100 ◦C.
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ig. 7. SEM images of different nozzle designs fabricated using an additional
ask step to build the channel and reservoir in different steps.

hus, the corners are rounded off when the oxide is stripped
Fig. 9b).
. Testing and characterization of micronozzles

After fabrication, the micro/nanonozzles are interfaced with
pressure generation apparatus using a machined stainless steel

p
(
a
s

Fig. 8. Variations in: (a) channel length and (b) channel width, res
ig. 9. SEM images of cross section of: (a) 4 �m × 4 �m rectangular cross
ection nozzle, (b) 9 �m rounded triangular cross section nozzle obtained after
xidation of a 7 �m nozzle and stripping the oxide.
late (Fig. 10). The working liquids are propane and butane
with surface tensions 0.0075 N/m and 0.0123 N/m, respectively,
nd vapor pressures 0.86 MPa and 0.22 MPa, respectively). A
chematic of the pressurizing system is shown in Fig. 11. In

ulting from misalignment before anisotropic KOH etching.
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ize the breakup distance with the jet dimension for the 12 �m
jet, we get a value close to 50 at 200 psi. The same analysis
for the 1 m jet gives a value close to 60 at 2000 psi, i.e. at one-
order higher pressure. This shows that the jets are similar in
ig. 10. Cross section schematic of metal plate and nozzle assembly showing
et impingement on the cantilever.

his system, nitrogen is used for pressurizing (up to 15 MPa
2200 psi)). Before the system is filled with the working fluid, it
s first pressurized slightly above its vapor pressure using nitro-
en, and then the liquid (propane or butane) is pumped into the
eservoir to the desired level. The system is then pressurized
sing nitrogen (above the liquid level) to the desired working
ressure. Fig. 12 shows a schematic of the jet visualization and
maging setup. The micro-nano jets are visualized by laser shad-
wgraphy. The flow field is illuminated using a (double-pulse)
d:YAG laser (532 nm). Instantaneous images of the flow are

aptured using a PIV CCD camera.
Pressures ranging from 0.34 MPa (50 psi) to 15 MPa

2200 psi) are applied to expel liquid butane and propane jets
rom nozzles with dimensions varying from 500 nm to 12 �m.
t is observed that jets breakup into droplets at a certain distance
rom the exit plane. Fig. 13a and b show shadowgraphy images
f 12 �m and 1 �m jets, respectively, illustrating the variation
f jet breakup distance with driving pressures. It is observed

hat at lower driving pressures the breakup occurs closer to the
rifice while at higher driving pressures it occurs further down-
tream. The noted inconsistency in the 12 �m driving pressures

Fig. 11. Fluidic system schematic.
F
p

Fig. 12. Shadowgraphy setup schematic.

ay be due to bubble formation at the exit of the jet. Another
bservation can be derived from these graphs. If we normal-
ig. 13. Shadowgraphs showing variation of jet breakup distance with driving
ressure of: (a) a 12 �m jet and (b) a 1 �m jet.
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Fig. 15. Velocity measurement of a 6 �m jet using shadowgraphy and a piezore-
sistive cantilever.
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(1750 psi). The jet was imaged using an overhead CCD camera
(Fig. 17). Though detailed data was not obtained due to the
ig. 14. Spacing between successive droplets varies suggesting presence of mul-
iple frequencies.

ature. Close up images of the jet breakup domain show that at
mbient pressure, the streamwise spacing between successive
roplets varies suggesting the presence of multiple frequencies
Fig. 14).

The velocity of the atomized droplets is estimated over
range of driving pressures by cross-correlation of identi-

able droplet images in successive frames that are taken at
given time delay. For a 6 �m nozzle, jet velocities rang-

ng from 40 m/s to 60 m/s are obtained for reservoir pres-
ures ranging from 600 kPa (94 psi) to 1400 kPa (203 psi)
Fig. 15).

The micro/nanojets are also characterized, in terms of veloc-
ty, thrust and heat flux coefficients, using novel metrology tools
uch as piezoresistive and thermal cantilevers. The piezoresis-
ive cantilever is scanned over the nozzle exit plane at 1 �m/s
ate (Fig. 10). The jet impinging on the tip of the cantilever
auses it to deflect, the deflection being measured by a resul-

ant voltage imbalance produced in a Wheatstone bridge con-
ected to the cantilever. With this data, the thrust and hence
he velocity of the jet are calculated. In addition to this, these

n
r
t

ig. 16. Cantilever deflection as it is scanned over a 2.5 �m nozzle with a nitro-
en jet flow.

antilevers are also used to determine if the submicron noz-
les are clogged or not since it is difficult to image jets on
hese scales. Fig. 16 indicates change in cantilever deflec-
ion as it is scanned over a 2.5 �m nozzle with a nitrogen
et flow at different pressures. Since a gaseous jet spreads
ut, the velocity of the jet cannot be determined. A butane
et, 6 �m in diameter is characterized with respect to thrust
nd velocity [14]. Fig. 15 compares the velocity data for the
et obtained by imaging technique and the piezoresistive can-
ilever.

. Nanojet realization

A propane jet was obtained from a 500 nm nozzle at 12 MPa
ecessity to further develop appropriate metrology tools, this
esult demonstrates the feasibility of generating nanojets using
his approach.
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Fig. 17. Image of a propane je

. Conclusion

Micronozzles have been fabricated by a single mask step
nd then oxidatively sealed to form orifices in the submicron
ange. This fabrication technique offers high design flexibility
s well as application of large pressures. The shapes and dimen-
ions of the nozzle channel and reservoir can be easily modified
s per application requirements. The presented approach has
he potential for further advancements towards sub-100 nm jets.
hese nozzles ranging from 500 nm to 12 �m have been able to
uccessfully generate stable liquid and gaseous jets and with-
tand the pressures required to drive them. Laser shadowgraphy
as been employed to visualize and image these jets. Metrology
ools such as piezoresistive and thermal cantilevers have been
tilized to characterize the jet flow.
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