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A MEMS Singlet Oxygen Generator—Part I: Device
Fabrication and Proof of Concept Demonstration

Luis Fernando Veldsquez-Garcia, Tyrone F. Hill, Benjamin A. Wilhite, Klavs F. Jensen,
Alan H. Epstein, Member, ASME, and Carol Livermore, Member, IEEE, Member, ASME

Abstract—This paper reports the design, fabrication, and proof
of concept demonstration of a singlet oxygen generator (SOG)
that operates on the microscale. The micro-SOG (1£SOG) chip is
implemented in a three-wafer stack using deep reactive ion etching
(DRIE) and wafer bonding as key technologies. The device creates
singlet delta oxygen (Oz(a)) in an array of packed-bed reaction
channels fed by inlet manifolds with pressure drop channels that
ballast the flow. An integrated capillary array separates the liquid
and gas by-products, and a microscale heat exchanger removes
excess heat of reaction. The fabrication process and package are
designed to minimize collisional losses and wall deactivation of
O (a). The design, fabrication, and package of the device are
documented. Proof of concept demonstration of the device is given
by optical emission measurements of the spontaneous decay of the
O2(a) molecule into its triplet state and by the observation of the
emission from dimol pairs of O3 (a) molecules. [2007-0034]

Index Terms—Chemical oxygen—iodine laser (COIL), deep re-
active ion etching (DRIE), microfluidics, singlet oxygen.

I. INTRODUCTION

N OXYGEN molecule has four electrons in its outer

p-subshell. The O2(X3X ") state (also known as triplet
oxygen, ground-state oxygen, or Oy(X)) has three electrons in
one spin state and the fourth in the other, whereas the Oz (a'A,)
state (also known as singlet delta oxygen, spin-excited molec-
ular oxygen, or Oz (a)) has two electrons in each of the “spin
up” and “spin down” configurations [1]. Singlet delta oxygen
is valuable as a reactant for organic synthesis and as an energy
carrier for the chemical oxygen—iodine laser (COIL). COIL is
attractive for applications that require very high average power,
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light weight, and overall system compactness, and it provides
a promising alternative to COx lasers for industrial machining.
A lower emission wavelength (1.315 versus 10.6 pm for COs3)
results in more efficient coupling to metals, reducing the power
needed for welding and cutting. The lower wavelength also
results in a smaller spot size, so COIL systems offer higher
machining resolution and enable fiber-optic beam delivery for
greater flexibility. In a flowing gas laser such as COIL, the
waste heat flows out with the exhaust gas stream; therefore,
the laser’s average power is not limited by cooling, as are most
high-energy solid-state lasers.

COIL systems are chemical lasers in which iodine acts as
the lasing species [2]. Population inversion of the gain medium
is sustained by collisions between ground-state iodine atoms
(I(*P3/2)) and Oz(a), i.e., COIL is a two-species two-level
laser, where the near resonance between the O (a) state and the
I(*Py /5) state of atomic iodine makes O (a) an ideal pumping
source for laser emission. Oz(a) is metastable and may be
synthesized through the highly exothermic multiphase reaction
of gaseous Cls with an aqueous mixture of concentrated Ho O,
and KOH, which is commonly referred to as basic hydrogen
peroxide (BHP). Usually, the reactant Cl, is buffered with a
nonreacting gas such as helium. The laser application of Os(a)
generation requires a high yield to sustain laser emission, where
yield is defined as the fraction of product oxygen in the Oz (a)
state. The laser application also requires high conversion of Cl,
to Oz(a), which is achieved by effective mixing of the gas and
liquid reagents.

Once produced, Oz (a) may deactivate into ground-state oxy-
gen by gas-phase collisions with water vapor or with other
oxygen or helium molecules, or by heterogeneous collisions
with solid surfaces. Thus, the reactor design must provide
large surface areas for initial Os(a) generation, followed by
rapid separation of gas and liquid phases. The output gas must
be maintained at low pressures (~50-250 torr) to minimize
homogeneous deactivation, and the reactor must be maintained
at low temperatures (< 0 °C) to minimize water vaporization
and the resulting iodine deactivation that water vapor would
cause in a complete COIL system. This paper shows that the
challenges of high yield, thermal management, and product
separation can be successfully addressed by a MEMS-based
approach to Oz (a) generation.

Generation of Oy(a) for COIL was first demonstrated by
McDermott et al. in 1978 [2]. A 6000-sccm flow of Cly gas
was bubbled through an aqueous solution of 90 wt% H204 and
6 M NaOH in a dry ice and ethanol-cooled sparger, producing
O3 (a). A cold trap removed moisture and unreacted chlorine
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from the product gas before mixing it with Iy and Ar. The O4(a)
yield was approximately 40%. McDermott ef al.’s method was
successful, but it is limited by significant deactivation of the
Oz(a) gas before its separation from the liquid phase. Sub-
sequent singlet oxygen generator (SOG) configurations have
employed either jets of BHP droplets mixed with Cly [3] or
rotating-disk configurations [4]. In rotating-disk SOGs, a film
of BHP on the surface of a rotating wheel is exposed to a Cl;
stream, resulting in Oy (a) production at the interface. However,
these configurations also have limitations: a small gas—liquid
contact area for rotary SOGs and a large volume for the jet
configuration.

Modeling suggests that a COIL that utilizes MEMS compo-
nents has key advantages as compared with fully macroscale
implementations. These advantages include smaller hardware
size for the same power level, more efficient reactant utilization,
gravity independence, and feasible batch manufacturing [5].
This paper demonstrates successful generation of Oz(a) in a
MEMS-based SOG chip, and it suggests that arrays of MEMS-
based SOGs can address the shortcomings of macroscale SOG
designs, thus providing higher yields and a greater Os(a)
flow per unit reactor volume. The advantages of the MEMS-
based SOG reported here are enabled by a set of key device
characteristics, which may be summarized as follows. First, the
MEMS-based SOG has a large surface-to-volume ratio, which
enhances reactant mixing and facilitates excess heat removal, as
demonstrated in previous gas—liquid reactions in microreactors
[6]. Second, the device has no moving parts, which increases
the robustness and reliability of the system. Third, O3 (a) travels
a shorter distance from the point of formation to the point
of utilization in the microdevice, thus reducing Oz(a) losses.
Fourth, the integration of a microfabricated heat exchanger in
the micro-SOG (uSOG) chip simplifies the overall COIL sys-
tem. Fifth, a capillary gas—liquid separator permits orientation-
independent operation or even operation in zero gravity. The
final enabling characteristic is the ability to efficiently and scal-
ably manufacture COIL components through batch fabrication.

Section II presents a conceptual discussion of SOG operation
and details of the device structure. In Section III, the process
flow and fabrication characterization of the device are docu-
mented. In Section IV, the package is described. In Section V,
experimental results that confirm the production of singlet delta
oxygen are presented as a proof of concept demonstration.

Schematic of the uSOG. The system also has a microfabricated heat exchanger (not shown) directly below the reaction channels to control the chip

II. SOG CONCEPT AND STRUCTURE

SOGs typically produce Oz (a) by mixing gaseous chlorine
and BHP, according to the overall chemical reaction

H,0, + 2KOH + Cl, — 2H,0 + 2KCI + Oa(a). (1)

Often, the Cl5 is mixed with a buffer gas (He or Ns) in order to
raise the total pressure of the stream. After generation, Os(a)
may be deactivated by several mechanisms, with the most
prominent being collisions between O (a) molecules, i.e.,

Oy (a) + Oy (a) — 09y (b) + Oy (X) 2)
02 (a) + 02 (a) — 02 (X) + 02 (X) (3)

where Oy (b) refers to the excited Oa(b'X]) state of oxygen,
and wall interactions, i.e.,

02 (a) + wall — 02 (X) (4)

The reaction rate is limited by [and the subsequent Oz(a)
deactivation depends on] the transport of gaseous chlorine into
and gaseous Oz (a) out of the liquid phase. Therefore, maxi-
mizing the gas-liquid contact area is critical both to promote
the reaction and to obtain a high Oz (a) yield.

Fig. 1 shows a schematic of the 4SOG chip. The system
is composed of 32 packed-bed reaction channels that are fed
in parallel with the gas and liquid reactants using bifurcating
manifolds. The reactants mix inside the reactor beds. Chlorine
diffuses into the BHP, where it reacts to produce Os(a). The
O(a) then diffuses back out into the flow of gas. The packed
bed has a staggered configuration that increases mixing of
the laminar reactant flows by increasing the vorticity without
moving parts. Pressure-drop channels that are located upstream
of each packed bed equalize flows among the reaction chan-
nels of the microdevice, thus acting as hydraulic impedances
that ballast the reactor array. The reactor design builds upon
and extends previous gas—liquid microreactors for oxidizing
organic liquids with the highly reactive ozone gas [7]. The
reaction channels flow into a gas—liquid separator in which
an array of capillaries removes the liquid by-products from
the gaseous output stream. The Oz (a) is then collected and
routed to the chip’s gas outlet port. A previous analytical study
evaluated the feasibility of microscale Oo(a) generation [5].
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Fig. 2. Photograph of a completed ©SOG chip, showing features that are
similar to those that are represented in the schematic of Fig. 1. The singlet
delta oxygen exit port is at the lower left-hand side of the chip.

Using standard MATLAB numerical simulation techniques and
estimates of physical parameters, key SOG dimensions and
operating points were optimized. The dimensions employed in
the present 4SOG mask design were largely based on the results
and conclusions of this study. The optimum device dimen-
sions from the study (given the estimated parameters) included
0.516-cm-long reaction channels, 0.25-cm-long pressure drop
channels, a 1-cm section for gas and liquid flow distribution,
and an optimal total gas (helium plus chlorine) flow rate of
175 sccm at a 3 : 1 He:Cl5 ratio.

Fig. 2 is a photograph of a completed uSOG chip made as
a three-wafer stack. Fig. 3(a) shows a simplified 3D model
of the uSOG. The top wafer is Pyrex and seals the flow
channels while providing optical access to the reaction channels
and separator. The middle wafer is silicon and contains the
distribution manifold for the liquid reactants, the pressure drop
channels, the capillary separator, and the packed-bed reaction
channels. The pressure drop channels have a width of 25 pum
and a depth of 20 + 1 um. The BHP pressure drop channels
are 2750 &+ 50 pum long, and the gas pressure drop channels are
2428 + 35 pm long. In both cases, the aspect ratio is larger
than 100, and the pressure drop channels’ hydraulic diameter
is about 22 pm. The reaction channels are each 6.1 mm long,
630 pm wide, and 360 pm high; the length was increased above
the optimized length given above to ensure adequate residence
time for complete reaction of the chlorine. Each reactor packed
bed contains a hexagonal array of columns with 340 ym height,
70 pm diameter, and 90 pm pitch. This post bed configuration is
a 2-D approximation of a conventional packed bed, providing
reduced pressure drops while eliminating the need for subse-
quent packing of reaction channels. The separator is composed
of a hexagonal array of more than 7000 capillary holes with
265 pm length, 25 pm diameter, and 90 ym pitch that relies on
surface tension effects to separate the two-phase exit stream [8].
There is a wide range of separator dimensions that is expected
to be able to separate the exit stream; the set of dimensions
used here ensures that the separator’s flow capacity exceeds the
anticipated flow rates. The hexagonal packing maximizes the
feature density per unit area. Fig. 3(b) shows a cross section of
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Fig. 3. Simplified 3-D model of the (a) ©SOG chip with its constitutive layers
and (b) cross section of the middle wafer. The middle wafer contains both (I)
the capillary separator and (II) the packed-bed reaction channels.

the middle wafer. The bottom wafer is silicon and contains the
distribution manifold for the gas reactants, the heat exchanger,
and a port for an external thermocouple. The heat exchanger
removes excess heat that is generated during the reaction,
enabling low-temperature operation. The heat exchanger is
made of 19 cooling channels, each of which is 23.9 mm long,
300 pm wide, and 300 pm deep. The BHP and Cls inlets
are 1 mm in diameter; all other inlet and outlet connections
are 2 mm in diameter. The die size was set at 3.6 x 2.8 cm
to accommodate packaging. Fig. 4(a) shows a photograph of
a microfabricated middle wafer die, and Fig. 4(b) shows a
photograph of a microfabricated bottom wafer die. All ports are
on the back of the three-wafer stack to facilitate packaging and
testing.

III. FABRICATION

The fabrication process for the uSOG is intended to address
the need for uniform flow rates across the chip (particularly
reactor bed uniformity and capillary separator uniformity) and
chemical inertness of the chip to BHP, chlorine, and singlet
delta oxygen. Described broadly, the process flow heavily relies
on deep reactive ion etching (DRIE), fusion bonding, and
anodic bonding to build the device and uses a conformal layer
of low-pressure chemical vapor deposition (LPCVD) silicon-
rich nitride to protect the bulk silicon from the reactants and
products. However, the successful creation of the uSOG chip
critically depends on the details of the process flow, which
ensure that three key requirements are met. First, different
types of high-aspect-ratio features (posts and pores) must be
created in the same process steps as features that have vastly
different aspect ratios and in-plane dimensions. Second, the

Authorized licensed use limited to: MIT Libraries. Downloaded on February 1, 2010 at 14:07 from IEEE Xplore. Restrictions apply.



VELASQUEZ-GARCIA et al.: MEMS SOG: DEVICE FABRICATION AND PROOF OF CONCEPT DEMONSTRATION

Fig. 4. Photographs of (a) the middle wafer and (b) the bottom wafer of a
1SOG chip.

pattern definition and transfer techniques must permit wafer
processing even after the removal of significant portions of the
bulk silicon. Third, the assembly procedures must ensure that
the silicon is entirely covered by a defect-free chemically inert
coating of silicon nitride in order to prevent the dissolution
of the uSOG chip upon exposure to BHP. The process flow
for the uSOG, including the enabling details, is described in
Section III-A; the fabrication characterization is described in
Section III-B.

A. Process Flow

The device is made up of three 6-in wafers: one 2-mm-thick
Pyrex wafer (Bullen Ultrasonics, Eaton, OH) and two 625 +
20-pm-thick double-side-polished (DSP) p-Si (100) wafers
(Silicon Quest, San Jose, CA). The Pyrex wafer is 2 mm thick
for greater stiffness and higher pressure capability, but devices
with Pyrex wafers that are 625 pm thick were also successfully
fabricated and tested. The following is the process flow for the
1SOG.

1) Middle Wafer: Fig. 5 shows a schematic of the process
flow for the middle wafer. The middle wafer starts as a
625-pm-thick lightly doped DSP p-Si 6-in wafer (a). First,
0.5 pum of thermal silicon oxide is grown on the wafer, and
alignment marks are transferred to front and back (b). The
silicon oxide film protects the wafer surfaces for later fusion
bonding. A 0.5-pm-thick silicon-rich LPCVD silicon nitride
film is deposited to serve as a diffusion barrier for the future
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Fig. 5. Process flow by which the middle wafer of the uSOG is fabricated.
The process flow starts with a DSP p-Si (100) wafer (a). The wafer is oxidized,
and alignment marks are transferred to both sides of the wafer (b). The wafer is
then coated with 0.5 pum of LPCVD silicon-rich silicon nitride, and the film on
the top of the wafer is stripped using an RIE step (c). The silicon oxide film on
the top surface of the wafer is patterned with the layouts of the pressure drop
channels, the liquid inlet manifold, the reaction channels without the packed
beds, and the region occupied by the separator (d). The reactor packed beds
and an opening in the region that the separator will eventually occupy are then
patterned in a resist and etched by DRIE (e). The photoresist film is stripped,
and the features etched on the silicon oxide film on the top surface of the
wafer are transferred to the silicon substrate using a DRIE step, while etching
20 pm. The wafer is then oxidized (f), and the silicon-rich silicon nitride on
the backside of the wafer is stripped using hot phosphoric acid (g). Finally, the
layouts of the chip ports and the capillary separator are patterned in a resist on
the back side of the wafer, are transferred into the back-side silicon oxide layer
with BOE, and are transferred to the silicon with DRIE. The photoresist film is
stripped (h).

oxidation in step (f). If the nitride layer were omitted, any
nonuniformities in the thickness of the oxide brought on by
processing could be amplified by the subsequent oxidation,
compromising the flatness of the bonding surface. The silicon-
rich silicon nitride film is stripped from the wafer’s top surface
using an SFg-based recipe on a LAM 490-B RIE plasma
etcher (c). The wafer top then receives a nested mask to form the
deep features (reaction channels, the liquid reactants manifold,
and the capillary separator region) and the shallow features
(pressure drop channels). The features to be patterned in the
oxide mask layer (the liquid distribution network, pressure drop
channels, reaction channels without the columns, and the region
that will contain the capillary separator) are patterned in a
10-um-thick AZ P4620 resist on the top of the wafer with
contact photolithography. The back side of the wafer is pro-
tected with a photoresist, and the patterns are transferred to
the oxide with a sonicated buffered oxide etch (BOE). The
photoresist is stripped with piranha and oxygen plasma (d).
The features to be patterned in the resist mask layer (reaction
channels and capillary separator region) are transferred to a
10-um-thick AZ P4620 photoresist layer. Using the patterned
resist as a mask, an optimized DRIE step etches 340 pum of
silicon anisotropically to form the packed-bed reaction chan-
nels and define the thickness of the remaining silicon where
the capillary pores of the separator will ultimately be formed.
The resist mask is stripped with oxygen plasma, and the silicon
exposed by the oxide mask is etched with DRIE to pattern the
pressure drop channels, pattern the liquid inlet manifold, and
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Fig. 6. Process flow that fabricates the bottom wafer of the uSOG. (a) The
process flow starts with a DSP p-Si (100) wafer. (b) The wafer is oxidized,
and alignment marks are transferred to both sides of the wafer. The wafer is
then coated with 4 pm of PECVD silicon oxide on both sides of the wafer
and annealed at 950 °C in a nitrogen atmosphere (c). The resist is applied to
both sides of the wafer. The resist film on the top of the wafer is patterned
photolithographically with the layouts of the heat exchanger and the gas inlet
manifold, whereas the bottom film is patterned with the layouts of the chip
ports. The layouts of both resist films are transferred to the silicon oxide films
using a cycled RIE plasma recipe (d). The top of the wafer is then etched with
DRIE to a depth of 325 pm (e). Finally, the wafer is flipped over and mounted
on top of a quartz wafer, and the chip ports are etched with DRIE (f).

(b |

finish etching the packed-bed reaction channels to a total depth
of 360 um (e). The wafer is RCA cleaned and oxidized to grow
0.5 pm of silicon oxide on all exposed silicon surfaces. The sil-
icon oxide protects the posts from any collateral damage during
future DRIE processing (f). The silicon nitride is stripped using
a hot phosphoric acid mixture at 165 °C (g). The wafer is then
flipped over and attached to die saw tape to provide a removable
sealable surface to the spin coater’s vacuum chuck. The bottom
of the wafer receives a 10-um-thick AZ P4620 photoresist film
with the layout of the chip ports and the capillary separator
pores. The exposed oxide is removed in BOE, and the wafer is
etched with DRIE to form the capillary separator (h). The wafer
is dismounted, and the photoresist is stripped using piranha and
oxygen plasma.

2) Bottom Wafer: Fig. 6 shows a schematic of the process
flow for the bottom wafer. The bottom wafer starts as a
625-pm-thick lightly doped DSP p-Si 6-in wafer (a). First,
0.5 pm of thermal silicon oxide is grown on the wafer, and
alignment marks are transferred to front and back (b). The
silicon oxide film protects the wafer surfaces for later fusion
bonding. Next, a 4-um-thick plasma-enhanced chemical vapor
deposition (PECVD) silicon oxide is deposited on both sides
of the wafer, and the films are annealed for 1 h at 950 °C in
nitrogen (c). After annealing, both sides of the wafer are coated
with a 10-pum-thick AZ P4620 photoresist. The heat exchanger
and gas inlet manifold are patterned in the front-side resist,
and the chip ports (liquid and gas inlets and exits, including
the coolant ports) are patterned in the back-side resist. The
exposed oxide on both sides is anisotropically etched with a
cycled CHF3CsoF-based RIE plasma etch to form DRIE etch
masks (d). The photoresist is stripped with piranha followed by
oxygen plasma. The heat exchanger and gas inlet network are
etched to a total depth of 315 pum with DRIE (e). The wafer is
flipped over, mounted on a quartz handle wafer, and etched with
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Fig. 7. Process flow to finalize the fabrication of the ©SOG. The microfabri-
cated middle and bottom wafers (a) are immersed in a 49% HF bath to strip the
silicon oxide films (b). The two silicon wafers are fusion bonded (c). Then,
a 0.4-pm-thick LPCVD silicon-rich nitride is conformally deposited on the
silicon wafer stack (d). Next, the silicon wafer stack is anodically bonded to
an unpatterned Pyrex wafer (e). The wafer stack is then die sawed to extract the
SOG chips.

DRIE to pattern the chip ports (f). The wafer is then dismounted
from the quartz handle wafer.

3) Final Processing: Fig. 7 shows a schematic of the
process flow that completes the device. The completed middle
and bottom wafers are immersed in 49% hydrofluoric acid (HF)
to strip the silicon oxide films and are then RCA cleaned,
contacted, pressed with 2500 N of force for 12 h, and fusion
bonded at 1050 °C for 1 h in nitrogen (a). The silicon wafer
stack then goes directly to the LPCVD reactor to be coated
with a 0.4-pm-thick conformal silicon-rich silicon nitride film
(b). The silicon-rich silicon nitride film acts like a glove that
protects the silicon substrate from the reactants and products,
in particular, from the BHP. The stack is anodically bonded
to an unpatterned Pyrex wafer for 10 min, using 1000 Vpc,
a compressive force of 1000 N, and a bonding temperature of
350 °C (c). The wafer stack is then die sawed using a 250-pm-
thick glass blade. Eight uSOG chips are obtained from each
wafer stack, and a near 100% yield was achieved in all batches.

B. Fabrication Characterization

Fig. 8 is a set of SEM pictures that show cross sections
of one of the uSOG chips. Key features such as the reac-
tor packed beds, the cooling channels, the liquid by-products
collector tray, and the capillary separator can be identified.
Fig. 9(a) and (b) depicts SEM micrographs that show the
structure of a reactor packed-bed channel. The as-fabricated
columns have a diameter of 70 pum, an aspect ratio of 5, and
a pitch of 90 um. The roots of the columns have large radii
to avoid fracture. Fig. 9(c) and (d) shows SEM micrographs
that illustrate the capillary separator structure. The separator
consists of 25-um-diameter capillary holes on a 90-pm pitch.
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Fig. 9. (a) SEM of the top view of a reactor packed-bed channel. (b) Cross
section of the reactor packed-bed channel. (c) Cross section of the separator
near the end of the reactor array. (d) Top view of the capillary separator.

The DRIE recipe that patterned the packed bed is insensitive to
microloading, i.e., the etch rate of the columns is the same as the
etch rate of the open area where the separator is formed. Fig. 10
is a set of IR pictures that show the structure of the uSOG,
including the reactant manifolds, the reactant injector structure
(the gaseous reactant flow is surrounded by the liquid reactant
flow at the entrance to the reaction channels), the reactor packed
bed (the reactor is right on top of the cooling channels of the
heat exchanger), the heat exchanger structure (there is a set
of ribs to stiffen to the heat exchanger, as well as increase the
surface area for better heat transfer), and the separator.

IV. PACKAGE

BHP and chlorine are very reactive, and the uSOG package
materials must be selected for resistance to these chemicals
(including resistance to chlorine in the presence of humidity).
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(a) Set of SEM pictures that shows the cross section of a uSOG chip, with several key features highlighted: (b) separator; (c) packed-bed reactor and heat
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Fig. 10. Set of IR microscope images that show the structure of the ©SOG
chip. (a) Liquid and gas reactant manifolds. (b) Reactant injectors. (c) Reactor
packed bed on top of the heat exchanger. (d) Capillary separator.

The uSOG package must also minimize the deactivation of
O, (a) to maximize yield. To meet these requirements, con-
nections to the uSOG chip were made with 1/8- and 1/16-in
Teflon tubing, except for the gas outlet, which was directly
connected to a quartz optical cell for Oz(a) detection. Glass
is ideal for the gas outlet because it permits optical access and
has a O, (a) wall deactivation coefficient that is half that of the
best metals and an order of magnitude lower than that of Teflon
and, therefore, minimizes surface deactivation of Oz(a) [9].
Minimizing Oy (a) deactivation also requires that the gas outlet
path have low-enough surface-to-volume ratio to ensure that
wall deactivation is not a dominant Oz(a) loss mechanism,
while still having a short-enough residence time to ensure that
homogeneous deactivation of Oz(a) is as low as possible; the
2-mm-diameter entrance to the quartz optical cell is a good
compromise between these two competing requirements. The
package must also seal to the chip’s ports, and the seal must
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Fig. 11.

be leak-free over a wide range of internal chip pressures (from
vacuum to several atmospheres). For the proof of concept
demonstration shown in this paper, the connections were simply
epoxied to the chip. For the systematic exploration of the
performance space shown in Part II of this paper [10], the
connections were made by means of a chemically-resistant,
readily-machinable, stiff Tefzel package that seals to the chip
with chemically resistant Simriz and Kalrez o-rings and gas-
kets. The package comprises a chuck (with o-ring ports to
interface to the chip) that is clamped with Tefzel screws to a
plate that includes an opening to permit optical access to the
chip (Fig. 11). Finger-tight Tefzel fittings (Bio-Chem Valve
Inc., Boonton, NJ) connect to the tubing to allow easy package
reassembly.

V. EXPERIMENTAL RESULTS

Prior to operation with Cl, and BHP, the puSOG’s flow
functionality was investigated using He and distilled (DI) water.
The most important functionalities are the following: 1) the
gas-liquid hydrodynamics in the packed-bed reaction channels
and 2) the extent of liquid removal by the capillary separator.
Both are critical to device performance, as effective mixing
directly affects the rate of Oz(a) generation and complete re-
moval of the liquid by-products is necessary for the uSOG’s use
in a complete COIL system. In addition, although microscale
packed-bed reaction channels and capillary separation have
been demonstrated before (see, e.g., [6]-[8]), differences in
the design and functionality of this system necessitate the flow
characterizations that are described here. One key difference
lies in the operating point of the capillary separator, which must
operate with low pressures of 50-250 torr on the inlet side of
the capillary separator instead of with the atmospheric pressure
at the inlet as in [8]. Another key difference is the integra-
tion of the elements that are described here into a complete
system.

Two unique modes of gas—liquid flow were observed in the
present device. At low gas flow rates (below about 50 sccm), a
steady flow pattern is observed in which the liquid continuously
flows as a wetted film along the channel walls and partially
wets the posts, while the gas flows through the remaining voids.
Once developed, gas—liquid interfaces in this regime remain sta-
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(a) Three-dimensional drawing of the improved ;£ SOG package. (b) Photograph of the package chuck with the o-ring and gaskets installed.
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Fig. 12. Minimum applied pressure drop across the capillary pores that
is necessary to ensure proper separator functionality, plotted versus plenum
pressure for three liquid delivery pressures.

tionary with the majority of the reactor volume being occupied
by the gas, resulting in a limited interaction between the two
phases. At higher gas flow rates, the gas—liquid interface was
observed to rapidly fluctuate, resulting in an unsteady liquid
flow, which may enhance gas—liquid mixing. A steady flow was
observed under all reacting conditions that were investigated.
The capillary separator’s performance was also investigated
using He and DI water. As far as the authors are aware, this
is the first reported demonstration of separation of a liquid—gas
mixture below atmospheric pressure using the capillary micro-
pore concept [8]. The separator operates on the basis of liquid
capillary pressure; during operation, the pores are filled with
liquid, which is driven through the holes and out of the chip by
an externally imposed pressure drop. The capillary pressure of
the liquid film resists the flow of gas through these same holes,
thus effectively separating the two phases. A linear relationship
was observed between the plenum pressure (the pressure at the
phase separation point) and the minimum applied pressure drop
across the capillary pores necessary to ensure phase separation.
Fig. 12 illustrates this relationship for three different liquid
delivery pressures, corresponding to three different liquid flow
rates. No relationship between the liquid flow rate and the
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Fig. 13. Photographs of the dimol emission (red glow) from the ©SOG in
operation. (a) Dimol emission seen in the quartz optical cell. (b) Top view of
the dimol emission from the chip while producing singlet delta oxygen.
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Fig. 14. Schematic of the system used to obtain IR spectra from the
optical cell.

required pressure drop was observed, most likely because the
liquid flow rates are significantly below the separator’s designed
capacity. Detailed models of the separator’s performance are
relevant for the quantitative analysis of the p©SOG’s perfor-
mance across its operating space, and they are described in
Part II of this paper [10].

Using the results of the water and He experiments, the chip
was operated with BHP and chlorine flows to generate Ox(a)
using steady BHP flow and, typically, 1-min-long chlorine
pulses. It is relatively straightforward to confirm Oy(a) gen-
eration, but quantitatively measuring the yield is a significant
challenge. A detailed account of the quantitative measurement
of the Oy(a) is presented in Part IT of this paper [10]. Three
measurement techniques were used to qualitatively verify the
generation of Og(a). The first approach relies on the fact
that two Oz (a) molecules can collide to form a dimol. The
subsequent dimol emission appears as a red glow (Fig. 13). In
the second approach (Fig. 14), an optical system monitors the
spontaneous decay of the Oz(a) molecule to its ground state
02(X) and the resulting emission of a photon. The chip was
operated under the experimental conditions that are described
in Table I to demonstrate the proof of concept of the uSOG.
Fig. 15 shows a typical spectral measurement. The spectrum is
centered around the 1.268-pm wavelength of the Oz (a) —02(X)
emission. The IR spectral data in Fig. 15 have a signal-to-
noise-ratio that is better than 12. Finally, the third approach
consisted of analyzing the gas products by mass spectrometry.
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TABLE 1
EXPERIMENTAL CONDITIONS UNDER WHICH THE pSOG CHIP
OPERATED FOR THE PROOF OF CONCEPT DEMONSTRATION.
THESE PARTICULAR OPERATING CONDITIONS CORRESPOND
TO THE SPECTRUM SHOWN IN FIG. 15

Parameter Value
He Flowrate 37 sccm
Cl, Flowrate 13 scem
BHP Flowrate 1 ml/min
BHP Delivery Pressure 40 psig
Plenum Pressure 100 torr
Separator Pressure 20 torr
Chip Temperature 3C
BHP Supply Temperature -10C
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Fig. 15. Typical IR spectra of the emission coming out of the £SOG chip’s
quartz optical cell. The spectrum is mainly composed of photons from the
O2(a) to 02X transition.

A commercial mass spectrometer was used to measure the total
molar fraction of oxygen (in all states of excitation combined)
and, in particular, to capture the rise in the oxygen molar
fraction above the background signal when chlorine is flowing.
Fig. 16 shows the time variation of the oxygen molar fraction
during two successive chlorine pulses. The rise in O2 mole
fraction correlates with the chlorine pulses and is clear evidence
of oxygen production from the chip.

VI. CONCLUSION

The microfabrication and proof of concept demonstration
of a MEMS-based SOG have been shown. The fabrication
process for the puSOG is driven by the need to meet the
device’s stringent specifications in geometry, device uniformity,
and chemical compatibility. This process has been shown to
be robust, with typical yields of about 100%; the high re-
peatability offers the potential for future integration of arrays
of uSOG chips to form singlet-oxygen-generating hardware
that combines the total capacity of a macroscale SOG with
the performance advantages of a MEMS-based system. The
uSOG’s generation of singlet delta oxygen has been quali-
tatively confirmed by the three complementary observations
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Fig. 16. Mass spectrometer signal indicating an increase in Oz, which coin-
cides with the Cl2 pulses.

of visible dimol emission, emission of 1268-nm photons as
the singlet delta molecule spontaneously decays to the ground
state, and increases in total oxygen in the output flow, as

measured by mass spectrometry, which correlate with the
chlorine feed.
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