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Abstract 

We have developed a multilayer, multichannel microfabricated reactor that uses elemental fluorine 

as a reagent and generates hydrogen fluoride as a byproduct.  Nested potassium hydroxide etching 

(using silicon nitride and silicon oxide as masking materials) was developed to create a large number of 

channels (60 reaction channels connected to individual gas and liquid distributors) of significantly 

different depths (50–650 m) with sloped walls (54.7º with respect to the (100) wafer surface) and 

precise control over their geometry.  The wetted areas were coated with thermally grown silicon oxide 

and electron-beam evaporated nickel films to protect them from the corrosive fluorination environment.  

Up to four Pyrex layers were anodically bonded to three silicon layers in a total of six bonding steps to 

cap the microchannels and stack the reaction layers.  The average pinhole density in as-evaporated films 

was 3 holes/cm2. Heating  during anodic bonding (up to 350 C for 4 min)did not significantly alter the 

film composition. Upon fluorine exposure, nickel films (160 nm thick) deposited on an adhesion layer of 

Cr (10 nm) over an oxidized silicon substrate (up to 500 nm thick SiO2) led to the formation of a nickel 
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fluoride passivation layer.  This microreactor was used to investigate direct fluorinations at room 

temperature over several hours without visible signs of film erosion. 

1. Introduction 

Stand-alone microchemical systems comprising reaction, separation, temperature monitoring, 

chemical detection, and feedback control may aid chemical research and development by providing new 

tools to rapidly screen and optimize chemical reactions, catalysts, and materials synthesis. Additionally, 

small reactor volumes enhance the control of fast, highly exothermic reactions and allow new reaction 

chemistries deemed difficult to control in conventional macroscopic reactors to be carried out safely [1]. 

One example of such type of chemistry is the direct fluorination of organic compounds, i.e., the reaction 

of a precursor molecule with elemental fluorine in an appropriate solvent generating hydrogen fluoride 

as a byproduct [2, 3].  

Over the last decade, a number of microreactors have been developed and fabricated using silicon 

bulk micromachining techniques. Commonly used silicon etching techniques include KOH etching [4] 

and deep reactive ion etching (DRIE) [5].  Photolithographically patterning multiple layers on a silicon 

wafer can be difficult. When the wafer surface has topography with feature depths of several tens of 

micrometers, it is difficult to spin coat a thin (~1 m) layer of photoresist with uniform thickness.  To 

address this issue, nested masking techniques use a combination of two masking materials to pattern two 

different masks defining features that will ultimately have different depths. Nested DRIE using silicon 

oxide and photoresist as masking materials has been used to build microreactors [6]. More recently, 

nested KOH etching was reported  to achieve convex right-angle corners of merging features using 

silicon nitride and/or silicon oxide as masking materials [7, 8].   

In addition, silicon micromachining permits the patterning of a variety of thin films for use as 

protective coatings (silicon oxide) [9], heaters (platinum/titanium) [10, 11], temperature 

(platinum/titanium) [10, 11] and multiphase flow sensors (aluminum) [12], or as structural materials 
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(silicon nitride) [13, 14].  Silicon micromachining also enables the integration of UV chemical detection 

[15, 16] and the design of efficient multiphase reactors and separation units [17-19]. Furthermore, arrays 

consisting of a large number (~100) of microchannels may be operated in parallel in planar and 

multilayer configurations to increase reactor throughput [19, 20]. Because of the desirable microreactor 

features enabled by silicon micromachining, we developed a silicon-based microreactor for the synthesis 

of fluorinated compounds [2].  

To build a silicon-based microreactor compatible with the corrosive fluorination environment using 

silicon and Pyrex as substrate materials, protective coatings chemically compatible with both fluorine 

and hydrogen fluoride must be applied over all wetted surfaces. Silicon undergoes severe corrosion in 

the presence of elemental fluorine, forming silicon tetrafluoride (0.2 m/min in 25 vol % F2/N2 at room 

temperature and atmospheric pressure) [14]. Because silicon oxide was stable at these etching 

conditions, this etch rate was measured in silicon samples that were soaked for 2 min in a 50:1 solution 

of H2O/49 wt % HF to remove the native silicon oxide prior to exposure to fluorine.  Silicon oxide is 

thermodynamically unstable with respect to the reaction with fluorine although this reaction is slow at 

room temperature in the absence of hydrogen fluoride [21]. Silicon oxide, however, etches readily in the 

presence of anhydrous and aqueous HF (approximately 100 nm/min in buffered aqueous HF, i.e., 

7:1 water/49 wt % HF).  

Materials used to handle fluorine in macroscopic systems (e.g., valves, pipes, and pressure 

regulators) include aluminum, copper, stainless steel, nickel, brass, and nickel alloys such as Inconel, 

and Monel. The resistance of these materials to fluorine is conferred by the formation of a passivation 

fluoride layer on the metal upon first contact with fluorine [22]. Materials resistant to HF include 

aluminum, carbon, austenitic and nickel-chrome steels, copper (in the absence of moisture and air) [23], 

nickel, Inconel, and Monel. Similarly, these metals form corrosion-resistant fluoride films in contact 

with HF. Other than these metals, only highly fluorinated polymers, such as polytetrafluoroethylene 
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(PTFE), show good resistance to F2 (at least in dilute concentrations) and HF. PTFE, however, is not 

completely impermeable; if this material is to be used in a protective layer, sufficient thickness must be 

provided [21, 22, 24]. 

Several microfabrication techniques are available to deposit metallic thin films, including electron-

beam (e-beam) evaporation and sputter deposition [25]. For example, nickel, aluminum, and copper, 

with thickness of up to approximately 1 m, are commonly deposited by e-beam evaporation. Sputtered 

tantalum oxide thin films were reported for use as protective coatings in the packaging of 

microfabricated sensors (e.g., piezoresistive pressure sensors) [26]. These techniques may be 

complemented with electroless and electrolytic metal plating to deposit thicker metallic coatings or 

create entirely metallic structures. Here, we describe a silicon-based fabrication process to create a direct 

fluorination microreactor consisting of a large number of microfluidic channels with significantly 

different depths (50–650 m) by nested KOH etching as an inexpensive alternative to DRIE using low-

stress silicon nitride and silicon oxide as masking materials.  Thermally grown silicon oxide was 

selected as a first corrosion barrier against fluorine, and e-beam evaporated nickel provided additional 

protection against both fluorine and hydrogen fluoride. 

2. Experimental 

2.1. Fabrication Strategy 

To carry out direct fluorination reactions in a microreactor, a gaseous fluorine/nitrogen mixture and 

an organic liquid solution were continuously fed to the microchannels through separate gas and liquid 

inlet ports and contact in the device. Our microreactors were operated at ambient temperature and nearly 

atmospheric pressure in the annular-dry flow regime, where a gas core flows in the center of the channel 

and liquid wets the walls except for part of the Pyrex [2, 19]. At these operating conditions, the reaction 

plane is expected to be located close to the gasliquid interface. Once generated at the reaction plane, 
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the byproduct HF (normal boiling point of 19.5 C) will remain partly dissolved in the liquid phase and 

diffuse towards the channel walls. HF may also be carried into the device by the gaseous fluorine 

mixture. To minimize the formation of HF from water and thus maximize the lifetime of both the 

macroscopic fluorine delivery manifold and the microreactor, the entire gas and liquid manifolds were 

maintained scrupulously dry and all liquid solutions were thoroughly dried with activated molecular 

sieves prior to fluorination.  

We have built and investigated fluorinations in two silicon-based microreactors [2, 20]. Figure 1 (a) 

shows the configuration of a planar, dual-channel reactor that consists of two microfluidic channels with 

triangular cross section operating in parallel.  The channels are formed on the front side of a silicon 

substrate and capped by Pyrex.  Gas and liquid reagents are fed to the channels through fluidic ports 

etched on the back side of the silicon. A cross sectional scanning electron micrograph of the channel 

region is shown in Figure 1 (b). The second reactor, illustrated in Figure 1 (c), is a multilayer design that 

consists of several alternatively stacked silicon and Pyrex layers [2, 20]. Twenty reaction channels are 

formed on each silicon layer and capped by Pyrex. A series of flow distributors are used to controllably 

feed the gas and liquid to the reaction channels in the stack. 

Photolithographic silicon bulk micromachining and KOH etching were employed to form all 

microfluidic channels as well as the gas and liquid inlet and outlet fluidic ports.  For the dual-channel 

reactor, one single etch and three masks (two to pattern the silicon and one to make the shadow mask) 

were used. For the scaled-out reactor, nested etching (four etches) and six masks (four to pattern the 

silicon and two to make the shadow masks) were used.   Silicon oxide was then thermally grown on the 

silicon as a first protective layer. Nickel thin films were evaporated over the wetted areas of the silicon 

and Pyrex cap as defined by the shadow masks as a second protective layer. To facilitate the step 

coverage of the evaporated films, microchannels with sloped walls etched in KOH (54.7º with respect to 

the (100) wafer surface) were chosen.  Finally, the silicon was anodically bonded to the Pyrex to cap the 
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channels. For flow visualization studies, nickel coatings were not deposited to allow optical access to the 

reaction channels through the Pyrex. 

 

(a) 

 
(b) 

 

 

(c) 
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Figure 1. Schematic of direct fluorination microreactors: (a) planar, dual-channel design; (b) scanning 

electron micrograph of cross section A-A indicated in (a) showing two reaction microchannels formed in 

silicon and coated with Ni (200 nm)/Cr (10 nm); (c) multilayer, multichannel design. 

2.2. Channel Fabrication Using Nested KOH Etching 

The fabrication sequences to create the dual-channel and scaled-out reactors have been briefly 

described elsewhere [2, 20].  Here we elaborate on the detailed processing steps developed to build these 

devices.  The fabrication of the dual-channel device is shown in Figure 2. It started by depositing low-

stress silicon nitride (100 nm thick) by low-pressure chemical vapor deposition (LPCVD) on the front 

and back sides of a double-polished (100) silicon wafer (100 mm in diameter, 525 µm thick) for use as a 

masking material during the KOH etch. The front side of the silicon wafer was photolithographically 

patterned to define the reaction channels (width W = 400 m, length L = 2 cm, terminated triangular 

cross section).  The exposed silicon nitride (i.e., not protected by photoresist) was then etched using a 

standard dry etch (CF4 and O2 plasma). Inlet and outlet fluidic ports to the reaction channels were 

patterned on the back side in a similar manner. The reaction channels and ports were then 

simultaneously etched in an aqueous solution of KOH (20 wt %, 80 °C, 4 drops of surfactant FC-129 per 

L of water; FC-129 from 3M, MN; 4.0 h). The silicon nitride mask was then removed using a dry or wet 

(hot phosphoric acid) etch. 
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(a)                                                                      (b) 

Figure 2. Schematic representation of the microfabrication sequence for the dual-channel reactor: (a) 

channel cross section and (b) ports cross section. 

 

Patterning each silicon layer of the scaled-out reactor required four photolithographic masks: one 

mask to pattern the liquid inlet slit and reaction channels on the front side; one mask to pattern the liquid 

distributors on the front side; one mask to pattern the liquid inlet port, gas inlet port and slit, gas access 

ports to the reaction channels, outlet slit, and cooling slits on the back side; and one mask to pattern the 
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gas distributors and cooling channels on the back side. All photolithographic masks except for the 

liquid-distributors mask were fabricated by laser writing the desired features onto a transparent Mylar 

film (0.18 mm thick) with a resolution of 13 m (Photoplot Store, CO), and then photolithographically 

transferring these features onto a chromium-coated soda-lime glass plate. The liquid distributors (W = 71 

m, the smallest features of the device) were patterned using a laser-written photomask with a resolution 

of 3 m (Advance Reproductions Corp., MA). 

The microfabrication sequence to form the liquid inlet slit, reaction channels, and liquid distributors 

is schematically illustrated in Figure 3. Low-stress silicon nitride (100 nm thick) was first deposited by 

LPCVD on the front and back sides of a double-polished (100) silicon wafer (150 mm in diameter, 650 

m thick).  The nitride layer on the front side was photolithographically patterned (positive resist and 

clear field mask) to define the inlet slit and reaction channels. The exposed nitride (i.e., not protected by 

photoresist) was etched using a dry etch (CF4 and O2 plasma), and a layer of silicon oxide (0.8 m thick) 

was thermally grown for use as a masking material during the first KOH etch (step 1). The silicon oxide 

was then photolithographically patterned (positive resist and dark field mask) to define the distributors. 

Only 100 nm thick, the silicon nitride patterns did not interfere with the spin coating of photoresist (~1 

m thick) over the wafer. The exposed oxide was etched in buffered oxide etchant (BOE, step 2). The 

distributors were then etched in an aqueous solution of KOH (20 wt %, 65 °C, 4 drops FC-129 per L of 

water; actual etch rate at 65 °C ≈27.3 m/h; step 3). The remaining silicon oxide was stripped in BOE, 

and a new layer of silicon oxide was thermally grown (1.3 m thick, step 4) for use as a masking 

material in the second KOH etch. The nitride was then stripped using again the same dry etch to uncover 

the features of the first mask on bare silicon (step 5). The thickness of the silicon-oxide layer did not 

appreciably change during this nitride etch. Finally, the inlet slit and reaction channels were etched in 

KOH (15 wt %, 60 °C, 4 drops FC-129 per L water; ≈22.8 m/h, step 6).  The same processing steps 

were performed on the back side of the silicon wafer following those performed on the front side to form 
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the gas distributors and cooling channels (third KOH etch), as well as the inlet ports, gas access ports to 

the reaction channels, outlet slit, and cooling slits (fourth KOH etch). A new layer of low-stress silicon 

nitride (100 nm thick) deposited on the front side of the wafer served as an etch stop for this fourth etch.  

 

Figure 3.  Top view of the microfabrication sequence implemented on the front side of a silicon wafer to 

create the liquid inlet slit, reaction channels, and liquid distributors by nested KOH etching. The same 

sequence was used on the back side to form the gas and liquid inlet ports, gas access ports to the reaction 

channels, outlet slit, cooling slits, gas distributors, and cooling channels. 
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Etches were carried out in a volume of KOH solution of approximately 4.8 L, and up to two wafers 

were etched at a time. Each wafer contained four reaction-layer dies.  The long (third and fourth) KOH 

etches on the front and back sides were started simultaneously to reduce the stress on the wafer caused 

by the uneven thicknesses of the remaining SiO2 films over its two sides that would otherwise develop 

as the etching progressed.  To save processing time, the nitride layers on the front and back sides of the 

wafer were patterned first. Next, the gas and liquid distributors and cooling channels were patterned and 

then etched simultaneously until the etch of the liquid distributors terminated.  The wafer was then 

mounted on a Teflon jig and sealed with O-rings to protect the front side from further etching.  The 

wafer was then brought back into the KOH bath until the etch of the gas distributors and cooling 

channels terminated. 

2.3. Thermal Oxidation of Silicon and E-Beam Evaporation of Nickel Films 

After etching all channels, the remaining silicon nitride and silicon oxide were stripped using a dry 

etch (CF4 and O2 plasma) and BOE, respectively, and a new layer of silicon dioxide (250–500 nm thick) 

was (conformally) grown over the silicon channels at 1,050 ºC by dry-wet-dry oxidation. Wafers to be 

oxidized were prepared using standard clean room procedures: clean in an ammonium 

hydroxide/hydrogen peroxide solution, followed by a dip in a 50:1 water:49 wt % hydrogen fluoride 

solution, and a clean in a hydrochloric acid/hydrogen peroxide solution. In preparation for evaporation, 

unmetallized wafers were cleaned in a piranha solution (sulfuric acid:30 wt % hydrogen peroxide, 3:1; 

careful, keep organics away from this mixture). After the first metallization, wafers were cleaned using 

only organic solvents (acetone, methanol, and isopropanol) because nickel was found to etch in piranha, 

even in diluted concentration (Nanostrip™). 

The front and back sides of the silicon and Pyrex (7740, 150 mm diameter, 762 µm thick) wafers 

were metallized with nickel (200 nm thick) on an adhesion layer of chromium (10 nm thick) by e-beam 

evaporation in a Temescal VES-2250 apparatus at a base pressure of ≈3.5  10-7 Torr and deposition 
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rates of 3 and 1 Å/s, respectively. Wafers were mounted on a flat stage. The description of the Ni/Cr 

films includes the target metal thickness that was specified during evaporation.  For Ni (200 nm)/Cr (10 

nm) films, the measured total film thickness was approximately 165 nm.  The thickness reported for 

SiO2 is the measured value. A shadow mask was used to cover the unwetted areas of the silicon and 

Pyrex during evaporation because the subsequent anodic bonding required uncoated silicon and Pyrex. 

The shadow mask was a silicon wafer with openings approximately 200 µm larger per side than the 

most-outer edges of the wetted areas.  KOH etching and DRIE were used to fabricate the shadow masks 

of the dual-channel and scaled-out reactors, respectively. The high channel density and finite thickness 

of the silicon wafer precluded the use of KOH etching for the scaled-out reactor. 

The fabrication was completed by anodically bonding the silicon and Pyrex (up to 325–350 C, 

800 V, 3–4 min). To create the scale-out reactor, six successive anodic bonding steps were carried out at 

the die level [27] using three silicon and four mechanically drilled (Ferro-Ceramic Grinding, Inc., MA) 

Pyrex layers. This completed device was employed for flow visualization studies and thus patterned 

with aluminum waveguides using a standard lift-off process followed by e-beam evaporation (no Ni was 

deposited) [20]. For bonding the wafer stacks, electrical contact to the electrically conductive (doped) 

silicon layer was made through side openings in the Pyrex die. When first brought in contact for 

alignment, the silicon and Pyrex surfaces formed a small air gap, and interference fringes were visually 

observed. As a test for the absence of defects or surface contaminants, the fringes disappeared when a 

small pressure was applied on the contacted surfaces. If fringes remained, the surfaces were cleaned 

again. When the bond was formed, the fringes disappeared and the interface became dark. The graphite 

electrode was polished before each bonding step. 

2.4. Characterization of Protective Films 

Desirable characteristics of the Ni coatings are satisfactory adhesion, low pinhole density, step 

coverage over the channel walls, self-passivation upon exposure to fluorine and HF, and ability to bond 
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coated substrates. The morphology and step coverage of the films was examined by scanning-electron 

microscopy (SEM) using a Philips/FEI XL30 microscope. Film structure was determined by X-ray 

diffraction using a Rigaku RU300 rotating-anode X-ray generator. Film thickness was measured using a 

Tencor P10 surface profilometer. Adhesion of the evaporated films was qualitatively measured by the 

adhesive-tape test, in which a piece of office scotch tape was firmly applied to a nickel-coated surface 

and then removed. Good adhesion was indicated by the lack of any nickel on the peeled tape [28]. The 

internal stress of the nickel thin films (f) was obtained by measuring the change in wafer bow caused 

by film deposition using a Tencor FLX-2320 instrument and the Stoney formula [29].  The pinhole 

number density in the metallic films was estimated by counting the number of light points visible 

through a coated Pyrex sample (≈20 cm2) via transmission optical microscopy using a Zeiss Axiovert 

200 microscope and a 40 lens objective with a numerical aperture of 0.75.  Chemical analysis of film 

surfaces by Auger electron spectroscopy (AES) and X-ray photoelectron electroscopy (XPS) was 

performed using a Physical Electronics Model 660 Scanning Auger Microscope operating at 5.0 kV and 

a Kratos AXIS Ultra Imaging XPS with an Al K source, respectively. Elemental depth-profile analysis 

was obtained by XPS using an argon-ion sputtering system operating at 5.0 kV; the duration of each 

sputtering cycle was 120 s. 

The chemical resistance of metal-coated samples to elemental fluorine was tested at ambient 

temperature and pressure in a gas-tight cylindrical chamber (34 mm inner diameter, 38 mm outer 

diameter, 125 mm length).  A 25 vol % mixture of fluorine in nitrogen (Spectra Gases, fluorine purity 

99.0%, nitrogen purity 99.9999%, connected to a Monel pressure regulator) was continuously fed to the 

chamber.  The design and operation of the fluorine gas manifold has been previously described [2]. The 

front and back faces of the chamber were sealed using ultra-high vacuum knife-edge flanges. A quartz 

window was attached to the front face to allow visual inspection of the sample. The back face was 

sealed using a copper disc. Small-diameter inlet and outlet tubing (316 stainless steel, 1.6 mm o.d., 
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1 mm i.d.) to promote uniform gas distribution inside the chamber was passed through two holes in the 

disc and fixed with low-vapor-pressure epoxy resin (Varian Torr Seal). The sample was inserted into an 

aluminum support that was held in the center of the chamber. The outlet stream was fed into a fluorine 

scrubbing system (15 wt % KOH solution) before being exhausted to a ventilated hood. 

3. Results and Discussion 

3.1. Channel Fabrication Using Nested KOH Etching 

The flow distribution of the gas and liquid feeds in the scaled-out reactor hinges on the introduction 

of the two phases to each reaction channel through individual flow distributors, and hence it is essential 

to precisely control the geometry of these channels. Nested KOH etching made it possible to create a 

high density of merging channels of significantly different hydraulic diameters (50–650 m), e.g., 

reaction channels and liquid distributors (Figure 4), on the same side of the silicon wafer with excellent 

control over their geometry (i.e., right- angle intersecting corners). It is well-known that low-stress 

silicon nitride does not etch at all in KOH, and hence can be regarded as a perfect masking material [4]. 

However, two different masking materials are necessary for nested KOH etching. In this work, silicon 

oxide was used successfully as a masking material even for wafer-through etches (650 m deep), albeit 

a moderate extent of lateral undercutting of the mask was observed (Figure 4 a). The mask and actual 

dimensions of the reaction channels as well as gas and liquid distributors are shown in Table 1. The 

width of the distributors was about 12% larger than designed, while that of the reaction channels was 

21% larger due to the simultaneous etching of these channels with the (deeper) liquid inlet slit. If 

needed, tighter tolerances could be achieved by compensating the mask undercut in future mask designs, 

a common strategy used in DRIE fabrication processes that require thick (~1 m) silicon oxide layers. 

Photographs of completed devices are shown in Figure 5. 
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(a) 

 

(b) 

Figure 4. Optical micrographs of the merger of a liquid distributor with its corresponding reaction 

channel. Images are in focus at (a) the top surface of the wafer and (b) the bottom of the ≈55-m-deep 

liquid distributor immediately after the second etching step and before stripping the SiO2 masking 

material.  A slight lateral undercut of the silicon oxide mask is observed. The edge waviness of the 

distributor resulted from the use of 20-m-resolution transparencies in the early stages of fabrication 

development to create the photomask plate prior to switching to the Mylar sheets. This waviness was 

present on the photomask and remained after the triangular cross section was terminated. 

 

Table 1.  Design and actual dimensions of the reaction channels and flow distributors in the scaled-out 

reactor. 

Reactor 
component 
 

Mask 
width, W 
(m) 

Actual 
width, Wexp 
(m) 

Wexp /W 
 
 

dh (m) 
 
 

dh,exp (m) 
 
 

Aexp /Aa 

 

 

Reaction 
channel 

400 484 1.21      207 250 1.46 

Gas 
distributor 

98     110 1.12 51 57 1.26 

Liquid 
distributor 

71       80 1.13 37 41 1.27 
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(a) (b) 

(c) 

Figure 5. Photographs of (a) the front side of one silicon layer with the reaction channels and liquid 

distributors and (b) the back side with the gas access ports to the reaction channels, outlet slit, cooling 

slits, gas distributors, and cooling channels. Both sides of the silicon die are capped by Pyrex. (c) 

Photograph of a scaled-out device (three silicon and four Pyrex layers with Pyrex waveguides on the top 

and middle layers). 

Defects observed on the silicon oxide mask etched as square features that were typically 

significantly smaller than any of the distributors (pitting). These pits intersected generally only one time 

per distributor and thus did not appreciably affect the overall etch uniformity or feature geometry, even 
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after etching through the 650-m-thick silicon wafers, and did not impact the overall flow distribution 

[20]. On the other hand, unlike low-stress silicon nitride, the free-standing silicon oxide films that 

resulted from the through-etches were unstable and buckled due to internal compressive stress.  A 

thickness of 100 nm of low-stress silicon nitride was sufficient to serve as a diffusion barrier during the 

thermal growth of 1.31.4-m-thick silicon oxide films. Upon oxidation, although the most superficial 

layer of the nitride film became more difficult to etch in the CF4-O2 plasma, the underlying nitride film 

remained unaltered (etched at the same rate as as-deposited). 

The etching rates of the various crystallographic planes of Si and SiO2 selectivities in aqueous KOH 

have been documented in detail [4] and were used as a reference to select etching conditions.  The 

requirements were an acceptable SiO2 selectivity and good etch uniformity. The etch rate of (100) 

silicon is most sensitive to temperature but does not depend strongly on the KOH concentration for 

concentrations between 10 and 30 wt %. The etch rate of SiO2, however, is sensitive to both temperature 

and solution concentration. Wafer-through etches (650 m deep) at 60 ºC offered an acceptable SiO2 

selectivity, while we found that a 15 wt % solution prevented the formation of silicon islands at the 

bottom of the microchannels. Etches carried out in 10 wt % solutions at 60 ºC resulted in island 

formation in ~50% of the etched dies (Figure 6). The etch rate of (100) silicon in a 15 wt % solution at 

60 ºC was measured to be 23–26 m/h, with a (100) Si:SiO2 selectivity of 675, comparable to the 

literature value of 736 [4]. Therefore, a 650-m through etch required a minimum thickness of silicon 

oxide of 0.96 m, and a thickness of 1.31.4 m was used.  The relatively thick silicon oxide layers 

(1.3 m) used for the through etches introduced significant stress in the silicon wafer when the oxide 

thicknesses on the front and back sides of the wafer were not balanced. A thickness imbalance of 0.8 m 

(0.5 and 1.3 m on the front and back sides, respectively) resulted in extremely fragile wafers that did 

not survive the piranha clean after KOH etching. This problem was solved by simultaneously starting 

these etches. 
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Figure 6. Silicon islands formed at the bottom of the liquid distributors when etched in 10 wt % KOH at 

60 ºC. The optical micrograph is in focus at the bottom of the channel. 

3.2. Characterization of Protective Films 

3.2.1. Crystal Structure, Adhesion, Pinhole Density 

To establish insight into the corrosion resistance of the nickel coatings, the following film properties 

were characterized: structure, adhesion, residual stress, pinhole density, surface chemical composition 

after anodic-bonding heating, step coverage, and elemental film chemical composition after fluorine 

exposure. Evaporated nickel films were polycrystalline with a face-centered cubic structure (lattice 

constant of 3.5 Å) and an average crystallite size of approximately 127 Å, estimated using the Scherrer 

formula without lattice strain correction.  Changes in wafer bow caused by the deposition of the Ni/Cr 

films indicated that the films were tensile with a film stress of 516 MPa. The adhesion of the Ni/Cr films 

deposited on Pyrex was complete, i.e., no nickel peeled off from the surface upon removing the scotch 

tape. Films deposited on oxidized silicon (250-nm-thick SiO2), however, were partially removed by the 

tape. Although no attempts to improve film adhesion were made for this work, the impact of partial 

Ni/Cr adhesion on SiO2 on the long-term use of the microreactors should be evaluated. 

Pinholes are frequently observed in evaporated films. Typical causes of pinhole formation are 

incomplete surface coverage (because of insufficient film thickness) and trace particle contamination 
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[26]. We found that evaporator cleanliness, in addition to film thickness, was a key process variable 

determining pinhole density. The lowest pinholes densities were achieved by using piranha- or 

Nanostrip-cleaned blank wafers to fill the unused slots on the evaporator plate. In addition, prior to film 

deposition, the evaporator plate and chamber were thoroughly vacuumed to remove any metal flakes 

from previous depositions.  The pinhole density in Ni (200 nm)/Cr (10 nm) films was ≈3 holes/cm2. 

Pinholes found in films deposited on Pyrex are shown in an inverted transmission optical micrograph in 

Figure 7. Correcting for the diffraction effects of the recording optics [30, 31], the diameter of these 

pinholes was estimated to be 1.5 m. In thicker films, Ni (700 nm)/Cr (10 nm), the pinhole density was 

≈1 hole/cm2, and similar to that found in Au films of the same thickness, Au (700 nm)/Ti (10 nm). (The 

measured total film thickness of the Au films was 600 nm). Although thicker films resulted in fewer 

pinholes, the expected trade-off was larger residual internal stresses and perhaps lower film adhesion. 

Pinholes in the nickel film would expose the chromium adhesion layer, which would subsequently be 

susceptible to etching by fluorine, in particular in the gas inlets area. Cr is resistant to HF and is 

commonly used as a masking material for HF etching [25]. The coated area of the dual-channel reactor, 

≈0.5 cm2, was several orders of magnitude larger than the area where pinholes in Ni/Cr films were 

expected to be present. Although our microreactors did not show signs of film erosion over several 

hours of fluorination experiments, microreactor lifetime should continue to be monitored as a function 

of pinhole density. 
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Figure 7. Inverted transmission optical micrograph showing pinholes on Ni (200 nm)/Cr (10 nm) films 

evaporated on Pyrex. 

3.2.2. Heating 

During wafer-level anodic bonding, temperature is ramped up from room temperature to 350 ºC over 

14 min, held at 350 ºC for 4 min, and then ramped down from 350 to 250 ºC over 22 min. This heating 

may affect the film metal distribution because of enhanced solid diffusion and reaction at the interior 

film interfaces. Nickel silicides may form at the temperature of the anodic-bonding heating [32]. 

Excluding pinholes, the presence of silicon on the surface of a heated film deposited on a silicon 

substrate may point to a nickel silicide. From the measured pinhole densities, pinholes should not 

interfere with elemental surface analysis because the analysis area (up to 400 m  700 m) is much 

smaller than the area where pinholes are likely to be found. Likewise, diffusion may occur at the Ni-Cr 

interface, and Cr may alloy with Ni. A nickel silicide would not be expected to form in films deposited 

on Pyrex, and the SiO2 layer acts as a Ni-Si diffusion barrier. The effect of anodic-bonding heating on 

surface film composition was studied in films obtained from bonded microreactor chips (interior Pyrex 

walls and silicon from chip back side) as well as films deposited on silicon and heated without the 

application of an electrical potential. For both sets of samples, wafer heating was carried out under a 

nitrogen atmosphere.  

Prior to bonding evaporated films had a uniform, golden color. Films deposited on the back side of 

silicon chips were in direct contact with the positive electrode during bonding. After bonding these films 

turned to a much darker, nonuniform, golden color. Films heated without the application of an electrical 

potential faced the nitrogen atmosphere and, in contrast, turned to an only slightly darker, uniform 

golden color. AES did not detect Cr or Si on samples obtained from bonded interior Pyrex walls. Carbon 

(from common hydrocarbon surface impurities), oxygen, and nickel were detected in a full (2,000 eV) 

kinetic energy scan. Oxygen was attributed to the presence of nickel oxide on the film surface. To 
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increase the AES Si sensitivity, a lower energy kinetic scan (1,000 eV) was performed, and Si was not 

detected either. Similarly, neither Cr nor Si was detected by AES on the back side of a bonded dual-

channel reactor in which unoxidized Si was coated with Ni (200 nm)/Cr (10 nm) film. The AES Cr 

peaks partially overlap with those of oxygen. To increase the Cr sensitivity, XPS analysis of this film 

was performed, and Cr was not detected.  The elemental surface analysis of Ni (200 nm)/Cr (10 

nm)/SiO2 (530 nm) films heated at 350 C in the absence of an electric field was analyzed by XPS. 

Surveys were obtained before and after removing carbon from the surface using one sputtering cycle. A 

small sulfur impurity detected in the initial survey was also removed by the sputtering process. Except 

for sulfur and carbon, the same elements, nickel and oxygen, were observed in both spectra, and again 

neither Cr nor Si was detected. These results ruled out the presence of a nickel silicide on the film 

surface. Furthermore, because the elemental surface composition of nickel films did not change upon 

heating, the incorporation of fluorine in heated films is expected to occur in a similar fashion as in 

unheated films.  

3.2.3. Step Coverage, Corrosion Resistance 

The step coverage of Ni (200 nm)/Cr (10 nm) films over KOH-etched structures was examined in a 

400-m-wide triangular channel. Cross-sectional SEM showed similar wall coverage at the top and 

bottom of the channel (Figure 8). The channel cross-sectional scanning electron micrograph of a dual-

channel reactor, in which the interchannel wall was Ni/Cr coated, showed that the metal pads did not 

prevent the silicon and Pyrex from coming into close contact during anodic bonding. The passivation of 

nickel films was investigated by exposing nickel-coated samples to a fluorine atmosphere for 2 and 8 

hours and then analyzing their elemental surface composition by XPS. Upon fluorine exposure, the 

surface of Ni (200 nm)/Cr (10 nm)/SiO2 (530 nm) films maintained its golden color and remained 

visually smooth. Carbon, oxygen, and nickel were detected before fluorine exposure. The same elements 

were detected on the surface after both exposure durations: carbon, oxygen, nickel, and fluorine. 
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Quantitative elemental analysis revealed similar surface chemical composition for both exposures. After 

the sputtering cycle that first removed carbon, atomic concentrations of approximately 10%, 30%, and 

60% of fluorine, oxygen, and nickel, respectively, were obtained. The atomic concentrations in 

unexposed films were 15% oxygen and 85% nickel. 

 

(a)   (b) 

Figure 8. Cross-sectional scanning electron micrographs showing the coverage of a Ni (200 nm)/Cr 

(10 nm)/SiO2 (150 nm) film over a KOH-etched channel at (a) a channel wall close to the Pyrex cap and 

(b) the bottom of the channel. The anodic bonding temperature for this device was 500 C. The contrast 

between the brighter Ni (metal) and SiO2 (insulator) layers is sharp, and the interface between the two 

materials can be clearly distinguished. 

To determine the extent of fluorine incorporation within the nickel film, several sputtering cycles 

were performed on films obtained before and after the 8 hours of fluorine exposure; carbon, fluorine, 

oxygen, and nickel signals were monitored after each cycle. Unexposed films showed single binding 

energy peaks for oxygen and nickel. Carbon was removed after one cycle. With increasing number of 

cycles, the concentration of oxygen gradually decreased while that of nickel increased, and no shifts in 

any of the binding energies were observed. In contrast, the initial survey of exposed films showed two 

binding energies for carbon and fluorine. After the first cycle, carbon was removed, and a single fluorine 

binding energy was observed. Oxygen exhibited a single binding energy. Upon fluorine exposure, the Ni 
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binding energy increased by 3.5 eV, while that of oxygen did not change. After the third cycle, the same 

Ni binding energy as that seen for unexposed films was observed. After the fifth cycle, fluorine was 

removed, and only oxygen and nickel remained. With increasing number of cycles, the concentration of 

oxygen decreased monotonically, while that of nickel increased, as observed for unexposed films. 

Similar patterns were observed for films exposed to fluorine for 2 hours. 

The increase in Ni binding energy upon fluorine exposure was consistent with the formation of a 

nickel fluoride. The binding energy of Ni in NiF2 is expected at 857858 eV [33]. To compare this value 

with that obtained in our studies, the hydrocarbon carbon peak (expected at 285.0 eV) was used as a 

reference. The observed binding energies depend on the sample electrical conductivity, and hence small 

energy shifts (up to 3 eV) are common. To correct for this variability, the measured Ni binding energy 

was shifted by the same amount as that seen for carbon. The C peak in the unexposed film was at 

284.2 eV. Therefore, 0.8 eV were added to the observed Ni energy, resulting in approximately 857 eV, 

in agreement with that of NiF2.  Passivation layers are typically a few nm thick. Given that the thickness 

examined by XPS is also on the order of a few nm (~20 atomic layers) [34], XPS was not suitable to 

quantitatively determine the thickness of the nickel film where fluorine was incorporated. Nevertheless, 

from the XPS depth profile of nickel films exposed to fluorine, we concluded that the incorporation of 

fluorine was confined within the original nickel oxide layer. 

4. Conclusions 

In conclusion, a nested KOH etching fabrication procedure was developed to build a multilayer, 

multichannel fluorination microreactor consisting of a large number of channels (60 reaction channels 

connected to individual gas and liquid distributors) of significantly different depths (50–650 m) with 

precise control over their geometry. The fabrication procedure required four KOH etches. Uniform 

wafer-through etches with acceptable SiO2:Si selectivity were obtained using 15 wt % KOH at 60 ºC. 

The wetted areas, with sloped channel walls, were coated with thermally grown silicon oxide and 
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electron-beam evaporated nickel films to protect them from the corrosive fluorination environment.  

Pyrex anodic bonding was used to cap the microchannels and stack the reaction layers.  The average 

pinhole density in as-evaporated films was 3 holes/cm2. These films presented good step coverage over 

the KOH-etched channels.  Heating during anodic bonding (up to 325–350 C for 4 min) did not 

significantly alter the film composition. Upon fluorine exposure, nickel films (200 nm) deposited on an 

adhesion layer of Cr (10 nm) over an oxidized silicon substrate (up to 500 nm SiO2) led to the formation 

of a nickel fluoride passivation layer.  Our microreactors were used to investigate direct fluorinations at 

room temperature in the annular-dry flow regime. No signs of film erosion were observed in the devices 

or near the gas ports after several hours of operation. 
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