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ABSTRACT 

The design, fabrication, and successful demonstration 
of a micro valve that uses the surface tension of molten 
solder to make a reversible, ultra low-leak seal are 
presented. The valve comprises two parts: a silicon chip 
with a solder-ringed flow orifice and integrated heater, 
and a piezoelectric translational actuator with a solder-
ringed sealing plate. When the valve is open, the solder 
rings are separated and flow can pass through the orifice. 
To close the valve, the actuator brings the solder rings 
into contact while the heater melts the solder and seals the 
plate over the orifice. The closing and opening of the 
valve under electrical actuation are successfully 
demonstrated; the measured open-state flow rate (~530 
sccm) greatly exceeds the measured closed-state leak rate 
of 1.7´10-4 sccm. The closed valve’s leakage is similar to 
the 1.5´10-4 sccm leakage for a plate with no orifice; the 
difference is within the range of experimental uncertainty, 
consistent with a leak-free seal.  
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INTRODUCTION 

A common working principle for MEMS valves is to 
actuate a flow-obstructing element so that it covers or 
uncovers a gas flow path. This approach is prone to 
leakage, even for high performers. For example, the 
leakage and flow rates for the valve of [1] at 100 psi are 
approximately 10-4 sccm and 80 sccm, respectively, 
corresponding to an open-to-closed flow rate ratio 
approaching 106. In the valve of [2], an open-state flow 
rate of 0.189 sccm and a closed-state leak rate of 10-7 
sccm produce an open-to-closed flow rate ratio of >106, 
albeit with a lower open-state flow. The limited open-to-
closed flow rate ratios of conventional MEMS valves 
limit their utility for higher vacuum systems. 

One important reason for the relatively high leakage 
in conventional MEMS valves is that the roughness of the 
valves’ contact surfaces prevents leak-free seals. Liquid-
based sealing offers an opportunity for improved sealing. 
For example in [3], ferrofluids are magnetically 
manipulated to control a flow path. In the single-use valve 
of [4], solder initially wets a flow path, blocking the flow; 
upon heating, the molten solder drains away, opening the 
flow path. A solder ring melts when externally heated to 
irreversibly seal an orifice in [5]. A single-use, 
permanently sealable MEMS valve with an integrated 
heater is reported in [6] for vacuum applications in which 
the valve must close once rather than opening once as in 
[4]. The valve of [6] surrounds a flow orifice with a high 

aspect ratio ring of solder. When the solder is melted by 
the integrated heater, the solder reflows, sealing over the 
flow orifice and shutting the valve. Its flow rate 
(including both leakage and outgassing) drops from 
hundreds of sccm (open) to around 10-4 sccm (closed), for 
a lower bound open-to-closed flow rate ratio of 105 to 106. 
However, the valve cannot reopen after it is sealed. 

The present work demonstrates a micro valve that 
uses the surface tension of molten solder to make a 
reversible, ultra low-leak seal for gas handling. Similar to 
[6], a flow orifice is surrounded by low-melting solder 
that may be melted by an integrated heater; unlike [6], the 
solder has low aspect ratio so that it alone does not seal 
the orifice upon melting. Instead, the solder ring seals to a 
separate plate, the position of which is controlled by an 
out-of-plane actuator with planar form factor [7]. To close 
the valve, the solder is melted and contacted to the sealing 
plate; to open the valve, the solder is melted and the 
sealing plate is withdrawn.  
 
DESIGN AND FABRICATION 
System Concept 

The valve comprises two structural components: the 
actuator plate (fabricated in lead zirconate titanate (PZT)) 
and the orifice plate (fabricated in silicon). Fig. 1 shows 
system diagrams, including the actuator plate that controls 
the position of the sealing surface, the orifice plate, and a 
cross-section of the assembled structure in both the open 
and closed configurations. Fig. 1f shows the flow path in 
the open configuration; gas passes through the central 
orifice and between the two (separate) rings of solder on 
the orifice and sealing plates. Fig. 1f also shows the 
interrupted flow path in the closed configuration; the 
passage of gas through the central orifice is blocked by 
the merger of the solder rings on the orifice, sealing the 
plates into a single, contiguous, ultra low-leak solder seal.  

The solder is melted by a resistive heater that 
surrounds the central flow orifice on the orifice plate. To 
minimize the required input power, the flow orifice and 
heater occupy a circular “island” that is connected to the 
rest of the orifice plate by a thermally-insulating 
membrane. When the valve is closed (i.e. when the solder 
rings are merged), the heater directly heats the solder on 
both the orifice and actuator plates. When the valve is 
open (i.e. when the solder rings are separate), heat is 
transferred to the solder on the actuator plate when the 
two rings are pressed together by the actuator.  

The relative positions of the orifice and actuator 
plates are controlled by a planar piezoelectric actuator that 
produces translation out-of-plane [7]. The actuator brings 
the solder on the sealing plate into contact with the molten 
solder on the orifice plate to seal the valve; once the 
solder cools, the actuator voltage is removed and the 
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valve remains closed without further input of power. The 
actuator pulls the molten solder on the sealing plate out of 
contact with the molten solder on the orifice plate to open 
the valve; again the valve remains open without further 
input of power.  
 
Design Requirements 

The system must be designed to meet coupled 
thermal, mechanical, and electrical requirements. The 
power output from the resistive heater integrated on the 
orifice plate must raise the solder temperature above its 
melting temperature. The dimensions of the thermally-
insulating membrane that supports the orifice plate’s 
central island must minimize heat flow out of the island 
(so that it reaches the solder’s melting temperature) but 
also withstand a 1 atm pressure load across the valve 
together with the forces applied by the actuator plate. (A 
longer, thinner membrane is thermally optimal, but a 
shorter, thicker membrane is mechanically preferred.) 
Similarly, heat conduction through the actuator must not 
prevent the solder from reaching its melting temperature, 
and the actuator must apply sufficient force to separate the 
molten solder during valve opening.  

The solder geometry is also subject to stringent 
constraints. The metal rings that are wetted by solder on 
the orifice and actuator plates must permit full and 
uniform solder application, placing an upper limit on the 
rings’ circumference. At the same time, the actuator’s 
travel must be large enough to completely separate the 
solder during valve opening; narrower solder minimizes 
the required actuator displacement. Additional design 
requirements include maintaining a low enough actuator 
temperature that the piezoelectric does not depolarize, 
operating within the piezoelectric’s electric field limits, 
and ensuring proper in-plane alignment of and out-of-
plane spacing between the orifice and actuator plates. 

 
Actuator Plate 

The actuator plate must be planar for compact 
integration with the orifice plate. Analytical system 
modeling that captures the constraints described above 
yields quantitative specifications for the actuator’s 
required force (> 9 mN) and displacement (> 25 µm); 
these specifications should be achieved in a planar 
architecture with a target diameter of less than 20 mm. 
The design of actuators that meet these specifications is 
described in detail in [7], and one of the actuators of [7] is 
used as the actuator plate for the present system.  

Fig. 1a shows a schematic of the actuator. The 
actuator is laser-cut from a nickel-coated PZT-5A 
bimorph sheet by a commercial vendor (Piezo Systems, 
Inc.) such that the central plate is supported by three 
actuated tethers in an Archimedes’ spiral shape. The 
PZT’s high Curie point (350 °C) forestalls depolarization 
when the solder melts at 140 °C. On one side of the 
actuator, the nickel is laser-cut to define electrodes as 
shown in Fig. 1a; on the actuator’s other side, the nickel is 
left intact for full electrode coverage.  

The tethers’ spiral shape maximizes the tether length 
in a limited space while guaranteeing uniform spacing 
between adjacent tethers. The full length of each tether is 

actuated with a uniform voltage applied between the 
upper and lower tether surfaces, as described in [7]. With 
the outer edge of the actuator fixed, the central actuated 
plate moves up and down with the applied voltage.  

The central actuated plate is also patterned with a 
circular nickel ring on which the solder is subsequently 
wetted. The as-fabricated tens of nm thickness of the 
nickel layer is inadequate for the solder wetting to 
withstand subsequent thermal cycling, so it is increased to 
1 µm via electroless plating (Caswell Inc., Electroless 
Nickel Concentrate). The solder is manually wetted onto 
the ring prior to system assembly. The actuator plate’s 
dimensions are summarized in Table 1. 
 

 
Figure 1:  Schematics of a) the actuator plate and b) 
close-up of its nickel ring; c) the orifice plate and d) 
close-up of its flow orifice in a thermally-insulated island; 
and e) the valve assembly and f) close-up of its open state 
(above, with gap permitting orifice access) and closed 
state (below, with sealed gap). 
 
Table 1: Actuator dimensions 

Property Value 
Thickness of PZT bimorph 0.3 mm 

Tether width 1.129 mm 
Actuator plate outer diameter  19 mm 

Solder ring inner diameter 0.7 mm 
Solder ring width 0.1 mm 

 
Orifice Plate 

The silicon orifice plate is shown schematically in 
Figs. 1c and 1d. The orifice plate houses the central 
orifice and the island on which it is located, the solder 
sealing ring, the resistive heater, the thermally-insulating 
membrane, and the set of concentric alignment marks 
with which the actuator plate is registered to the orifice 
plate. Key dimensions are given in Table 2.  

The thermally-insulating membrane is made of 
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silicon nitride because of its combination of high failure 
strength and low thermal conductivity. A residual oxide 
layer of less than 0.5 µm remains as an artifact of the 
fabrication process as in [6], and it is retained to further 
strengthen the membrane with minimal increase in 
thermal conductivity. The central island is defined in the 
silicon wafer by deep reactive ion etching in a process 
that is similar to that of [6]. A gold resistive heater is 
fabricated on the membrane side of the orifice plate; gold 
offers high current density capability and straightforward 
fabrication. Photographs and micrographs of the as-
fabricated orifice plate are shown in Fig. 2. 
 

 
Figure 2:  Photographs of a) the top and b) the bottom of 
the orifice plate; micrographs of c) the membrane-
supported silicon island with the nickel ring and orifice, 
and d) the resistive heater. 
 
Table 2: Orifice plate dimensions 

Property Value 
Plate side length 35 mm 
Plate thickness 0.5 mm 

Thickness of membrane 2.1 µm 
Outer radius of membrane 1.3 mm 
Inner radius of membrane 1.1 mm 
Thickness of wetting ring 500 nm 

Inner diameter of wetting ring 700 µm 
Width of wetting ring 100 µm 
Heater wire thickness 1 µm 

Heater wire width 15 µm 
Heater wire spacing 5 µm 

 
Valve Assembly  

The solder is selected from among a set of low-
melting candidates via a series of wetting tests. These 
tests examine the wetting of various solders on nickel, 
their non-wetting on silicon, and the wetting on rings with 
various values of circumference and ring width. Indalloy 
#282 solder (57% Bi, 42% Sn and 1% Ag) from the 
Indium Corp. is chosen for its wetting performance, 
together with its low melting point of only 140 °C and its 
very high boiling point of 1922 °C (for low outgassing).  

The wetting ring dimensions (diameter and width) are 
set to the values in Table 2 for optimum wetting and valve 
opening performance. Larger values of circumference 
produce uneven solder distribution on the wetting ring, 
which is not ideal for the nearly-axisymmetric 
architecture. Smaller values of circumference are easier to 
wet with solder but make control of solder application 
more difficult. Larger values of width offer easier solder 
application but result in thicker solder. Thicker solder 
requires larger actuator travel to completely separate the 
solder on the two plates. The values in Table 2 reflect a 
compromise among these effects.  

After the nickel rings are thickened by plating, they 
are wetted with solder.  The die is placed on a hot plate, 
and an excess of solder is applied in the presence of flux 
(Indium Corp., Flux #5-OA). The excess solder is 
removed by wicking it onto a separate, heated nickel wire. 
For the 100 µm wide wetting ring, the resulting solder 
thickness is about 13 µm, with a typical range of thickness 
values from 11 µm to 17 µm. 

The actuator plate and the orifice plate are then 
aligned under a stereo microscope; the actuator’s position 
is shifted in-plane until its perimeter aligns with the 
concentric alignment patterns defined on the orifice plate.   
The plates must also be separated by the correct vertical 
spacing (50 µm in this case) to ensure that the solder rings 
can both merge and separate and that the actuator can 
move the sealing plate into the necessary positions. The 
mechanical spacing between plates and the electrical 
contact to the actuator plate are both enabled by a 50 µm 
thick, tin-plated copper foil preform cut from copper tape. 
The preform is placed between the actuator plate and the 
orifice plate. Epoxy between the two plates and the tape 
constrains the periphery, approximating fully constrained 
boundary conditions. Fig. 3 shows the assembled micro 
valve mounted on a 3D-printed actuation test platform. 

 

 
Figure 3:  Photograph of an assembled micro valve on a 
3D-printed actuation test platform showing the orifice 
plate, the actuator plate, and the electrical connections. 
 
EXPERIMENTS 

After assembly, the flow rate across the open valve is 
measured by inserting it into a quad-ring-sealed test 
fixture that supplies a pressure drop across the valve but 
maintains near-zero pressure drop across the sealing rings 
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to minimize fixture leakage. Both sides of the valve are 
pumped down to vacuum. One side of the valve is then 
ventilated to a pressure of 1 atm, and the pressure P on the 
vacuum side is monitored as a function of time t using a 
pressure sensor (MKS Instruments, Series 910). The time 
rate of pressure rise yields the flow rate according to the 
equation Flow = dP dt( ) V Pa( ) , where Pa is the atmospheric 
pressure and V is the internal volume of the test setup on 
the initially vacuum side of the valve.    

The valve is then removed from the vacuum 
apparatus and closed by activating the resistive heater to 
melt the solder, electrically actuating the sealing plate to 
bring the two solder rings into contact, deactivating the 
resistive heater to cool the solder, and deactivating the 
actuated sealing plate. Flow across the valve is re-
measured to determine the closed-state leak rate, which 
includes valve leakage, fixture leakage, and outgassing 
from the valve and test apparatus. To isolate the effects of 
fixture leakage and outgassing from the effects of valve 
leakage, the apparatus is first characterized with a blank 
plate in place of the valve. Since the blank plate contains 
no orifice, its performance models the effects of fixture 
leakage and outgassing.  The results using the blank plate 
and the closed valve are then compared (Fig. 4). 
 

 
Figure 4:  Plots of measured pressure vs. time (reflecting 
leakage into the vacuum space) of a closed valve and of a 
blank silicon chip (no flow orifice) tested in the same 
apparatus. “Leakage” of the blank chip reflects parasitic 
effects of the test apparatus, including outgassing.  
 

To open the valve, the valve is removed from the 
vacuum test apparatus, the solder is melted using the 
resistive heater, and the actuator separates the solder on 
the actuator plate from the solder on the orifice plate.  The 
reopening of the valve is confirmed by repeating the 
open-state measurements as described above. 

The open-state flow rate is measured at 530 sccm 
both before initial valve actuation and after the valve’s 
reopening. The valve’s closed-state leak rate is measured 
at (1.7 ± 0.17) x 10-4 sccm. However, the closed-state 
leak rate is deceptive because it includes fixture leakage 
and outgassing in addition to valve leakage. The blank 
plate flow rate is measured at (1.5 ± 0.15) x 10-4 sccm, 
which is similar to the closed-state valve leakage. The 
measurement uncertainty (which is dominated by pressure 
sensor uncertainty) overlaps for the closed-state and blank 

plate measurements, so that the valve’s performance is 
consistent with a leak-free seal. The largest valve leakage 
minus the smallest blank plate leakage places an upper 
bound of 5.2 x 10-5 sccm on valve leakage, in turn placing 
a lower bound of 107 on open-to-closed valve flow ratio. 
 
CONCLUSION 

The valve demonstrates reversible closing and 
opening under electric actuation, with ultra low-leak 
operation in the closed state. The valve’s performance is 
enabled by its union of solder sealing with the mechanical 
application and removal of a sealing plate to close and 
open the valve. The valve achieves an open state flow rate 
of 530 sccm and a closed state leak rate of 1.7x10-4 sccm, 
or less than 5.2 x 10-5 sccm when fixture leakage is taken 
into account. The valve’s performance is consistent with a 
leak-free seal or with a valve-only leak rate of less than 
5.2x10-5 sccm, corresponding to an open-to-closed flow 
ratio of greater than 107. 
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