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A Microvalve With Integrated Sensors
and Customizable Normal State for

Low-Temperature Operation
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Sanford A. Klein, and Yogesh B. Gianchandani

Abstract—This paper reports on design, fabrication, and testing
of a piezoelectrically actuated microvalve with integrated sensors
for flow modulation at low temperatures. One envisioned appli-
cation is to control the flow of a cryogen for distributed cooling
with a high degree of temperature stability and a small thermal
gradient. The valve consists of a micromachined die fabricated
from a silicon-on-insulator wafer, a glass wafer, a commercially
available piezoelectric stack actuator, and Macor ceramic encap-
sulation that has overall dimensions of 1.5 × 1.5 × 1.1 cm3. A
piezoresistive pressure sensor and a thin-film Pt resistance tem-
perature detector are integrated on the silicon die. The assembly
process allows the implementation of normally open, partially
open, and normally closed valves. At room temperature, gas flow
modulation from 200 to 0 mL/min is achieved from 0- to 40-V
actuation. Flow modulation at various temperatures from room
temperature to 205 K is also reported. The pressure sensor has
sensitivity of 356 ppm/kPa at room temperature, with temperature
coefficient of sensitivity of −6507 ppm/K. The temperature sensor
has sensitivity of 0.29%/K. The valve and the sensors are tested
across a wide range of temperatures, and the effect of temperature
on performance is discussed. [2008-0253]

Index Terms—Cooling systems, cryogenic, microelectromechan-
ical systems (MEMS), piezoelectric, piezoresistive pressure sensor,
resistance temperature detector (RTD).

I. INTRODUCTION

FUTURE SPACE missions will require cooling of large
optical structures and cryogenic storage systems with a

high degree of temperature stability and a small temperature
gradient [1], [2]. One approach that is envisioned is a distrib-
uted network that can provide localized control over cooling
elements throughout the system. These distributed cooling ele-
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Fig. 1. Proposed application of actively controlled valve. (a) Microvalves
can be used to modulate flow of coolant and used as expansion valves in
Joule–Thompson cryocoolers. (b) Distributed cooling network: arrays of cool-
ing elements are placed around a structure to be cooled.

ments may each consist of actively controlled valves, integrated
heat exchangers, and temperature sensors [Fig. 1(a)], and be
positioned across the structure to efficiently achieve uniform
cooling [Fig. 1(b)]. In order to realize such a distributed cooling
system, it is essential to have actively controlled valves that
work with liquids or gases across large temperature variations.
The valves must provide a high degree of flow modulation
for adequate cooling and should have a set initial opening
that configures a default cooling architecture in case of power
failure. The valves should also be able to withstand a large
pressure difference, in order to accommodate the free expansion
required in a Joule–Thompson cooling cycle.

Several valve actuation schemes can be considered. Elec-
tromagnetic actuation can create relatively large force and
displacement, but at the expense of high power consump-
tion [3]–[6]. Electrostatic actuation is characterized by a fast
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response and low power consumption but typically does not
provide adequate force against high inlet pressures. Further-
more, electrostatically driven valves are typically operated in
binary mode rather than as proportional valves, and thus require
for the use of an array to achieve graduated flow control [7]–
[11]. Various forms of thermal actuation schemes, such as
thermopneumatic [12], [13], bimetallic [14]–[16], and shape
memory alloy [17], can produce considerable force and rela-
tively large displacement. However, these have relatively high
power consumption and slow response times, and their opera-
tion may generate parasitic heating in a cryogenic system. For
this paper, piezoelectric actuation is used, to allow proportional
flow control, to generate high force, and to minimize the power
consumption. Piezoelectric microvalves without integrated sen-
sors have been developed for space applications [18], [19] and
in our previous work, they have been shown to work in a
cryogenic environment [20].

In this paper, we describe a piezoelectrically actuated mi-
crovalve with integrated sensors that monitor inlet pressure
and coolant temperature, and enable closed loop control of
distributed cooling systems, in a compact form.1 Both sensors
must work with a mixed-phase heterogeneous coolant, main-
taining accuracy across a wide temperature range. (In past ef-
forts, microvalves were often integrated with flow sensors [22],
[23]. For our application, measurement of the inlet pressure
of the coolant provides adequate information.) The measured
temperatures across the distributed network can be used by a
controller to properly adjust cooling rates to various parts of the
surface to provide a minimal thermal gradient. In addition, the
results of the temperature sensor can be used to compensate for
the temperature coefficients of the pressure sensor. This sensor
integration is particularly significant in space missions, as the
launch cost increases exponentially with mass.

The two main pressure sensing techniques that utilize mem-
brane structures are piezoresistive sensing [24] and capacitive
sensing [25]. The former, in a Wheatstone bridge configuration,
was selected because it is more linear and has lower output
impedance than capacitive readouts, allowing readout circuitry
to be located remotely and sheltered from valve operating
temperatures.

The most common tools for measuring cryogenic temper-
ature are thermocouples, diodes, and resistance temperature
detectors (RTDs) [26]. As the entire device is exposed to
the operating temperature of the valve, the requirement of a
temperature reference junction prevents the use of a thermo-
couple for the temperature sensor. Diode thermometry uses
the temperature dependence of forward voltage drop in a
p-n junction biased at constant current. However, this technique
is very sensitive to the presence of radiation, due to charging
of oxide layers, and electromagnetic interference that might be
present in open space can create magnetic field-induced voltage
across the junction [27]. An RTD temperature sensor works by
sensing change in resistance with changing temperature. The
platinum RTD is known to have excellent linearity down to
70 K, and measurement down to 14 K is routinely performed

1Portions of this paper were published in conference abstract form in [21].

Fig. 2. Microvalve concept. (a) Cutaway view of assembled ceramic-PZT-Si-
glass valve structure. (b) Valve plate suspended by Si membrane with integrated
sensors viewed from the bottom. RTD sensor is located on the backside of the
wafer and is not visible.

with appropriate calibration. A platinum RTD was selected
as the temperature sensor for this work, because of its linear
response in the range of our interest, industry-standard robust-
ness, and ease of implementation.

The valves described have a normal state that can be cus-
tomized during assembly to provide the necessary default flow
rate for every distributed element. A default network can be
designed with valves that are normally open, normally closed,
and partially open so that the coolant network still maintains
some functionality in the case of complete power failure.

A general description of the device design and its operation is
described in Section II. A numerical flow model specific to the
valve and structural analysis are presented in Section III. The
fabrication and assembly process is discussed in Section IV.
Experimental results are reported in Section V, followed by
discussion and conclusion in Sections VI and VII, respectively.

II. DEVICE STRUCTURE AND OPERATION

The device consists of three main components: a valve for
flow modulation, a pressure sensor, and a temperature sensor
for monitoring purposes. The valve operates by pressing a
suspended silicon plate against a glass plate using out-of-plane
piezoelectric actuation. Piezoelectric actuation provides enough
force to displace the silicon plate against large inlet pressures
(above 1 atm) with negligible dc power consumption and ac-
ceptable cryogenic performance. A multilayered lead zirconate
titanate (PZT) stack (Physik Instrumente, Germany) with
5 × 5 mm2 footprint and 6-mm height is used as an actuator.
The valve die and the piezoelectric actuator are housed inside a
Macor (machinable glass-mica ceramic) structure [Fig. 2(a)].
Macor is also used to create the fluidic header that is used
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Fig. 3. Si-glass micromachining process. Sensors are formed on the device layer of the SOI wafer by various surface micromachining techniques. The buried
oxide layer in SOI wafer acts as an etch stop for DRIE when forming membranes. A two-step DRIE process is illustrated for SOI wafer. A glass wafer undergoes
two wet etch steps for a recess and through-hole formation. Next, the two wafers are anodically bonded and diced.

to connect the inlet and outlet of the valve to the rest of the
flow path.

A small displacement provided by piezoelectric actuation is
further reduced at cryogenic temperatures [28]. This limited
displacement is compensated by perimeter augmentation of the
valve flow passage. The flow area for an out-of-plane valve
(Avalve) is given by the product of the valve stroke (δ) and the
perimeter of the valve seat (p)

Avalve = δ · p. (1)

A large p is used to compensate for a limited δ. Extended
serpentine grooves (> 30 cm in length) are fabricated on the
valve plate as shown schematically in Fig. 2(b), to increase flow
area. Each groove measures 50 μm wide and 120 μm deep.

The valve seat presented here has a membrane suspension.
There are several advantages provided by this design compared
to a valve with flexure-type suspension. The membrane suspen-
sion prevents the fluid from entering the package cavity, and
thereby greatly reduces the dead volume of the valve. The dead
volume in the device is only 0.021 cm3, which is less than
1% of the total valve volume. The membrane suspension is
fabricated using a process that is very easy to integrate with a
diaphragm pressure sensor. A channel is constructed to route
the inlet fluid pressure to the pressure-sensing element. The
thin silicon membrane between the flow path and strategically
placed temperature sensor provides a path with a relatively
small thermal resistance to the fluid, while preventing direct
contact with it (Figs. 2–4).

The membrane of the pressure sensor is designed to measure
and withstand up to 3 atm of differential pressure. It has
four boron-doped piezoresistors on a silicon diaphragm, which

Fig. 4. (a) Photograph of the top of the SOI wafer showing metal contact layer
with (b) an expanded view of the platinum RTD. (c) Wide and (d) expanded
views of the circular serpentine groove patterns for perimeter augmentation
from the bottom of the SOI wafer. This side bonds to the glass wafer.

occupy a surface area of 0.09 mm2. The resistors have a target
sheet resistance of about 2.97 × 103 Ω/� and a resistance of
26.7 kΩ. As noted previously, the resistors are arranged in a
Wheatstone bridge configuration.

A 100-nm-thick platinum film is used for the temperature
sensor. To achieve approximately 400 Ω of resistance, 20-μm
width, 7-mm-long thin-film platinum is patterned in serpentine
shape on a valve membrane.
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III. MODELING

A numerical flow model, specific to the perimeter-augmented
microvalve, has been developed to examine the flow behavior of
the valve. The flow through the valve is assumed to be isother-
mal, laminar, and steady flow. The governing flow equations
are specific to each flow domain. The flow model predictions
are compared to experimental measurements in Section V. A
brief summary of the salient model aspect follows. More detail
on the model development and verification can be found in [29].

Flow through the grooves (which are recessed regions) is
governed by the phenomenological equation [30]

−dPg

dx
=

f

Dh

ρ

2
V 2

g + ρVg
dVg

dx
(2)

where Pg and Vg are the pressure and velocity of the fluid or
gas within a groove, f is an empirically determined friction
factor, Dh is the groove hydraulic diameter, and ρ is the density.
The empirical friction factor was determined by successive
adjustment of the boundary conditions for an idealized 3-D
groove modeled using FLUENT 6.2.

At small values of the valve seat displacement, values of
the Knudsen number based on the valve seat clearance greater
than 0.1 are expected. As a result, a departure from no slip
conditions at the upper and lower walls of the land can occur.
Furthermore, for gases at high flow rates across the land,
compressibility effects can become significant. Therefore, a
1-D equation accounting for slip and compressibility effects
was chosen to govern flow across the land [31]

ṁ′ =
δ3P 2

o

24μLRT

[
P 2

r − 1 + 12Kn(Pr − 1)
]

(3)

where ṁ′ is the mass flow rate per unit channel width, δ is
the gap height, Po is the outlet pressure, μ is viscosity of the
fluid, L is the channel length, R is the ideal gas constant, T
is the temperature, Kn is the Knudsen number evaluated at the
land exit based on δ, and Pr is the ratio of inlet pressure to the
outlet pressure. The nonlinear nature of (2) and (3) suggest that
a linear scaling of the total valve flow rate with flow area and
pressure difference across the valve inlet and outlet is limited
to low flow speeds across the land and within the grooves.
Continuity is applied to the component level models, and the
resulting system of equations is solved using the Engineering
Equation Solver [32].

The structural response of the valve diaphragms to internal
pressurization and innate thermal stresses was studied using the
finite element analysis tool, ANSYS. For the valve diaphragm
that has outer radius of 4.7 mm and inner radius of 3.6 mm,
the spring constant is approximately 3.8 × 106 N/m. In ad-
dition to internal pressurization loads, thermal stresses exist
on the membrane in the working environment, because the
silicon valve seat is bonded to the perforated glass substrate at
400 ◦C, while the valve is designed to operate primarily at
cryogenic temperatures. Using the thermal expansion coeffi-
cients of silicon [33] and glass [34] at various temperatures,
stress on the membrane was evaluated at −150 ◦C. In the worst
case scenario of 6-μm maximum displacement and 10 atm of

internal pressure, the maximum stress within the membrane
was estimated to be 0.5 GPa, which is a fraction of the yield
strength of silicon (≈7 GPa). The structural study concluded
the membrane design has suitable integrity to be used within
the targeted design criteria.

IV. DEVICE FABRICATION

The fabrication process is a variant of the process previously
used to create flexure suspended microvalves [20]. Steps have
been added to the process to create the embedded sensors, and
other steps have been altered to increase yield and decrease
process complexity. The valve is fabricated from a silicon-
on-insulator (SOI) wafer with layer thicknesses of 50-μm Si,
0.5-μm SiO2, and 450-μm Si, and a 500-μm-thick Pyrex glass
wafer. The SOI and glass wafers are independently processed,
bonded, and then cut into individual die prior to assembly with
the PZT stack, and packaging within the ceramic capsule. The
fabrication processes for SOI and glass wafers are illustrated
in Fig. 3.

First, boron implantation of 1 × 1014 cm−2 dose at 10 keV
is performed to form piezoresistors (Innovion Corporation,
Chandler, AZ). (The implantation dose and energy are selected
to yield the correct carrier profile after implantation and anneal-
ing using the T-SUPREM 4 implantation simulator.) A thermal
oxide is grown to both provide the necessary isolation and act
as the high-temperature anneal needed to activate and diffuse
the implanted boron. A 2000-Å oxide is grown at 1000 ◦C
for 50 min, and the wafer is left at the temperature additional
20 min in nitrogen environment to allow for enough diffusion
time for the implanted boron.

After the thermal oxidation and anneal, vias are etched in the
oxide using buffered hydrofluoric acid (BHF) to create contacts
to the piezoresistors, and Ti/Pt layer is deposited on the wafers
to form the RTD. Lastly, gold is deposited on the contact pads
for easier electrical contact with external wiring. Fig. 4 shows
the fabricated die with pressure and temperature sensors.

After the device side is processed, the back side of the wafer
undergoes a two-step deep reactive ion etch (DRIE) process to
create the pressure sensor diaphragm, the membrane suspen-
sion, and the serpentine groves that increase the flow perimeter.
An Al layer is patterned with liftoff process and photoresist
(PR) is subsequently patterned on top of the Al pattern. The
PR, which covers a region wider than the Al layer does, acts
as an etch mask for the first DRIE step that is approximately
400 μm deep. This forms the valve membrane and pressure
sensor cavity. Next, the PR is removed, and Al is used as an etch
mask for the final DRIE step which engraves serpentine grooves
for perimeter augmentation. Fig. 4(c) and (d) shows the bottom
view of the silicon die after these processes. The resulting
grooves are 120 μm in depth and provide seat perimeters that
are longer than 30 cm in length to provide larger flow area when
the valve opens.

A Pyrex glass wafer is first patterned with 2-μm-deep wet-
etched recesses to accommodate the PZT displacement. This is
done using a Cr/Au and PR mask in diluted HF (H2O : HF :
HNO3 = 10 : 7 : 3). The HF attacks the Si–O bond and etches
SiO2, which is a major content in glass substrate. The rest of
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Fig. 5. Assembly process can be slightly modified to result in either normally
closed or normally open valve. Energizing the PZT actuator during assembly
results in (top) normally open configuration, while no PZT actuation during
assembly yields (bottom) normally closed valve. For normally closed valve
configuration, reverse polarity actuation voltage is applied to the piezoelectric
actuator to shorten the PZT stack and open the valve.

the constituents in Pyrex are various metal oxides, and HNO3 is
usually added to convert insoluble metal fluorides into soluble
salts, thus reducing etch roughness [35]. The solution is diluted
with water to tailor the etch rate. Following this shallow wet-
etching, the mask is stripped. The wafer is then patterned again
with Cr/Au and PR on both sides and subjected to a through-
wafer etch. The wafer is placed in 49% HF to form the through
holes for valve inlets and outlets. This time, no other chemicals
are mixed with the solution to promote fast etch rate. The SOI
wafer and the glass wafer are anodically bonded at 400 ◦C, and
the wafers are diced to create the final valve die.

After the valve seats are fabricated, electrical connections are
made to the sensors, and the devices are assembled with a piezo-
electric (PZT) actuator stack and a glass-mica ceramic cap.
The ceramic cap is machined from a bulk Macor material by
conventional machining techniques. The PZT stack is bonded
inside the Macor cap using Stycast 2850 FT cryogenic epoxy.
Next, the valve is bonded to the PZT stack and the Macor cap
using epoxy. The epoxy not only bonds, but also creates a layer
that compensates for height differences between the actuator
and ceramic housing, so the ceramic housing only needs to be
machined within 200-μm tolerance.

At this stage, the assembly process can be varied to imple-
ment a normally open, partially open, or normally closed valve.
(The same Si/glass die and Macor cap may be used for any
of these three types of valves.) Fig. 5 shows this process. The
general approach is to activate the PZT actuator to the desired
closing voltage and then press it against the valve seat during
the assembly process. In other words, to create a normally open

Fig. 6. Assembled valve looking from the glass side with U.S. penny. The
pressure sensor cavity is connected to the inlet through a passage. The RTD is
positioned on the backside of the silicon die. The valve has overall dimension
of 1.5 × 1.5 × 1.1 cm3.

valve, the PZT stack is energized at 100 V during the last
assembly step so that it retracts when it is de-energized after
assembly. During operation, the actuation voltage polarity is
such that the stack expands. To create a normally closed valve,
a stage is used to press down the valve seat until it comes into
contact with the unactuated PZT stack. The voltage produced
when PZT stack is pressurized is a good indication that contact
is made. During operation the polarity of the voltage is such
that the PZT stack retracts. A partially open valve is assembled
by using a micrometer stage to drive the valve into contact,
and then moving the stage away from the contact to the de-
sired initial gap distance. The final valve structure measures
1.5 × 1.5 × 1.1 cm3 and is pictured in Fig. 6.

V. EXPERIMENTAL RESULTS

Valve flow tests were conducted on normally open and nor-
mally closed valves at various pressures and temperatures down
to 205 K. The pressure sensor was also tested across varying
differential pressures at several temperatures. The embedded
RTD was characterized from room temperature down to 50 K.

Normally open and normally closed valves were assembled
by the method described in the previous section. They were
tested at room temperature with N2 gas flow. The N2 gas was
introduced to the inlet of the valve at the gauge pressure of
52 kPa, while the outlet was connected to a flow meter and
vented to the atmosphere. The flow rate was measured as the
valves were actuated from 0 to 40 V. In normally open valves,
as the actuation voltage increases, the PZT stack expands to
close the gap between the valve seats, decreasing the flow rate
[Fig. 7(a)]. The flow rate changed from 200 mL/min at open
state (0 V), down to below the measurement limit (< 1 mL/min)
at closed state (40 V). The normally closed valve works by
retraction of PZT when a reverse polarity voltage is applied.
Therefore, the gap between the valve seats increases with the
voltage, resulting in an increase in flow rate. This is illustrated
in Fig. 7(b) with a curve in the opposite direction compared to
that of Fig. 7(a), and it has a maximum flow rate of 115 mL/min
at 40-V actuation. The hysteresis due to the piezoelectric
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Fig. 7. Flow rates as a function of actuation voltage measured at room temperature compared with modeling results. Flow measurements of (a) normally open
valve and (b) normally closed valve measured at differential inlet pressure of 52 kPa.

Fig. 8. Flow characteristic of normally open valve at different temperatures.
The measurement was made at 34-kPa differential pressure with 160-kPa
absolute inlet pressure. As temperature goes down, actuation of PZT has lesser
effect on flow modulation, thus resulting a higher flow rate at a given actuation
voltage. This is mainly due to a degraded piezoelectric performance at lower
temperatures. Hysteresis of PZT actuation is represented as error bar here.

actuator can be seen in the flow rate variations for various set
voltages.

A numerical model is presented with experimental results in
Fig. 7, and shows good agreement. The model does not account
for hysteretic behavior of PZT and assumes displacement is
linearly proportional to the actuation voltage, and generally
goes through the middle of the hysteresis curve. Uncertainties
in actuator displacement and inlet and outlet hole size are
responsible for discrepancies between the model and actual
measurements.

The normally open valves were tested over a range of tem-
peratures. The tests were conducted using He gas, and both the
gas and the valve were cooled with a Cryomech AL60 GM cry-
ocooler while the differential pressure was regulated at 34 kPa
with an inlet pressure of 160 kPa. Fig. 8 represents the results
by lines through the average value of hysteresis, while the
hysteresis is represented as error bars. As temperature de-
creases, actuation of PZT has a lesser effect on flow modulation,
resulting a higher flow rate at a given actuation voltage. When
the valve is open (0 V), the flow rate is consistently at around

Fig. 9. Output voltage from piezoresistive pressure sensor at various differ-
ential pressures and temperature. The linearity of the pressure sensor was still
good at low temperatures, however, the offset voltage and sensitivity of the
sensor changes with varying temperature.

300 mL/min, but at 120-V actuation, flow rate increases from
95 mL/min at 263 K to 255 mL/min at 205 K.

Embedded pressure sensors were tested at various temper-
atures as the differential pressure across the valve was varied
from 0 kPa up to above 100 kPa (Fig. 9). The pressure sen-
sors were powered at 5 V as the differential output voltage
was monitored. The linearity of the pressure sensor remains
within ±0.5% across the range of pressure and temperature
(206 K–295 K) tested. The slope of the line, which represents
sensitivity of the sensor, increases from 356 to 563 ppm/kPa,
and zero-pressure offset voltage decreases from 95 to −195 mV,
as temperature decreases from 295 K to 205 K.

For characterization of the temperature sensor, the Pt RTD
resistance was measured using a four-point method as the valve
is cooled down to 50 K. A silicon diode cryogenic temperature
sensor (Lake Shore Cryotronics, Inc.) was used as the tem-
perature reference. Typical data from 300 K down to 50 K is
shown in Fig. 10. The RTD response is very linear with the
linearity error within ±0.6% down to 140 K, at which point the
slope changed noticeably. Typical sensitivity is 0.29%/K above
140 K and 0.37%/K below.
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Fig. 10. Measured RTD resistance versus temperature change with best fit
lines. The RTD shows bilinear behavior, with a sensitivity of 0.29%/K above
140 K and 0.37%/K below it.

VI. DISCUSSION

In the flow modulation test, as shown in Fig. 8, as the
temperature decreases, the PZT actuation has a decreased effect
on flow rate modulation. This is mainly due to a degradation
of the PZT stack that occurs because of the decreased piezo-
electric constant at lower temperatures [28]. The decreased
effectiveness in flow modulation is also apparent in decreased
hysteresis. The piezoelectric constant is reduced by about 25%
over the range of temperature tested. This is aggravated by
the stiffness of the valve membrane (3.8 × 106 N/m) which
required significant force during assembly to achieve good
seal when valve is closed, which in turn resulted in reduced
range of piezoelectric actuator displacement and range of flow
modulation. A more compliant membrane structure, such as
a corrugated membrane, may help improve the valve perfor-
mance with added complexity in fabrication process. Change in
stress on valve membrane due to thermal mismatch and thermal
expansion mismatch between PZT actuator and Macor housing
can also have effect on flow modulation.

While the scope of this paper is limited to gas flow modula-
tion, in general, the structure of the valve isolates any electric
connections from the flow path, and allows the use for liquid
or mixed-phase heterogeneous coolant modulation which are
likely to occur in cryogenic application. Liquid flow modula-
tion has been explored at room temperature for drug delivery
applications [36], [37]; additional exploration is ongoing and
will be reported in the future.

The behavior of piezoresistive pressure sensor at different
operating temperatures exhibit interesting trends. The slope of
the plot (sensitivity) and zero-pressure offset voltage changes
with temperature. The changes in sensitivity and offset volt-
age against temperature are plotted separately in Fig. 11 to
illustrate this behavior. The sensitivity of the pressure sensor
decreases with increasing temperature from 560 ppm/kPa at
206 K to 356 ppm/kPa at room temperature [Fig. 11(a)].
Temperature coefficient of the pressure sensitivity (TCS) is
defined as fractional change in sensitivity per unit change in
temperature. In our case, the TCS is −6507 ppm/K over the
range of temperature tested, referenced to the sensitivity at

room temperature. This behavior is almost entirely dominated
by temperature coefficient of piezoresistive coefficient [38]. As
presented by Kanda [39], the piezoresistive coefficient is a func-
tion of impurity concentration and temperature and assuming
impurity concentration stays the same, the coefficient increases
about 50% while temperature decreases from 298 K (25 ◦C) to
198 K (−75 ◦C). This corresponds well with the data shown in
Fig. 11(a).

The offset voltage also changes as temperature reduces.
Initial offset is introduced due to mismatched resistors. In
our design of piezoresistors, the resistors that are transverse
to the crystallographic axes are split into two segments and
connected with metal lines to allow them to be placed close
to the rim, while longitudinal resistors are one segment design.
This geometric difference between transverse and longitudinal
resistors can contribute to the mismatch in resistor values. The
temperature effects on individual resistor can be represented
as [40]

ΔR = RT0αRΔT + ΔR (π(T ), σ(T )) (4)

where RT0 is resistance at the reference temperature, αR is
temperature coefficient of resistance, and the last term describes
the change of resistance due to temperature dependence of the
piezoresistive coefficient π(T ) and temperature-induced stress
on membrane σ(T ). Temperature coefficient of offset (TCO)
is defined as output voltage change as a fraction of supply
voltage per unit change in temperature [38]. The typical TCO is
652 ppm/K over the temperature range tested. The temperature
sensitivity of piezoresistive pressure sensors is well known
and several compensation techniques exist [41]–[44]. However,
in this particular application, since a temperature sensor is
monolithically integrated with the valve and pressure sensor,
it can be used to computationally correct the output. In this
case, the accuracy of the derived pressure value depends on
the accuracy of the temperature reading. Considering a worst
case scenario, with 0.29%/K sensitivity and 0.6% error, the
temperature sensor presented here can be off by 2 K. Mul-
tiplying this by the TCO and linearity error of the pressure
sensor provides compounded pressure measurement error of
1370 ppm. Using the lowest pressure sensor sensitivity for the
worst case scenario, the value translates to an upper bound of
3.8-kPa error.

The bilinear behavior of platinum RTD (Fig. 10) can be
attributed to thermal expansion mismatch between silicon and
glass, and the resulting stress on the membrane alters the
resistivity. Although the coefficient of thermal expansion (CTE)
of Pyrex is well matched to that of silicon in 0 ◦C–400 ◦C
range [45], the CTE of silicon substantially decreases at low
temperatures and turns to negative value below 140 K [33],
while Pyrex maintains a CTE of 1.1 ppm/K even at 100 K
[34]. This exerts compressive stress on the silicon membrane
as temperature decreases, and alters resistivity of the thin-
film platinum [46]. Although the temperature sensor exhibits
some variation compared with standard platinum RTDs which
provides linear response down to 70 K [26], the phenomenon
is repeatable, and once calibrated, it can provide accurate
temperature readings.
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Fig. 11. Effect of temperature on piezoresistive pressure sensor. (a) Measured sensitivity of the pressure sensor decreases with increasing temperature with
356 ppm/kPa at room temperature. The sensitivity is plotted in both ppm/kPa and ppm/torr. The behavior is dominated by the temperature dependence of the
piezoresistance factor. (b) Measured offset voltage also changes with temperature due to thermally induced stress on the membrane.

The measured temperatures and pressures values across a
distributed cooling network may be gathered by a controller
to properly adjust cooling rates to various parts of the surface
to provide a minimal thermal gradient. The intention would
be to adjust the valve opening with respect to current state. For
example, when more cooling is required, the controller reduces
actuation voltage to allow more coolant flow, and vice versa.
This simplifies the control process without taking into account
of complex hysteresis behavior of PZT, and allows graduated
flow control. However, demonstration of such system is beyond
the scope of this project.

VII. CONCLUSION

This effort has resulted in the successful fabrication of a
suspended membrane piezoelectrically actuated ceramic-Si-
glass microvalve with embedded sensors for use in distributed
cooling applications. A perimeter augmentation scheme was
used to overcome the limited displacement of PZT and provide
large flow modulation. An assembly process was developed to
allow for the creation of normally open, partially open, and
normally closed valves. Both a normally open and normally
closed valve were tested at room temperature, and allowed flow
rates of up to 200 and 100 mL/min of N2 at a differential
pressure of 52 kPa. A normally open valve was tested at lower
temperatures to below 200 K, and demonstrated the ability to
modulate the flow over wide range of temperature. However,
decreased flow modulation was observed due to the degraded
actuation of the PZT stack. The stiff membrane suspension also
contributes to limiting the range of flow modulation, but has
a significant benefit of reducing dead volume by isolating the
package cavity from the flow path.

Sensors were embedded with the valve to provide the neces-
sary information for closed loop control of the valve. Piezore-
sistive pressure sensors were designed using implanted boron
on a silicon diaphragm. The pressure sensor had a sensitivity
of 356 ppm/kPa at room temperature, and the sensitivity in-
creased with decreasing temperature, primarily due to change

in piezoresistive coefficient with temperature. The pressure
sensor also exhibited temperature dependent offset voltage
drift that is mostly due to thermally induced stress on the
membrane.

An RTD temperature sensor was fabricated using platinum
on the backside of the fluidic channel. The temperature sensor
exhibited the expected bilinear behavior of RTDs and had
a sensitivity of 0.29%/K above 140 K and 0.37%/K below
as it was tested down to 50 K. The RTD functions robustly
down to cryogenic temperatures and should provide valuable
information for feedback control and accurate calibration of the
pressure sensor.

The valve presented here is designed to withstand up to 3 atm
of differential pressure. The limitation comes from the struc-
tural integrity of the pressure sensor membrane at large dif-
ferential pressures. The large blocking force of PZT actuator
(> 500 N) allows operation at higher inlet pressure. With
minor changes in pressure sensor dimensions, the valve is
expected to work at higher pressure levels often demanded by
Joule–Thompson systems.

It is worth noting that the valve can be scaled up or down
according to desired flow rate; this can be done by changing
the valve plate area or PZT stack height to allow for lower or
higher flow rates. Additionally, specific unpowered flow rates
can be set by assembling the valve with a nominal gap that
meets application needs. Because the valve uses a membrane
support structure which isolates any electrical connection from
the flow path, it can be used for liquid flow modulation in
various microfluidic applications. In addition, the valve can be
deployed to operate in harsh environments, due to the ability
to work across a wide range of temperatures and ceramic
encapsulation.
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