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Abstract
This work presents a MEMS displacement sensor based on the conductive heat transfer of a
resistively heated silicon structure towards an actuated stage parallel to the structure. This
differential sensor can be easily incorporated into a silicon-on-insulator-based process, and
fabricated within the same mask as electrostatic actuators and flexure-based stages. We
discuss a lumped capacitance model to optimize the sensor sensitivity as a function of the
doping concentration, the operating temperature, the heater length and width. We demonstrate
various sensor designs. The typical sensor resolution is 2 nm within a bandwidth of 25 Hz at a
full scale range of 110 μm.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The trend towards smaller and more accurate positioning
systems stimulates the use of MEMS applications. Examples
of such accurate positioning systems have already existed
for a long time in MEMS. Two examples are (digital) light
processing [1, 2] and the use of cantilevers in atomic force
microscopy [3]. Actuators in combination with flexure-based
stages are able to reach positioning accuracies of several
nanometers. Still, accurate positioning is limited by many
factors, such as drift, external disturbances and load forces.
Adding feedback control, and thus a position sensor, can
enhance the performance of positioning systems.

Position and acceleration sensing in MEMS is often based
on the varying electrical capacitance between a static reference
and an actuated stage [4–6]. The disadvantage of accurate
and long-range capacitive displacement sensors is the large
required wafer surface area. Some alternative sensors use
integrated optical waveguides [7], the piezoresistive effect

4 R P Hogervorst did his master assignment at DEMCON Advanced
Mechatronics; during the project he was a student at the Department
of Precision and Microsystems Engineering, Delft University, Delft, The
Netherlands.

[8, 9] or varying thermal conductance [10–12]. Lantz et al
have demonstrated a thermal displacement sensor achieving
nanometer resolution over a 100 μm range [10]. However,
this sensor is produced in two separate wafers and therefore
precision assembly was needed to fabricate it together with
the stage. We found a way to integrate a thermal displacement
sensor with an actuated and flexure-based stage in the device
layer of a silicon-on-insulator (SOI) wafer. Design, fabrication
and experimental validation of the sensor are presented in this
work.

The integration of sensor and actuator in a single layer
of silicon has multiple advantages. It obeys several design
principles for precision manipulation [13]; contactless sensing
and actuation do not introduce friction and hysteresis. Without
the assembly of separate components, misalignments are
avoided. Overconstraints in a monolithic device layer are
less likely to lead to unpredictable system behaviour [14]. We
succeeded in integrating the sensor without any modification
of the process for the fabrication of the electrostatic actuators
and the flexure-based stage. The complete device is designed
to be fabricated using only one mask.

The basic design of one of the heaters of the sensor is
shown in figure 1. Wire bonds are connected to the bondpads
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Figure 1. Schematic overview of a single heater with its dimensions
and conductive heat flows (dashed red arrows). The heater height is
given by h, the heater width is given by w, the air gap towards the
stage by a and the air gap towards the substrate by s. The heater
consists of two parts: the sensing part, which is parallel to the stage,
and the heater legs, which are perpendicular to the stage. Heat
conduction dominates the heat transport in the sensor. Conduction
inside the silicon heater structure towards the bondpads is labelled
qbondpad, the conductive heat flow towards the stage is given by qstage

and the heat flow towards the substrate is given by qsubstrate. The
stage will be perforated for fabrication.

to supply an electrical current. The silicon heater is resistively
heated due to the supplied electrical power. When the stage
is overlapping the heater, heat is conducted from the heater
to the stage, qstage, through the thin layer of air, a. A
large stage overlap results in efficient cooling of the heater
and therefore its temperature will decrease. The resulting
decrease in electrical resistance can be measured, since the
electrical resistivity of silicon is highly dependent on the
temperature. Thus, the electrical resistance of the heater is
a measure of the position of the stage. A differential sensor
configuration is chosen to make the sensor less sensitive to
changes common to both heaters, such as ambient temperature
and air humidity. This differential configuration is shown in
figure 2.

In section 2, we will show a lumped capacitance model
of the sensor. The model will be used to design and optimize
the sensor. The integration of the sensor with a flexure-based
stage and electrostatic comb-drive actuation is described in
section 3. Fabrication will be discussed in section 4. Finally,
measurements of the sensor output, noise and time constants
are given in section 5.

2. Modelling and model verification

In this section, we will describe the lumped capacitance
model of the sensor. The model is used to describe the
temperature profile over the heaters and the heat flows
in the sensor. Subsequently, the model is used to optimize the
sensor sensitivity as a function of the doping concentration, the

Figure 2. Top view: optical microscope image of a fabricated
sensor with the actuated stage in its rightmost position. The
electrostatic comb-drive actuators are outside the image. The sensor
consists of two heaters. Each heater structure consists of a sensing
part, two heater legs and two bondpads for mechanical and electrical
connection. The heater on the right has maximum overlap with the
stage, and the heater on the left has minimum overlap with the stage.
‘Etch structures’ are incorporated to increase the DRIE quality. The
heater leg length is 100 μm and the sensing part has a length of
60 μm.

Figure 3. One of the elements of the thermal sensor model. The top
of the diagram shows the electrical resistance (�). The thermal
capacity C1 is connected to multiple thermal conductivities (R). A
negligible thermal capacity C2 is added to prevent algebraic loops
and the resulting increase in simulation time. Radiation is added,
since it will play a role at high heater temperatures.

heater dimensions and the operating mode and temperature.
The sensitivity due to variation in heater dimensions and
operating temperature is validated using measurements.

2.1. Lumped capacitance model

A dynamic multiphysics model is created of the thermal
sensor in 20-sim [15]. The created model is a lumped
capacitance model, which divides the heater structure into
a discrete number of elements [16]. Each element has a
single temperature. One of the model elements is shown in
figure 3. The element consists of a heat capacitance (C1)
coupled to an electrical resistance (�). The temperature
of the heat capacitance determines the electrical resistance,
which in turn determines the dissipated power in the
heater element. The thermal capacitance of silicon is
modelled temperature dependent, according to [17]. The
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temperature-dependent electrical resistance of the silicon
heaters is the basic quantity through which the stage position
is measured. The temperature-dependent electrical resistivity
will be described in section 2.2.

Heat transport in the sensor will take place due to
conduction, convection and radiation. Conduction occurs
inside the silicon heater structure towards the bondpads and
through the air towards the stage and the substrate, as shown
in figure 1. The equation for conductive heat transfer is

q = �T

RT
, (1)

where q is the heat flow, �T is the difference in temperature
and RT is the thermal resistance. The thermal resistance is
given by

RT = l

kA
, (2)

where k is the thermal conductivity of the material, l is
the length over which the heat transfer occurs and A is
the area through which the heat transfer occurs. Both
l and A are geometry and orientation dependent. The
thermal conductivities of silicon and air are a function of the
temperature. They are modelled according to [18] and [19],
respectively.

Convection does not play a significant role in the heat
transport due to the small surface area of the heated structures.
Radiation increases to the fourth power with the heater
temperature, and at 900 K the heat transfer due to radiation
is around 2% of the total heat transfer. Radiation with an
emissivity factor of 0.65 is included in the model. The
emissivity factor of 0.65 takes temperature dependence as well
as surface roughness of the silicon structures into account [20].

The effect of heat conduction towards the air is examined
using the finite element modelling software COMSOL
Multiphysics [21]. A bounding box is placed around the
heater structure and underlying substrate layer. Two different
boundary conditions are applied: thermal insulation and
heatsink. Simulations show that when the air layer is thicker
than 100 μm, the heater temperature varies by only 0.1 K
for different boundary conditions. This means that the heat
will flow only towards the substrate layer and the 100 μm
thick air layer around the heater will function as a thermal
insulation layer. In the design of the system, trenches as
wide as possible are chosen to avoid heat flow through
the air towards other structures in the device layer. The
additional conductive heat flow towards the substrate layer
is also examined using COMSOL Multiphysics. This showed
that the heat conduction from the heater towards the underlying
substrate is underestimated, roughly by a factor 5, when using
only the heater width and the substrate gap thickness. This
is caused by extra heat conduction from the sidewalls of the
heaters towards the substrate.

An effective width weff is determined empirically to
compensate for the additional heat flow towards the substrate.
The effective width is based on the actual heater width w, the
heater height h and the substrate gap thickness s,

weff(w, h, s) = w + wa(h)f (s). (3)

The additional width wa as a function of the heater height
h as well as the correction factor f as a function of the substrate
gap s are approximated by a Taylor expansion,

wa(h) = 1.50 × 108h3 − 1.65 × 104h2 + 5.95 × 10−1h

+ 6.99 × 10−6 (4)

f (s) = −2.15 × 1010s2 + 3.49 × 105s + 1.32 × 10−1. (5)

The effective width weff instead of the actual heater width
w is used to calculate the heat flow towards the substrate. The
basic equations for conductive heat transfer can be applied
again, (1) and (2).

A model with 5 elements for each leg of the heater and
13 elements for the sensing part of the heater proved to be
sufficient. Convergence was checked by using the same model
with twice the amount of elements. COMSOL was used to
verify the response of the sensor for several configurations.
The model is used to gain more insight in the heat flow balance
and temperature profile over the heaters and for optimization
of the sensor design.

2.2. Resistivity and doping concentration

An important property in the lumped capacitance model is the
resistivity of silicon as a function of temperature. A model for
the temperature-dependent electrical resistivity of silicon with
various doping species is given in [18]. The intrinsic carrier
concentration determines the majority and minority carrier
concentrations and is given in [22],

ni(T ) = K
√

NcNv

(
T

T0

)3/2

exp

(
−Eg(T )

2kBT

)
(6)

where T0 is 300 K, Nc = 2.8 × 1019 cm−3 denotes the
effective density of states for electrons in the conduction band,
Nv = 1.04 × 1019 cm−3 denotes the effective density of states
for holes in the valence band at T0, Eg is the band-gap energy
as a function of the temperature and kB is the Boltzmann
constant. An empirical value for K � 3.0 is used to correct the
intrinsic carrier concentration ni as a function of temperature,
as described in [22].

The mobility of the charge carriers is limited due to
impurity scattering and due to phonon scattering. The mobility
of the charge carriers due to phonon scattering as a function
of temperature is

μps = μL0

(
T

T0

)pps (me

m

)5/2
, (7)

where μL0 = 1600 cm2 V−1 s−1 is the lattice mobility at T0,
me = 0.33 is the effective electron mass and m = 0.55 is the
effective charge carrier mass for holes. The phonon scattering
exponent pps for boron doping ranges roughly from 1.5 to 2.2
in the literature [18, 23, 24]. In our resistivity model, a phonon
scattering exponent pps of 1.90 gives the best fit. For two boron
doping concentrations, 3.5 × 1018 cm−3 and 4.7 × 1018 cm−3,
the theoretical model of the silicon resistivity is given together
with the measured data in figure 4. The measured data fit well
with the theoretical model.

The resistivity curves are used in the lumped capacitance
model to examine the influence of the doping concentration
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Figure 4. Resistivity model and measured data of highly boron
doped silicon, with doping concentrations 3.5 × 1018 cm−3 and
4.7 × 1018 cm−3, as a function of the temperature. Fit parameters
used in the model are pps = 1.90 and K = 3.0 [22]. The aluminium
wire bonds that connect the structures in a 4-point measurement
setup melt around 900 K, which explains the deviated measurement
results at these high temperatures.

in the device layer of the SOI wafer on the sensitivity of the
sensor. In a differential configuration, the resistance change
as a function of the stage overlap is roughly linear. Therefore,
the resistance change from maximum to minimum overlap,
divided by the stroke from maximum to minimum overlap,
is a good number for the sensor sensitivity in � μm−1. To
decrease boundary effects on the transition from the sensing
part to the heater legs, the sensing part is designed slightly
longer than the required stroke.

The sensitivity of the sensor as a function of the maximum
heater temperature at minimum overlap is shown for several
doping concentrations in figure 5. At a low operating
temperature, the sensitivity of the sensor is restricted by
the small change in temperature when going from minimum
to maximum overlap. At a high operating temperature,
close to the maximum resistivity, the sensitivity is restricted
by the slope in the resistivity curve, which determines the
resistance change as a function of the temperature change
from minimum to maximum overlap.

The sensitivity of the sensors increases for lower doping
concentrations. This is a direct result of the steeper slope
in the resistivity curve at these lower doping concentrations
(figure 4). The peak in the resistivity curve is located at a lower
temperature for lower doping concentrations. This explains
why the sensitivity curve for lower doping concentrations has
its maximum at lower temperatures.

A lower doping concentration leads to a higher electrical
resistance of the heater structures. Therefore, more intrinsic
thermal Johnson–Nyquist noise will occur, which might be
a problem. For the examined heater dimensions and doping
concentrations, the intrinsic thermal Johnson–Nyquist does
not exceed 2 μV, for a bandwidth of 1 kHz and an average
heater temperature of 1000 K. Therefore, we conclude that
Johnson–Nyquist noise is negligible compared with other
noise sources in our sensor (also see section 5.2).
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Figure 5. For a given maximum temperature at minimum overlap,
the sensitivity is plotted for different doping concentrations. The
heaters used in this simulation have the following dimensions:
heater width and air gap 3 μm, heater length 610 μm (sensing part
130 μm and legs 240 μm), heater height 50 μm and substrate
gap 3 μm.

A lower limit for the doping concentration is based on
the increasing electrical resistance of the comb-drive actuators
when decreasing the doping concentration. This will result in
higher electrical time constants of the comb-drive actuators,
which can cause pull-in at high frequency actuation. For our
system, a minimum doping concentration of 1 × 1016 cm−3 is
still acceptable.

2.3. Temperature profile and power flow balance

This section will describe the temperature profile over the
heaters and the power flow balance in the sensor for varying
stage overlap. When the stage is at a fixed position, the power
flows in the sensor should be in an equilibrium situation;
the supplied electrical power must be equal to the heat flow
from the heaters towards the environment. The power flow
balance is dependent on the stage overlap. When the stage
is in front of the heater structure (maximum overlap), this
results in a lower heater temperature and therefore a lower
heater resistance. Due to the lower resistance, more electrical
power will be dissipated in the heater. This effect can be
seen in the sum of the power flows in table 1. When the
stage moves in front of the heater, more power will flow
towards the stage. As a result, the heater will cool down
and the power flows towards bondpads and substrate will
decrease. Table 1 shows the power flow balance in the sensor
for maximum, half and minimum overlap with the stage. A
constant voltage of 8.3 V is applied to reach a maximum
temperature of 600 K at minimum overlap. The differential
sensor dissipates a more or less constant amount of power,
independent of stage position. When the stage is in one of its
outer positions, one of the heaters will have minimum overlap
and one of the heaters will have maximum overlap. The power
dissipation in this case is 80 mW + 84 mW = 164 mW.
When the stage is in neutral position, both heaters will
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Table 1. Calculated power flow balance in the heaters for
maximum, half and minimum stage overlap. The heaters in this
simulation have the following dimensions: heater width and air gap
3 μm, heater length 610 μm (sensing part 130 μm and legs
240 μm), heater height 50 μm and substrate gap 3 μm. The doping
concentration is 3.5 × 1018 cm−3. A constant voltage of 8.3 V was
applied to the heaters.

Maximum Half Minimum
overlap overlap overlap
(mW) (mW) (mW)

Bondpads 55 56 57
Stage 14 8 2
Substrate 15 18 21
Radiation 0 0 0
Sum 84 82 80

have half overlap and the total power dissipation will be
82 mW + 82 mW = 164 mW.

The difference in power flow from the heater to the stage
qstage between maximum and minimum overlap results in the
temperature change in the heater. The power flows towards
bondpads qbondpad and substrate qsubstrate can be seen as power
loss. Most of the power in the sensor will flow through the
silicon heater structure towards the bondpads. This power flow
is a direct result of the high thermal conductivity of silicon
compared to that of air. By decreasing the heater width, the
ratio between the power flow towards the bondpads and the
power flow towards the stage will change, resulting in a more
sensitive sensor. This effect will be discussed in section 2.4.
Decreasing the heater height, which is in fact the thickness of
the device layer of the SOI wafer, will have less effect on the
sensor sensitivity, since it will reduce the thermal conduction
to the bondpads as well as the thermal conduction towards the
stage.

For the same sensor configuration used to determine
the power flow balance (table 1), the modelled temperature
profile over the heater for different stage overlaps is shown in
figure 6. At minimum overlap, the heater structure will
reach the highest temperature. In this case, the maximum
temperature is limited to 600 K. When the stage partially
overlaps the heater structure, the heater structure cools down
and the temperature profile becomes asymmetric. Eventually,
when the stage is completely in front of the heater structure,
the maximum temperature of the heater structure has been
decreased to 522 K. The temperature profile is roughly
symmetric again. As a result of this temperature change, the
heater resistance will decrease from 840 to 790 �, which is
approximately −6% of the initial resistance.

Due to its elevated temperature, considerable thermal
expansion of the sensor structures is expected. The heater
legs as well as the sensing part will expand, which results
in outward bending of the heater legs and bending of the
sensing part towards the stage. Finite element simulations
using COMSOL showed a reduction in the air gap between
the heater and the stage of 150 nm for a maximum heater
temperature of 700 K. This results in a higher sensor sensitivity
and extra nonlinearity. In the calibration of the sensor output
voltage with respect to the displacement, the effect of thermal
expansion is compensated for.
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Figure 6. The modelled temperature profile over the heaters is a
function of the stage overlap. The heater, sensing part and legs, is
unfolded over the x-axis. The sensing part of the heater is in
between 240 μm and 360 μm (vertical dashed lines). The maximum
temperature is 600 K at minimum overlap and 522 K at maximum
overlap. The curves in between correspond with the temperature
profiles of 36% and 73% overlap.

In the chosen geometry with relatively compliant heater
legs, compressive forces due to the thermal expansion of the
sensing part of the heater at an operating temperature of 700 K
are at least 100 times lower than the force required for buckling
of the sensing part. If the sensing part is too rigidly clamped
or the sensing part is very thin, buckling might occur. Since
buckling will probably cause mechanical as well as electrical
failure, this is a situation that must be avoided.

2.4. Influence of heater dimensions

The dimensions of the heaters will have an influence on the
sensitivity of the sensor. The height of the heaters is the same
as the thickness of the device layer of the SOI wafer. For a
device layer thickness of 50 μm, the optimum in heater length
and width is modelled. The minimum length of the sensing
part is determined by the required stroke of the stage; only the
length of the legs of the heater is varied. The sensor sensitivity
as a function of the leg length is shown in figure 7 (top). The
influence of the heater leg length is validated by measurements
using heaters with three different leg lengths: 100 μm, 240 μm
and 400 μm. The fabrication process puts restrictions on the
minimum width of the heaters. Two heater widths are tested,
2 μm and 3 μm. The measurement results are shown together
with the simulation results in figure 7 (bottom). On the vertical
axis, the resistance change of a single heater from minimum
to maximum overlap is given. The width of the designed
structures is 2 μm and 3 μm. The produced structures do
have an additional width of approximately 0.3 μm, as shown
by scanning electron micrographs. The difference between
the designed and fabricated widths is probably caused by the
resist developing step after photolithography in the fabrication
process. Consequently, the air gaps towards the stage decrease
to 2.7 μm. The simulation results are compensated for this
effect.

The simulation data show that there exists an optimum in
the leg length, but the variation in leg length does not result in
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Figure 7. The resistance change from minimum to maximum
overlap of a single heater structure as a function of variation in leg
length (top) and heater width (bottom) is modelled (lines) and
measured (stars). In the simulation, the maximum temperature at
minimum overlap is set to 600 K; in the measurement, this is
realized by increasing the voltage until the same resistance change
as in the model to reach 600 K is measured.

large changes in the sensitivity. For a sensor with heater width
and air gap 3 μm, heater height 50 μm, substrate gap 3 μm
and doping concentration 3.5 × 1018 cm−3, the optimum leg
length is 240 μm. The existence of an optimum in leg length
can be explained by looking at the power flows from the heaters
towards the substrate and towards the bondpads. At a fixed
temperature of the heater and with a fixed overlap, for short
heater legs the power flow towards the bondpads will increase
due to a lower thermal resistance towards the bondpads. For
long heater legs, the power flow towards the substrate will
increase due to a large area underneath the sensor. Both of
these power flows can be seen as a loss in sensitivity. In the
simulation, a maximum temperature at minimum overlap of
600 K was chosen. In the measurement, this was realized by
increasing the voltage until the same resistance change as in
the model was measured to reach 600 K. The measurements
of the leg length variation indeed show that there exists an
optimum in leg length. The exact location of the optimum
cannot be obtained from this limited number of measurements.
The measured resistance change from minimum to maximum
overlap (with respect to minimum overlap) of a single heater
for a leg length of 240 μm is −6.95%, on average over two
heaters. For 100 μm, the resistance change is −5.84% and for
400 μm the resistance change is −6.48%.

The effect of the heater width is also simulated and
validated using measurements (see figure 7 (bottom)). The
simulation clearly shows that a lower heater width will result
in a higher resistance change when going from minimum
to maximum overlap. For two heater widths, the resistance
change is measured; a heater width of 2.3 μm gives an average
resistance change of −6.62% and a heater width of 3.3 μm
gives an average resistance change of −5.84%.

A large variation in the measurements at 2.3 μm width
is shown in figure 7. We propose that this is caused
by irregularities in the production process when fabricating
thinner structures. Structures with a designed width of 2 μm
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Figure 8. The sensitivity of the sensor is highly dependent on the
applied voltage set point. The continuous line gives the simulation
data, and the measurements are indicated by stars. The heaters in
this sensor have the following dimensions: heater width 3.3 μm, air
gap 2.7 μm, heater length 350 μm (sensing part 150 μm and legs
100 μm), heater height 25 μm and substrate gap 3 μm. The doping
concentration in this simulation is 4.7 × 1018 cm−3.

and less are actually outside the window of our fabrication
process, because we cannot fabricate photolithographic masks
with smaller features. Although there is a fairly large variation
in the measurement results for a heater width of 2.3 μm, the
accuracy of the lumped capacitance model is within 10% with
respect to changes in heater width and heater leg length.

2.5. Operating mode and set point

The lumped model of the thermal displacement sensor is
used to investigate the influence of the applied voltage on the
sensor sensitivity. Figure 8 shows that the sensitivity is highly
dependent on the applied voltage to the heaters. The simulation
data are validated using measurements. The sensitivity curve
shown here is closely related to the sensitivity curve as a
function of operating temperature, shown in figure 5, since
a higher applied voltage will result in a higher temperature of
the heaters.

In the simulations, the maximum sensitivity Smax is
1.30 � μm−1 at a supply voltage of 9.7 V. In our measurement,
the maximum sensitivity is slightly lower, 1.25� μm−1, at a
supply voltage of 10 V. In general, the measured sensitivity
values occur at a higher supply voltage than in the simulation.
This causes the largest deviation at high operating voltages.
The accuracy of the model is within 10% with respect to the
measured values on the positive slope of the sensitivity curve.

An explanation for the deviation between the simulation
and the measurements might be that the maximum temperature
in the measurement is lower than in the simulation, causing
a shift in the optimum supply voltage. A possible cause for
the lower maximum temperature is a resistance in series with
the MEMS heater structures, for instance on the wire bond to
silicon interface. This series resistance will cause the effective
voltage over the heater structure to drop. A second explanation
is that the temperature dependence of the thermal capacities
or the thermal resistances is not modelled correctly. Finite
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Figure 9. There is a difference between driving the heaters with a
constant voltage and with a constant current. The temperature
shown on the horizontal axis is the maximum heater temperature at
minimum overlap. The maximum sensitivity of the sensor is around
2.7 times higher when a constant current is applied to the sensor.
The heaters have the following dimensions: heater width and air gap
3 μm, heater length 610 μm (sensing part 130 μm and legs
240 μm), heater height 50 μm and substrate gap 3 μm. The doping
concentration in this simulation is 3.5 × 1018 cm−3.

size effects due to downscaling cannot be the origin of the
deviation. In silicon and silicon dioxide layers thicker than
1 μm, finite size effects should be negligible [25, 26], which
is the case in our sensors. The thermal conductivity of the
air gap suffers from finite size effects on the boundary layer
between silicon and air [22]. These boundary effects in fact
increase the effective width of the air gap, which would result
in a shift of the sensitivity peak in simulation towards lower
temperatures. This does not match with our measurements.

The model of the sensor is also used to determine the
influence of different operating modes. Two operating modes
are (a) applying a constant voltage and measuring the current
and (b) applying a constant current and measuring the voltage.
Other possibly interesting operating modes, which were not
investigated, are controlling the voltage or current in order to
create a constant power dissipation or to create a constant heat
flow towards the stage, independent of the stage overlap.

The effect of applying a constant voltage or a constant
current to the heater structures is shown in figure 9. By
applying a constant current to the sensor, the maximum
sensitivity is 2.7 times higher than by applying a constant
voltage. This can be understood by looking at the equations
for power dissipation in the heater structures,

PU(T ) = U 2

RE(T )
(8)

PI(T ) = I 2RE(T ). (9)

If a situation is considered with constant voltage, at
minimum overlap the heater will reach a certain (high)
temperature and therefore a (high) resistance. If the stage
is moved to maximum overlap, the heater structure will cool
down and the resistance will decrease. According to (8), this

will result in an increase in the power supplied to the sensor.
This increase in power increases the heater temperature,
which counteracts the decrease in temperature by more stage
overlap. If a constant current is chosen, from minimum to
maximum overlap, the resistance will decrease and according
to (9), the power supplied to the sensor will also decrease,
which amplifies the cooling effect of the stage displacement.
Applying a constant current can lead to instability when the
sensor is operated close to and beyond Smax.

The operating mode of the sensor also influences the time
it takes for the heater to react to a change in stage position,
i.e. the thermal time constant of the heater. When a low
heater current or voltage is used, this will lead to a certain low
resistance. When a step is made in the supply voltage, the
low initial resistance leads to an initial power that is higher
than the final power, according to (8). When a step is made in
the applied current, the low initial resistance leads to an initial
power that is lower than the final power, according to (9). As a
result, the temperature of the heater will increase more quickly
with a constant supplied voltage than with a constant applied
current. Simulations with the lumped model show that the
current mode will result in a time constant that is roughly two
to three times higher than the time constant in voltage mode.

3. Design

The modelling section, section 2, shows the influence of
the parameters such as doping concentration, operating
temperature, heater leg length and heater width on the
sensitivity of the sensor. Several conclusions can be drawn
from modelling.

The doping concentration in the device layer of the SOI
wafer does affect the sensitivity of the sensor. Choosing
a low doping concentration will result in a sensor with
increased sensitivity. For our system, a minimum doping
concentration of 1×1016 cm−3 still is acceptable, based on the
increasing electrical time constant when decreasing the doping
concentration. For this research, SOI wafers with two different
doping concentrations were available: 3.5 × 1018 cm−3 and
4.7 × 1018 cm−3.

The sensitivity of the sensor as a function of the operating
temperature shows that this function is closely related to the
resistivity curve of silicon as a function of temperature. Up
to a certain maximum operating temperature set point, the
sensitivity will increase. Above this temperature set point, the
sensitivity of the sensor will decrease. In this work, the sensor
is operated on the positive slope of the sensitivity curve.

The heater width should be chosen as small as possible
to result in a sensor with a higher sensitivity. The minimum
width of the heaters is restricted by the fabrication process. A
minimum feature size of 3 μm is recommended for reliable
fabrication. Sensors with designed heater widths of 2 μm and
3 μm have been produced.

Varying the leg length of the heaters will result in a
sensitivity curve that has an optimum. For a heater width and
air gap of 3 μm, a doping concentration of 3.5 × 1018 cm−3,
a device layer thickness of 50 μm, a sensing part length of
130 μm and a substrate gap of 3 μm, the optimum leg length is

7
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Figure 10. Top view: optical micrograph of the proof of principle
system. The comb-drive actuators in combination with the guidance
mechanism are able to enable stage displacements up to 30 μm in
both directions. Four differential sensors with different geometries
are connected to a single stage. Only the two sensor pairs on the top
side of the stage are indicated here; two more sensor pairs are
located on the bottom side of the stage.

240 μm. Sensors with various leg lengths have been produced.
Section 2.5 showed that the sensor should be used in current
mode. This means that a constant current is applied to the
heaters and that the voltage over the heaters is a measure for
the stage position. With the same sensor configuration and
depending on the temperature set point, applying a constant
current results in a sensitivity that is up to 2.7 times higher
than that in voltage mode.

The differential sensor is integrated into the system design.
In a first production run, a proof of the sensor principle was
given [27, 28]. In this production run, a SOI wafer with device
layer 25 μm, oxide layer 1 μm and doping concentration
4.7×1018 cm−3 was used. The moving stage is actuated using
electrostatic comb drives [29]. The stage used folded flexures
as a straight guidance mechanism to ensure parallel movement
with respect to the heaters. The displacement obtained using
the folded flexure straight guidance is limited to roughly
30 μm in both directions. For larger displacements,
the stiffness of the guidance mechanism in the direction
perpendicular to the direction of motion of the stage is not
sufficient to prevent the complete stage from snap-in due to
electrostatic forces. This proof-of-principle system is shown
in figure 10. Various differential sensors with different heater
geometries are connected to a single stage. A gold layer was
added to the bondpads to facilitate the connection with the
wire bonds.

In a second production run, the straight guidance
mechanism using four folded flexures is replaced by two
constrained folded flexures [30]. This straight guidance
mechanism can reach displacements of up to 100 μm in both
directions. A SOI wafer with device layer 50 μm, oxide layer
3 μm and doping concentration 3.5×1018 cm−3 was used. No
gold deposition layer was used in the second production run,
but wires were bonded directly onto the silicon.

Figure 11. Scanning electron micrograph of a fabricated heater in
front of the stage. This heater was part of the first production run,
using wafers with a device layer of 25 μm and an oxide layer
of 1 μm.

4. Fabrication

For both production runs described in section 3, aspect-ratio-
controlled deep reactive-ion etching (DRIE) was used to etch
through the full device layer of the wafer. The directional
etching and resulting high aspect ratios are particularly useful
for good mechanical behaviour of the leaf springs used for
straight guiding the stage, resulting in low driving stiffness
and high transversal and out-of-plane stiffness. A minimum
trench width and a minimum feature size of 3 μm is used in the
design, limited by the aspect ratio of the DRIE step and limited
by the resolution of the fabrication of the photolithographic
masks. A maximum trench width of 50 μm is used to prevent
large variations in etch loading. Etch loading influences the
etch rate and the subsurface profile development [31]. For this
reason, several etch compensation structures are included in
the design, as depicted in figure 2. After reactive-ion etching,
the structures were released from the substrate by isotropic
HF vapour phase etching of the buried oxide layer [32]. Thin
structures (<10 μm) are released from the substrate in this
way. Large structures will stay mechanically fixed to the
substrate, while being electrically isolated from the substrate
due to the oxide layer. Large bodies that should be floating are
perforated to be released from the substrate. The fabricated
devices are diced, glued and wire bonded with thin aluminium
wires to a printed circuit board for measurement. A scanning
electron micrograph of a sensor from the first production run
is shown in figure 11.

5. Experiment

In this section, the measurement setups will be described first.
Subsequently the sensor output voltage as a function of the
displacement, the sensor noise and the time constants of the
system will be discussed.
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Figure 12. Schematic overview of the measurement setups for current (left) and voltage (right) mode. For constant current, the measured
voltage Um over the resistor Rm is used to determine the current through the heaters. The driving voltage (+U and −U ) is adjusted to control
the current through the heaters (I) using the current set point Isp. The advantage of this half-bridge measurement setup is that the output
voltages U1 and U2 have little offset and can be directly used for A/D conversion with little quantization noise. For constant voltage, a
well-defined constant voltage source is used to drive the heaters. The resulting currents through the heaters (I1 and I2) are amplified using
two equal current-to-voltage amplifiers. A second, differential amplifier is used to generate the signal (Udiff ) for A/D conversion. (The
digital part of the measurement setup is depicted in blue and the MEMS structures are depicted in red.)

5.1. Measurement setup

Two different measurement setups were developed to
characterize the fabricated sensors. One setup applies a
constant current and measures the voltage over the heaters,
and the other setup applies a constant voltage and measures
the current through the heaters. The current control setup
(figure 12 (left)) places two heaters in series, so equal current
through both heaters is guaranteed. The current through the
heaters is measured by the voltage over the low-impedance
resistor Rm. The voltage source is adjusted to generate a
constant current I through the heaters. The sensor output is
the voltage on either of the electrodes of the resistance Rm

with respect to ground. The bandwidth of the control loop
limits the bandwidth of the sensor in this configuration. The
measurement setup for voltage control (figure 12 (right)) is
more straightforward but requires more analogue electronics.
A voltage supply is directly connected to both heaters in
parallel. The resulting currents are amplified in two equal
current-to-voltage amplifiers. A differential amplifier is used
to generate the measurement signal.

A secondary measurement setup is used to calibrate the
stage deflection as a function of the actuation voltage on the
comb drives. Stroboscopic video microscopy is used for this
purpose, performed with a Polytec MSA-400 and its Planar
Motion Analyzer software [33]. The measured data provide
accurate information (1σ ∼ 20 nm) about the stage position
at a specified actuation voltage. The comb-drive actuators
in combination with the flexure-based stage are designed to
generate the required 100 μm deflection at a maximum voltage
of 80 V.

5.2. Sensor output and noise

At a constant heater current of 9.8 mA, the displacement
versus the sensor output voltage was measured and shown in
figure 13 (top). The current is chosen such that a maximum
heater temperature at minimum overlap of 800 K is expected.
The stage movement in this experiment is from −55 μm to
+55 μm. The measured voltage U2 ranges from −0.807 V to
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Figure 13. The measured voltage output as a function of the stage
displacement is shown for the situation where a constant current of
9.8 mA is applied (top). A linear fit is made with slope
−13.7mV μm−1 and offset −12.5mV. The deviation from the linear
fit can be approximated by a third-order polynomial (bottom). The
heaters in this experiment have the following dimensions: heater
width and air gap 3 μm, heater length 610 μm (sensing part 130 μm
and legs 240 μm), heater height 50 μm and substrate gap 3 μm.
The doping concentration of this wafer is 3.5 × 1018 cm−3.

+0.758 V. The resistance of heater 1 decreases from 1108 �

to 963 � and the resistance of heater 2 increases from 953 �

to 1127 �. This corresponds to an average sensitivity of
2.91 � μm−1.

The linear fit through the measured data has a slope of
−13.7mV μm−1. The deviation from a linear fit is measured
to be at maximum 23 mV, which corresponds to approximately
1.6 μm. Considering all nonlinear effects in the sensor, for
instance the electrical resistivity of silicon as a function of the
temperature, and the fairly large temperature variation over the
sensing part of the heater, the differential sensor is surprisingly
linear. The nonlinearity of the sensor is highly repeatable
and can be fitted with a third-order polynomial with minor
deviation, as shown in figure 13. This is necessary for accurate
positioning.
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Figure 14. This sensor structure has a time constant τheater of 522 μs
(top). Two more time constants can be distinguished; the stage has a
time constant τstage of 50.8 ms and the complete system has a time
constant τsystem of 1.32 s (bottom). The measurement results are
depicted in light grey and the exponential fits in black. The heaters
in this experiment have the following dimensions: heater width and
air gap 3 μm, heater length 610 μm (sensing part 130 μm and legs
240 μm), heater height 50 μm and substrate gap 3 μm.

The noise of the unfiltered sensor signal has an RMS
value of 122 μV at a sampling frequency of 1 kHz. If
the noise is assumed white, this leads to a noise value of
3.9 μV Hz−1/2. Using the slope of 13.7 mV μm−1, this
yields 0.28 nm Hz−1/2. The noise of the measurement setup
is dominated by the specified RMS noise of the 16 bit A/D
converter, which is 98.1 μV. The measurement signal is
digitally filtered with a sixth-order low-pass filter with a cut-
off frequency of 25 Hz. The filtered signal has an RMS noise
value of 22.2 μV, which corresponds to a sensor resolution of
1.65 nm.

5.3. Time constants and drift

An important drawback of thermal systems is usually the
low bandwidth due to high thermal time constants. With
a thermal sensing or actuation principle in MEMS, much
higher bandwidths can be achieved. The thermal capacitance
(C ∼ r3) decreases much faster due to miniaturization than
the thermal resistance increases (R ∼ r−1). Therefore, the
time constant will decrease quadratically with decreasing size
(τ = RC ∼ r2). In order to measure the time response of the
heaters, a voltage step was applied to one of the two heaters
of the sensor. The resistance of the heater was measured at a
high sample rate (see figure 14 (top)). The heater structure has
a time constant τheater of 522 μs, which means that the sensor
has a bandwidth (−3 dB) of 305 Hz.

The time constant of the heater structure is not the only
time constant in the complete system. By applying a step
voltage to the second heater in the sensor and measuring the
response on the first heater, two more time constants are found
(figure 14 (bottom)). A time constant τstage of 50.8 ms was
found that can be attributed to the time constant of the stage
and a time constant τsystem of 1.32 s was found that is caused
by heating of the complete system and substrate.

Continuous usage of the sensor can prevent τsystem from
showing up, because the power dissipation of the sensor is
more or less constant, independent of stage position, as shown
by the simulations in table 1. The stage time constant τstage

is harder to suppress, since at every stage movement the
temperature distribution over the stage changes. The influence
of the stage time constant can be reduced by choosing an
operating mode of the sensor in which the power flow towards
the stage for each heater is constant, or by adding a stage
position history in the sensor that compensates for the stage
time constant. In both cases, information about the model
is used to make predictions about the power flows and time
constants in the sensor, based on the applied current or voltage
and the previously known positions. For control, the relatively
large time constant of the stage does not lead to large phase
shifts or instability; therefore, the control bandwidth is not
limited by the stage bandwidth.

A drift measurement was performed with the differential
sensor. Without control of ambient temperature and air
humidity, the drift of the sensor was determined to be 32 nm
over a measurement period of 32 h. A ‘run-in’ time of
several days was required to remove this long-term drift.
Both ambient temperature and air humidity do influence
the sensor response. These effects can be compensated
for by using a reference sensor with a fixed overlap that
purely measures environmental fluctuations. A long-term
drift of single heater resistances was observed over a time
period of more than 100 h. Even when using the heater
at ‘reasonable’ temperatures, around 600 K, the resistance
increases irreversibly with roughly 5% with respect to the
initial resistance. For example, thermal oxidation [18] and
thermal activation of oxygen [34] are effects that can change
the properties of the silicon material slightly. Electromigration
and diffusion effects due to fairly high current densities
on the wire bond to silicon interface are difficult to
predict, but they can also have a significant influence.
Frequent internal calibration of the sensor by hard mechanical
endstops will be used to compensate for long-term drift
effects.

6. Conclusion

This work presents a MEMS displacement sensor based on the
conductive heat transfer of a resistively heated silicon structure
towards an actuated stage parallel to the structure. Using the
heaters in a differential configuration and using a typical sensor
design, an RMS position noise of 2 nm was measured. This
resolution was measured over a range of 110 μm and after
filtering with a bandwidth of 25 Hz. Due to the small scale of
MEMS structures, the thermal sensing principle can achieve
reasonably high bandwidths, in contrast with thermal systems
in the macro world.

A dynamic multiphysics lumped capacitance model was
generated to optimize the sensor sensitivity as a function of
doping concentration, operating temperature, heater leg length
and heater width. The accuracy of the model is within 10%
with respect to the measured values on the positive slope of
the sensitivity curve. Sensitivity changes due to a variation
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in the heater leg length and the heater width can be predicted
within the same accuracy.

Based on this model, we conclude that the heater width
should be designed as small as allowed by the fabrication
process. An optimum in the heater leg length exists but
does not have a large influence on the sensitivity. Constant
current supplied to the heaters, rather than constant voltage,
results in a higher sensitivity. A decrease in doping
concentration will also increase the sensitivity of the sensor
substantially.

An important conclusion is that the differential sensor
can be easily incorporated in a silicon-on-insulator (SOI)-
based process, and fabricated within the same mask as
electrostatic actuators and flexure-based stages. The sensor
including bondpads requires only little wafer surface area (<
0.5 mm2). With nanometer resolution, the presented thermal
displacement sensor is an interesting sensor for accurate
positioning systems.
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