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A microfabricated sensor for thin dielectric layers
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We describe a sensor for the measurement of thin dielectric layers capable of operation in a variety
of environments. The sensor is obtained by microfabricating a capacitor with interleaved aluminum
fingers, exposed to the dielectric to be measured. In particular, the device can measure thin layers
of solid frozen from a liquid or gaseous medium. Sensitivity to single atomic layers is achievable in
many configurations and, by utilizing fast, high sensitivity capacitance readout in a feedback system
onto environmental parameters; coatings of few layers can be dynamically maintained. We discuss
the design, readout, and calibration of several versions of the device optimized in different ways. We
specifically dwell on the case in which atomically thin solid xenon layers are grown and stabilized,
in cryogenic conditions, from a liquid xenon bath. © 2008 American Institute of Physics.

[DOLI: 10.1063/1.2906402]

I. INTRODUCTION

The ability to detect atomically thin layers of materials
deposited onto a substrate is essential in many branches of
science and technology. By far the most common method
employs “microbalances,”’ piezoelectric quartz oscillators
whose resonant frequency changes as the material deposited
onto the crystal increases the mass associated with its surface
atomic layer. Microbalances, however, can only produce
high resolution measurements if they operate in a medium
that does not substantially reduce their mechanical quality
factor. In particular, they are not suitable for operation in
liquids that, because of viscosity, substantially damp the
crystal oscillations.

The sensor development discussed here arises from the
need to measure thin layers of solid xenon (SXe) grown on a
probe that is immersed in liquid xenon (LXe) at ~170 K and
further cooled. In the context of the EXO neutrinoless
double-beta (0vBB) detector R&D program,2 the need arises
to retrieve and identify single barium ions produced by the
BB decays of '**Xe. In a possible design of the experiment,
several tons of '**Xe in liquid phase would serve as the
source of OvBRB decay as well as the detection medium in a
time projection chamber (Ref. 3) (TPC). Candidate decays
would be localized by the TPC, and a mechanical extraction
device would be inserted in the LXe, retrieve the Ba ion, and
transport it into an ion trap. While single Ba-ion identifica-
tion in a trap filled with buffer gases including Xe has al-
ready been achieved,”” the device to transport single ions
from LXe to the low pressure ion trap with high efficiency is
still being developed. One technology under investigation
consists of electrostatically attracting the Ba ion onto a probe
tip coated with SXe. Due to its large ionization potential,
SXe isolates the chemically active ion from the substrate
material and makes subsequent release possible, by sublima-

2')Presently at Stanford Linear Accelerator Center, Menlo Park, CA 94025.
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tion of the coating in vacuum. The requirement that only a
very small amount of Xe be released in the ion trap calls for
the development of a SXe sensor capable of operation in
LXe with sensitivity of a few atomic layers.

The sensor is based on a microfabricated capacitor com-
posed of two arrays of interleaved metallic fingers on a di-
electric substrate. The fingers are exposed to the environment
to be measured so that their mutual capacitance depends on
the dielectric constant €, of the environment, assumed to be
dielectric. The possibility of making extremely sensitive ca-
pacitance measurements allows for detecting very small
changes in €. While only capacitance measurements are
used in the rest of this work, the combined measurement of
capacitance and loss factor as function of the frequency is a
common way of characterizing bulk dielectrics® and could
extend the range of application for devices of the type dis-
cussed here. Possible applications include the measurement
of thin layer deposition in gaseous and liquid environments,
the detection of certain chemical species in gas and liquids,
or the fast analysis of certain immiscible (multiphase) liquids
(e.g., oil-water emulsions). The clean, rugged, simple, and
small design of the device is suitable for a variety of envi-
ronments, from ultrahigh vacuum UHV to in situ geological
measurements.

Il. DESCRIPTION AND FABRICATION OF THE DEVICE

A magnified picture of a sensor is shown in Fig. 1(a).
The darker line represents the gap between the aluminum
fingers. The overall circular configuration makes the sensor
suitable for mounting at the end of a small-diameter
(~1-2 mm) probe and is otherwise irrelevant for the perfor-
mance of the device. The test device shown in Fig. 1(a) is not
yet cut in the final circular shape. A 200 wm thick quartz
wafer is used as substrate. Various structures with different
Al-strip widths w, spacings s, thicknesses #, and overall di-
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FIG. 1. Details of a 0.94 mm diameter sensor. Panel (a) shows a sensor with
5.5 pm aluminum strip width and 1.5 um spacing. The pads for the external
connections are clearly visible on the left and right sides of the image. Panel
(b) shows an electron microscope photograph of the broken edge of a sensor.
The aluminum strips are 1.85 um thick. The frozen layer to be measured
grows on the structure and fills the “canyons” between strips to different
degrees, altering the capacitance.

ameters D are produced, resulting in capacitances OF up to
30 pF in vacuum. All devices discussed here are produced
using optical lithography.

Different parameters are optimized as follows: the over-
all diameter D has to be small for our application, so that the
device can be mounted on the tip of a thin probe capable of
being inserted in the LXe detector as well as into an ion trap.
Devices were produced with D from 0.94 to 1.9 mm. The
spacing between the metallic fingers and their thickness is
important to obtain good sensitivity for a particular range of
thicknesses of frozen material. We chose r=1.8 um and s
=1.5 um, so that the spaces to be filled by the medium
under measurement have a roughly square cross section. The
width of the aluminum strips was varied quite substantially
in different devices as thin strips provide larger capacitance
per unit area but may be more fragile (unlike most electronic
devices, this sensor has to be directly exposed to different
fluids). The devices discussed here have capacitances in
vacuum in the range of 2—30 pF. The series resistance of the
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TABLE I. Properties of all sensors produced. Devices in the first part of the
list are tested in detail and described in this paper. Items 9 and 10 have
larger connection pads.

Spacing s Thickness +  Width w Area Capacitance

Sensor (um) (um)  (@m) () (F)
1 1.50 1.85 0.8 0.69 7.3
2 1.50 1.85 2.5 0.69 4.1
3 1.50 1.85 5.5 0.69 32
4 1.50 1.85 11.5 0.69 23
5 1.50 1.85 0.8 2.84 23.1
6 1.50 1.85 2.5 2.84 14.0
7 1.50 1.85 5.5 2.84 11.6
8 1.50 1.85 11.5 2.84 9.1
9 1.47 2.00 2.5 2.26 23.0
10 1.47 2.00 1.5 2.26 28.0

devices (due to the small cross section of the strips) is, in all
cases, negligible with respect to the reactance at the frequen-
cies (1 kHz—1 MHz) used for the capacitive measurements.

Device fabrication begins with coating the top side of a
quartz wafer with 2 um aluminum. The Al is then covered
with 1.6 um Shipley 3612 positive photoresist that is then
exposed to 350 nm light for 1.6 s through a vacuum con-
tacted photolithography mask. After developing, the struc-
ture is etched into the Al layer using reactive ion plasma
etching with optical endpoint detection in an Applied Mate-
rials P5000 etcher. The residual photoresist is removed using
SVC PRX-127 resist stripper. The line spacing of
s=1.5 um is close to the technical limit for using contact
masks. A scanning electron microscope picture of the walls
of the etched channels is shown in Fig. 1(b). Wafers are
covered with protective tape, diced in a square shape, and
directly used or later ground into a roughly circular shape.
The yield of this rather crude process is 50%, sufficient for
our purpose, although clean circular cutting could be
achieved using standard techniques (e.g., bead blasting or
laser cutting).

An overview of all sensors produced is given in Table I.
The capacitance values in this table are measured in air and
hence are intended only for generic sensor characterization.
The measurements for the table are obtained at a readout
frequency of 10 kHz, but no significant change in capaci-
tance is observed in the 100 Hz—2 MHz frequency range
explored. Taking edge effects into account, the capacitance
scales with the geometrical dimensions as expected.

It should be noted that we also produced sensors with
w=300 nm and s~ 100 nm using electron-beam lithography
and plasma etching of 300 nm thick aluminum. These struc-
tures were found to be too small to grow consistent frozen
layers between strips and will not be discussed further.

lll. CRYOGENIC SETUP AND READOUT

The sensor can be configured in many different ways to
detect thin layers of different dielectric materials of interest.
While testing with water and other materials freezing near
room temperature is rather straightforward, here we describe
a more elaborate system that was developed to make tests at
cryogenic conditions and, in particular, maintain stable SXe
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FIG. 2. Diced 2 mm diameter sensor (1) mounted at the end of the copper
cold finger (5) of the miniaturized cryostat. The readout pads of the sensor
are contacted by gold coated leads (2). An assembly of three Vespel sleeves
(3) holds the leads and the tungsten heater wire (4) in place.

layers at a variety of pressures by cooling the sensor with
liquid helium (LHe) to arbitrary temperatures as low as
=20 K. The setup also allows to heat the sensor up to
=650 K to sublimate the coating. Most of the data presented
in this paper were collected with this advanced setup or with
simpler arrangements.

The sensor is thermally and mechanically connected to a
copper cold finger by using VGE-7031 varnish or indium.
Gold-plated readout leads are pressed against the sensor’s Al
pads, and a thin walled Vespel7 polyimide tube section is
forced around the leads to make the setup sturdy and strain
relief the contacts. UHV-rated ultraminiature polyimide-
insulated coaxial cables type “SC” from Lakeshore® are run
along the stem of the cryostat and bring the signals to room
temperature. Figure 2 schematically shows one device
mounted on the tip of the cold finger, together with a
0.05 mm tungsten heater wire.

The cold finger is mounted in the setup schematically
shown in Fig. 3. With reference to the figure, LHe is injected
through the central vacuum insulated line from the top of the
cryostat (1), it cools the cold finger (13) and sensor (8)
through a copper heat exchanger (6), and is exhausted from
the coaxial line (2). The entire LHe assembly is surrounded
by a 9 mm diameter vacuum jacket (3). The tungsten heater
wrapped around the cold finger has a maximum power of
about 2.5 W and is used to fine tune the temperature of the
tip and selectively evaporate frozen layers. The cooled probe
can be vertically translated by 40 cm with a set of bellows
(5) and a pneumatic actuator (not shown), so that it can be
inserted into a small LXe cell (15) cooled by a second, larger
cold finger (16) submerged in liquid nitrogen (LN,). With
this setup, layers can be grown from gas or liquid phase from
a variety of media.

All temperatures and pressures are readout by a
LABVIEW (Ref. 9) control system that operates valves, heat-
ers, and the vertical position of the probe, allowing for fully
automated operation of the system. Because of the small di-
mensions of the probe assembly, only two coaxial wires are
used for the connection of the sensor to the vacuum
feedthrough (item 4 in Fig. 3), while a four wire setup is
used outside the vacuum system. This arrangement, though
not ideal, provides sufficiently low noise for the measure-
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FIG. 3. Schematic drawing of the cryogenic setup allowing to grow frozen
layers from liquid or gas phase for a variety of materials. (1) insulated LHe
supply line, (2) He return line, (3) cryostat insulation vacuum pumpout
manifold, (4) electrical feedthrough, (5) vertical motion bellows, (6) heat
exchanger, (7) medium pumping port, (8) sensor and heater assembly, [(9)
and (12)] gas manifold, (10) liquid Xe cell insulation vacuum pumpout
manifold, (11) Si diode temperature sensor, (13) Cu cold finger, (14) gate
valve, (15) liquid Xe cell, and (16) heat exchanger assembly with LN2 lines,
heater, and temperature sensor. The cold finger and the sensor/heater assem-
bly are showed enlarged in Fig. 2.

ments. An Agilent E4980A capacitance bridge able to excite
the capacitor at 800 kHz while reading out at 20 samples/s
is used for the more critical measurements shown below.
This instrument, capable of resolving 0.1 fF at our sampling
rate, is particularly useful when fast response is required in a
Proportional, Integral and Differential (PID) loop to stabilize
layer thicknesses. Alternative readout schemes include an
Andeen-Hagerling 2550A ultrahigh precision capacitance
bridge and a relatively inexpensive SRS 715 bridge. A home-
built, custom tuned circuit mounted at the vacuum
feedthrough was also used for some of the measurements.
Conceivably, a similar circuit built on a chip and placed next
to the sensor itself could provide the best noise performance
for the system while simplifying the wiring. In all cases two
very stable 5 nF high voltage mica capacitors are used to
decouple the readout electronics from the sensor. In this way,
the sensor can be dc biased up to a few kilovolts, as it is
required to attract Ba ions in EXO.

The temperature response of the sensors in vacuum was
tested over the entire 15—-650 K range. The behavior during
cooldown from 310 to 15 K is shown in Fig. 4. This is found
to be well modeled by accounting for the thermal expansion
of the Al strips and the quartz substrate. Overall the capaci-
tance exhibits a small and positive temperature coefficient, as
expected, because the expansion coefficient of aluminum
(kpy=23.1X 1078 K7!) is substantially larger than that of
quartz (Kgua,=5.5% 107 K™'). This measurement is not ap-
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FIG. 4. Capacitance of a type 9 sensor during cooling from room tempera-
ture to about 15 K in 2 X 1078 mbar (300 K) vacuum. The capacitance is the
sum of the unshielded sections of the readout cables (0.7 pF) with the di-
electric constant of vacuum. The errors on the measurement are smaller than
the size of the dots.

preciably affected by condensation because of the low base
pressure of <1078 mbar and the fast cooldown time of
=30 s from about 160—20 K. A sensor calibration curve in
vacuum is measured for every sensor type and used to cor-
rect all data presented below.

IV. SENSOR PERFORMANCE

Once the offset capacitance of a particular sensor with its
readout cables has been precisely established in the fluid
phase (gas or liquid) of a dielectric material, its gain can be
established by condensing a very thick layer (>1000 nm) of
the frozen phase, as determined by the saturation capacitance
obtained in this way.

To verify that the saturation behavior is a proper normal-
ization for the device at any thickness, a detailed calibration
is performed for water and silicon oxide. These two calibra-
tions involve very different systematic effects, and their
agreement with the finite element calculations demonstrates
the accuracy of the devices. In the first case, water is frozen
on a sensor by coupling the vacuum system to a small de-
ionized water reservoir via a leak valve. The dielectric con-
stant of water ice is €.~ 3.2 at high frequencies.10 The mea-
surement is performed by establishing equilibrium between
the leak rate of vapor into the vacuum system and pumping
through a throttled turbo molecular pump. By measuring
the difference in equilibrium pressure with the cryostat at
300 K (4.1 X 107> mbar) and at 100 K (6.6 X 107° mbar), a
deposition rate of (8.4+0.8) X 10'* at./s cm? can be calcu-
lated. This corresponds to a thickness growth rate of
0.27 £0.03 nm/s, assuming crystalline ice formation. Figure
5 shows the measured capacitance for H,O as a function of
calculated layer thickness. In a second experiment, the re-
sponse of the sensor was compared to a quartz crystal mi-
crobalance. For this test, uniform dielectric silicon oxide lay-
ers were repeatedly deposited on a wafer with sensors of
types 6—8 by means of low temperature vapor deposition in
steps of about 200 nm. Capacitance was measured on differ-
ent structures close to the center of the wafer and averaged.
The dominant thickness uncertainty in this case originates
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FIG. 5. The uppermost data set shows the capacitive response to the depo-
sition of H,O from vapor on a type 1 sensor and the simulated behavior
(dashed line), referenced to the scale on the right. The layer thickness is
estimated using the calculated freezing rate and time, see text. The triangles,
circles and rectangles denote the capacitive response of sensors of types 0,
7, and 8, respectively, to uniformly deposited silicon oxide layers. The lines
represent the corresponding simulation. The simulations are performed
based on the detailed geometry of the sensor fingers, resulting in a very
specific sensor response behavior from empty (no layer) to full (thick lay-
ers). The simulated curves are only scaled along the vertical axis to fit the
data.

from the wet-etch cleaning step before each further deposi-
tion step and is included in the error bars in the figure. The
dashed lines in Fig. 5 correspond to the result of a simulation
of the response in each case using FEMLAB.'' The simulation
is based on the detailed geometry of the aluminum fingers
and is carried out for different dielectric layer thicknesses,
resulting in a very specific sensor response curve. This curve
is then vertically stretched to fit the measured saturation
value without changing its characteristic shape. The good
agreement between data and simulation shows that the phys-
ics of the device is well understood, once the exact value of
the dielectric constant is extracted from the data.

The saturation capacitance (Cg,) is also measured for
several other materials in solid and liquid phases, as summa-
rized in Table II. By using the same FEMLAB simulation,
the sensitivity of the sensor is then calculated for the first
=100 nm layer where the response is expected to be linear.
This sensitivity parameter is also calculated from the satura-
tion response of sensors fully submerged in liquids (although
in practice, thin liquid layers are experimentally unattain-
able). The ratio between saturation capacitance and dielectric
constant of the material is expected to be a property of the
geometry of the sensor. This is verified, for two different
sensor types, by the data shown in Table II.

V. ACCURATE LAYER CONTROL WITH XENON

Several measurements were performed with the capaci-
tive sensors to precisely predevelop the ability to grow, sta-
bilize, and remove the controlled solid layers in different
environments. The sublimation rate is described by the
Hertz—Knudsen model,'® which approximates the net surface
flux (in at. cm™2s7!) as
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TABLE II. Sensor parameters for different phases of various media. The saturation capacitance Cl, is given in
the second column. The sensitivity, in fF/nm, is derived from the measured C, and the saturation thickness
calculated with FEMLAB. In general, this sensitivity only applies to the linear region where the thickness is
<100 nm. The sensor type is given in the fourth column, with reference to Table I. The fifth and sixth columns
show, respectively, the relative dielectric constant €, (from the literature) and the ratio between columns 2 and
5. This last parameter is a function of the sensor geometry only and is expected to be constant for a given sensor
type, as it is generally found. All literature values of €, are used without error. The parameters for media in
liquid phase are relevant here because their value of Cg, has to be subtracted to obtain the behavior of a sensor
on which solid is grown from liquid.
Caa Sensitivity Coul €
Substance (pF) (fF/nm) Sensor €, (pF)
H,O (solid) 2.40*0.02 74x0.1 1 ~3.2° 0.75*0.01
Xe (liquid) 1.260 £ 0.005 39+0.1 1 1.880° 0.67=0.01
Xe (solid, 100 K) 1.515=0.005 4.7+0.1 1 2.24° 0.67+0.01
CO, (solid) 1.43£0.01 44+0.1 1 2.12° 0.680.01
Xe (solid, 30 K) 5.241£0.005 16.3£0.1 6 2.25¢ 2.33%0.01
Kr (solid, 30 K) 4.118 £0.005 12.8+0.1 6 1.66° 2.48+0.01
Ar (liquid, 87 K) 3.61%+0.05 11.2+0.2 6 1.50° 2.41+0.03
N, (liquid, 70 K) 3.55%0.05 11.0*£0.2 6 1.45° 2.44+0.04
Xe (solid, 15 K) 5.36£0.004 11.160.01 5 2.25¢ 2.38£0.01
Xe (solid, =155 K) 7.979£0.003 16.62+0.01 9 2.20° 3.59+0.01
Xe (liquid) 10.512+0.002 21.89*0.01 10 1.880° 5.59+0.02
Xe (solid, =155 K) 12.484 =0.002 38.75+0.01 10 2.20¢ 5.62%0.02
“Reference 10.
"Reference 12.
“Reference 13.
“References 14 and 15.
Po—D To condense a layer, the tip with the sensor is cooled below
o= am’ (1) 30 K and a leak valve (item 12 in Fig. 3) is opened to set the

with « the sticking coefficient (typically 0.1-1), p, the equi-
librium vapor pressure at the temperature of the surface 7,
and p the ambient pressure (for the case of vacuum p=0).
The parameter m is the mass of the atomic species sublimat-
ing and k is Boltzmann’s constant. As an example, the values
for p, for the case of Xe are computed using Ref. 17 and
shown in Fig. 6. On the right axis, the estimated sublimation
rate in vacuum with =1 is indicated.

In a first test, solid Xe layers are grown from the gas
phase and kept stable for typical times of 100 s in vacuum.
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FIG. 6. Calculated vapor pressure of solid Xe at different temperatures. On

the right scale, the expected sublimation rate of Xe atoms based on the
Hertz—Knudsen model in vacuum is shown.

partial pressure of Xe to 107> mbar in the vacuum system.
Controlled sublimation is obtained by increasing the probe
tip temperature by gradually reducing the LHe flow through
the cryostat. The data shown in Fig. 7 are collected with a
sensor of type 5 (see Table I). The thicknesses of the layers
in the figure are, from left to right, 67.7 = 0.1, 224 £ 0.2, 750
(thicker than saturation), 403.1*+0.1, 159.9*0.5, and
15.8£0.1 nm. No sublimation within the sensitivity of the
device is observed in a <3 X 10® mbar vacuum at a tip tem-
perature of =30 K. The errors on these measurements are

5+ 527
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FIG. 7. Capacitance of a type 5 sensor with different thicknesses of solid Xe
in <3 X 1078 mbar vacuum. The solid Xe is deposited on the sensor, which
is kept at <30 K, by condensing a known amount of gas. Sublimation is
obtained by increasing the temperature of the sensor. The plateaus corre-
spond to stable frozen Xe layers.
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FIG. 8. Dynamically stabilized solid Xe layers grown and sublimated at
constant pressure of 700 mbar Xe gas, using a sensor type 9 and active
feedback on the capacitance of the sensor. The left and right scales are,
respectively, the sensor capacitance and thickness. At 7.98 pF, the sensor
response saturates. Stable layers are, again, obtained for periods of many
minutes.

dominated by the noise of the readout cables and the SRS
715 capacity bridge, which was used for this test and set to
“slow” readout (10 kHz excitation and nine samples averag-
ing at 4 samples/s using a two wire measurement).

A somewhat more challenging task consists of actively
growing and stabilizing a solid Xe layer condensed from an
infinite supply of Xe gas at 700 mbars and a temperature of
~155 K. In this case, the temperature of the probe has to be
actively maintained in a feedback loop using the capacitance
readout from the sensor. The LHe flow is kept constant while
some heat is added to the tip by powering the tungsten wire
(item 4 in Fig. 3) from a PID control loop realized within the
LABVIEW program. Stabilization is directly based on the layer
thickness, which is calculated online from the capacitance of
the sensor, correcting for the temperature coefficient, as ex-
plained. In this case, the capacitance is measured using the
Agilent bridge with “fast” readout setting (20 samples/s)
and four samples averaging at 800 kHz excitation frequency.
The PID loop has a cycle length of 50 ms. In Fig. 8, a series
of PID-stabilized layers based on a sensor of type 9 is shown.
The sensor has a saturated capacitance for SXe at 155 K of
7.979=0.003 pF. This corresponds to a response of
16.62 fF/nm for layers <100 nm (see Table II). The layer
thicknesses chosen for this test are 24.3*+0.7, 62.1 1.3,
1072+ 1.5, 156.7£2.3, 214.5*£2.8, 284.4*+5.1, 383+ 10,
and 567 =40 nm, where the errors are the maximum devia-
tion from the average value during the PID stabilization. The
errors are dominated by the stability of the PID control loop.
Again, layers stable for several minutes are clearly achieved.
With the same setup, the temperature of the cryostat was
changed from 155 to 10 K, and the expected increase in the
dielectric constant of 6.4% with the change in density of the
solid" was indeed observed.

In order to freeze Xe from the liquid phase, the gate
valve (item 14 in Fig. 3) below the probe tip is opened, and
the bellows (item 4 in Fig. 3) is compressed, so that the tip
assembly with a sensor of type 10 reaches into a cold cell
filled with liquid Xe (item 15 in Fig. 3). A customized LAB-
VIEW PID loop is used to control the current through the
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FIG. 9. Solid frozen from LXe, using a sensor type 10 and active feedback.
At 12.5 pF the sensor saturates. The offset of 10.52 pF is due to the dielec-
tric constant of LXe.

tungsten heater. Data were taken with the Agilent capacity
bridge also by using the fast readout setting and only two
sample averaging, which allows for a shorter PID cycle
length of 20 ms. In order to keep the conditions stable, the
temperature of the liquid Xe cell is stabilized with a separate
PID control loop to 163.00 =0.03 K, which contains an un-
known offset due to the position of the thermocouple on the
outside of the LXe copper cell. The data for this case are
shown in Fig. 9. As in the previous case the noise of the
measurement is dominated by the PID control loop. Because
of the smaller difference in dielectric constant between liquid
and solid phases, similar errors on the capacitance result in
larger uncertainties in the layer thickness. The layer thick-
ness, as in the previous tests, is calibrated using the FEMLAB
simulation, with the dielectric constants appropriate for the
LXe environment. The steps in the graph correspond to layer
thicknesses of 32.9+ 0.4, 119.7+0.8, 185+ 3, 262*2, and
383 = 8 nm, where the error denotes the maximum deviation
from the average value over the time the layer is stabilized.
The last peak refers to the saturation capacitance of 12.48 pF
for solid Xe, while the value of 10.51 pF for pure liquid is
measured at the end of the plot. The corresponding sensitivi-
ties for <100 nm layers are 38.75 fF/nm for SXe in Xe
gas and 6.14 fF/nm for SXe with the sensor immersed in
LXe. This measurement reproduces the expected behavior
of LXe and SXe with dielectric constants €,;x.=1.88
(16135 K, p=298 g/cm®)"® and €,5x.=2.2 (160K, p
=3.54 g/cm?).'®

In a final test, layers are sublimated in a controlled way
to keep the partial pressure of the evaporated gas at a low
level. This is important for the EXO experiment, where strict
bounds exist on the amount of Xe tolerable in the ion trap
vacuum system.5 The tungsten heater on the back side of the
sensor is used to sublimate the layers, while the cryostat is
kept cold. The correlation of sublimation rate and pressure in
the vacuum system is shown in Fig. 10. Here, the vacuum
chamber with a volume of 1.51 is pumped with a 70 1/s
turbo molecular pump. The plot indicates that an evaporation
rate of 2 nm/s results in a partial pressure of 1 X 107 mbar.
Scaled to the EXO ion trap system with a pumping speed of
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FIG. 10. Controlled sublimation of SXe layers. Panel (a) shows the layer
thickness as a function of time. The pressure in the vacuum chamber during
controlled sublimation is shown in panel (b).

500 1/s and a volume of 20 1, this corresponds to a partial
pressure of 1 X 1078 mbar, well below the acceptable limit of
about 5 X 107° mbar.

VL. CONCLUSION

We have developed a versatile and simple microfabri-
cated sensor for accurate capacitive measurements of thin
layers of dielectric substances. The sensor can be calibrated
for many substances due to its asymptotic saturation behav-
ior for thick deposited layers. This asymptotic behavior is in
good agreement with an electrostatic field simulation and the
relative dielectric constant values from the literature. Data
were presented for the specific application that led to this
development, the controlled growth, stabilization, and re-
moval of solid Xe layers in gaseous Xe, liquid, and vacuum

Rev. Sci. Instrum. 79, 045101 (2008)

environments. The sensors presented, with appropriate read-
out schemes, are capable of controlling solid Xe layers in Xe
gas and liquid with sensitivities of 38.75 and 6.2 fF/nm, re-
spectively. Other applications of the sensor include the con-
trol of coatings with different dielectric materials from gas-
eous or liquid environments and the characterization of
dielectric emulsions in situations where ruggedness and min-
iaturization are important.
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