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Design and construction of a compact rotary substrate heater
for deposition systems
Israel Perez, Tareik Netro, Mario Vazquez, and José Elizalde

Abstract: We have designed and constructed a compact rotary substrate heater for the temperature range of 25 °C to 700 °C. The
heater can be implemented in any deposition system where crystalline samples are needed. Its main function is to provide heat
treatment in situ during film growth. The temperature is monitored and controlled by a temperature controller coupled to a
type-K thermocouple. A heater case was designed to host a resistive element and at the same time allow the substrate holder to
freely rotate. Rotation is crucial not only for film homogeneity during deposition but also for the elimination of temperature
gradients on the substrate holder. To tolerate oxidizing and corrosive environments, the instrument was made of stainless steel,
which also works as a “coolant”, taking advantage of heat dissipation. The instrument performs well for long periods of time
with stable temperatures. We hope that this project is useful for laboratories wishing to have a compact rotary heater that meets
the requirements for crystal growth and film homogeneity.
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Résumé : Nous avons conçu et construit un four compact à substrat rotatif pour opérer entre 25 °C et 700 °C. L’appareil peut être
utilisé dans tout système à croissance cristalline par dépôt, là où des échantillons cristallins sont requis. Sa fonction première est
de fournir une source de chaleur in situ pendant la croissance des films. La température est suivie et gérée par un contrôleur de
température couplé à un thermocouple de type K. Nous avons conçu une enceinte pour l’élément résistif tout en permettant au
substrat rotatif de tourner librement. La rotation est cruciale, non seulement pour assurer un film homogène, mais aussi pour
éliminer le gradient de température sur le substrat tournant. Pour contrer les problèmes d’oxydation et de corrosion,
l’instrument est fait d’acier inoxydable qui agit aussi comme refroidisseur, prenant avantage de la dissipation de chaleur.
L’instrument se comporte bien pour de longues périodes de temps avec des températures stables. Nous espérons que ce projet
sera utile aux laboratoires qui ont des besoins de croissance de cristaux par dépôt et d’homogénéité de film. [Traduit par la
Rédaction]

Mots-clés : substrat, four, dépôt, température, contrôleur.

1. Introduction
A substrate heater is one of the most important components in

depositions systems. Its function is to give enough energy to ada-
toms on the substrate for their adsorption and therefore for the
formation of crystalline structures. Nowadays, substrate heaters
can be found in many deposition techniques such as DC and radio
frequency (RF) magnetron sputtering, electron beam evaporation
(EBE), plasma-assisted deposition (PAD), pulsed laser deposition
(PLD), atomic layer deposition (ALD), molecular beam epitaxy
(MBE), and several chemical vapour deposition (CVD) techniques
such as laser chemical vapour deposition [1–13].

Heaters have been developed for specific purposes based on
needs and several heating methodologies. The most commonly
used technologies employ filaments and heating lamps [14–16].
Heating lamps are used in deposition equipment where the in-
strumentation is not at risk of being damaged by the emitted
radiation. However, in some deposition systems such as sputter-
ing, this radiation can affect sensible components, namely: mag-
netrons and targets themselves. Some systems also use quartz
crystal monitors (QCM) whose measurement depends not only on

pressure but also on temperature, and therefore the operation of
this instrumentation is largely determined by heat. To circumvent
this problem, a localized source of heat is recommended, and this
is done with a resistive element or filament. The introduction of a
filament into the vacuum chamber poses a problem if not handled
with care. The materials the filaments are made of can also evap-
orate and contaminate the source material (e.g., evaporants, tar-
gets, etc.), the film under growth, and the vacuum chamber. If
filaments are well shielded, however, this effect can be negligible
or even eliminated. The most common resistive elements found
in the market are tungsten wire, Khantal-A1 wire, and nichrome
wire. The melting point of tungsten is one of the highest among
metals (3420 °C), and as such, tungsten filaments are widely uti-
lized in high temperature furnaces. A disadvantage of tungsten
wire is that is brittle and can easily break if not handled with care.
Moreover, tungsten wire is expensive in comparison to the other
two. Khantal-A1 and nichrome wires are more malleable and have
lower fusion points (�1500 °C and �1400 °C, respectively), so they
are used in middle temperature furnaces. Despite their useful-
ness, these materials are highly specialized and not easy to find in
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some regions, so they must be ordered from far places, increasing
the overall cost.

On the other hand, in deposition techniques where the sub-
strate is static, gradients of heat and (or) atomic concentrations
can develop on the substrate as deposition evolves, exposing the
film to atomic density inhomogeneities and mechanical stresses.
These problems can be undermined using a rotary heater. Its
implementation, however, poses an additional technical problem
in its design, increasing its cost, especially for commercial heat-
ers. In the past, several developers have reported the construction
of heaters for deposition systems. For instance, Stewart et al. de-
veloped a substrate heater based on a 900 W tungsten lamp [14].
The lamp is large, radiates heat in all directions, and the maxi-
mum substrate temperature is 450 °C, which is relatively low for
the crystallization of many other compounds. This kind of heater
is limited to types of vacuum chambers where instrumentation is
not affected by radiation (e.g., EBE). On the other hand, Jones et al.
constructed a compact and resistive-based heater capable of work-
ing in oxygen atmospheres and reaching temperatures close to
800 °C. However, thermal isolation is poor and radiation is also
spread in all directions [15]. Besides, both of these designers did
not include a rotation mechanism. With this consideration, Her-
rera et al. fabricated a compact rotary heater with good thermal
isolation, reaching a maximum temperature of 800 °C. To isolate
the filament, they used a ceramic case with a flow of coolant [16].
Although this is a good idea, the inclusion of the cooling systems
increases design complexity and thus overall cost. As seen in their
images, their heater looks robust (no information on dimensions
is given) and might not be implemented in chambers with limited
space. Furthermore, all of these heaters rely on DC power supplies
with low voltages and high current intensities. These currents can
easily generate static magnetic fields around the filament that can
interfere with charged particles inside the chamber (electrons,
argon cations, oxygen anions, etc.). This represents an additional
unwanted parameter that can produce preferential deposition
affecting the homogeneity and crystallinity of films.

To address some of these issues, in this work we propose the
design and construction of a compact rotary substrate heater for a
deposition system. The heater was implemented in a RF sputter-
ing system and is capable of reaching a maximum temperature of
700 °C based on a commercial filament driven by a variable AC
power supply (VARIAC). The temperature is controlled by varying
the power and is monitored by a temperature controller coupled
to a type-K thermocouple. The usage of a VARIAC and a commercial
filament makes this heater easy to implement in any deposition
system without sacrificing temperature accuracy and stability as
well as film homogeneity and crystallinity.

2. Design and construction

2.1. Design considerations
For the design of the instrument, we considered mainly the

maximum temperature, system geometry, requirements of the
vacuum system, and versatility for the growth of different com-
positional films. The most important parameters are the system
geometry and the maximum temperature: once these are chosen,
the rest of the considerations must be tailored to fit these aspects.

Many chemical compounds synthesized by the so-called solid-
state reaction require temperatures around 1000 °C. However,
these compounds can crystallize in a vacuum under controlled
conditions of pressure at temperatures below 700 °C. We thus
think that this is a reasonable maximum temperature for our
heater, so we can grow a myriad of composition films.

As a heating method, we have chosen heating by radiation us-
ing a resistive element. The main reason is because the radiation
given off by the filament can be encapsulated in a small compart-
ment or case. Also, filaments occupy less space than lamps and
can be shaped as desired. In this kind of set up, the filament is

used to heat the substrate holder by radiation and in turn the
substrate holder heats the substrate by conduction. Heating by
radiation in a vacuum is challenging because heat is heavily lost
within a few millimetres of the source, and due to the low pres-
sure, heating by convection is inefficient. For instance, if a tung-
sten filament of 24 mm in length had a temperature on its surface
of 2350 °C, the temperature 1 cm away would fall about 1500 °C.
For this reason, the filament must be placed as close as possible to
the substrate holder [17]. To enclose the radiation, we have de-
cided to encapsulate the filament in a cylindrical metallic case.
The cap of this cylinder, functioning as the sample holder, is
placed at about 300 �m away from the filament. This case also
helps to dissipate the heat along the structure of the heater, avoid-
ing the implementation of a cooling system.

To attain temperatures around 700 °C, high electric currents are
required. Traditionally, designers used DC power supplies, how-
ever, these supplies work with voltages of less than 60 V and thus,
for a given power, current intensities for the filament can be as
high as 30 A. A high current generates a static magnetic field that
can be strong enough (several gauss) to deviate ions and electrons
inside the chamber, producing a preferential orientation of ada-
toms on the film, and ultimately affecting the crystal structure.
Moreover, in chambers equipped with low energy and reflection
high energy electron diffraction (LEED and RHEED, respectively),
the magnetic field can heavily deviate the electron beam from its
original trajectory and create distorted patterns on the fluores-
cent screen. This is an important issue that heater designers usu-
ally overlooked. So, to lessen the effect of the magnetic field, we
have resorted to using a VARIAC. With this power supply, we feed
the filament and control the power delivered by either sending
pulses of current or varying the applied voltage, taking advantage
of the fact that filaments generally obey Ohm’s law even at tem-
peratures as high as 2000 °C.

Our next problem is crucial during film growth. As is well
known, in most techniques (such as RF sputtering, PLD, EBE, etc.),
atoms are ejected from the crucible or target and spread out in all
directions, forming the so-called deposition cone. Generally, this
cone has an inhomogenous atomic density, and this can largely
affect the homogeneity of the film. To solve this problem, sub-
strate holders are normally rotated at low speeds (less than
2 rev min–1). Rotating the substrate holder also helps to substan-
tially minimize temperature gradients caused by the geometry of
the heating element. With this in mind, we implemented a rotary
sample holder driven by a motor.

The following challenge is to monitor the substrate tempera-
ture. An option to do this is to use an infrared pyrometer. The
pyrometer can be placed outside the chamber to measure the
radiated heat given off by the substrate. However, this, of course,
implies that there is an available viewport and sometimes this is
not the case. More important is the fact that, since many different
kinds of substrates and films are grown each deposition session,
the pyrometer needs to be calibrated for each case; turning this
method a tedious procedure. Moreover, if economy is an impor-
tant issue the use of a pyrometer is not a good option. We thus
have chosen to use a thermocouple and hold it as close as possible
to the sample holder (see Fig. 1).

2.2. Design and construction
Taking into account the above considerations, we proceeded to

design and construct the heater. In Figs. 1–3, we show the design
of the heater along with the actual heater. The heater can be
scalable to any size and, according to need, be implemented in
any deposition system. The instrument is mainly composed of five
parts (see Fig. 2). From bottom to top, we have: the motor shaft,
the bottom base, the heater body, the heater case, and the sample
holder.

The bottom base is used to firmly hold the rest of the heater
components to the cover plate of the vacuum chamber. It is a
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small cylinder, with a diameter of 60 mm and a thickness of 3 mm,
and is attached to the cover plate by three bolts. At the center,
there is a 5 mm hole to let the motor shaft pass through.

The heater body is a shallow cylinder with a 5 mm hole drilled
along the axis to host the motor shaft. The cylinder dimensions
are 75 mm × 20 mm and it is attached to the heater case at the
upper end and to the bottom base at the lower end. The heater
case acts as a heat shield and filament host. It is also a shallow
cylinder with an external diameter of 50 mm and external height

of 20 mm. The thickness of the wall is 5 mm, leaving an interior
diameter of 40 mm. At the center, there is a 5-mm hole to let the
motor shaft pass through. Two 5-mm holes were drilled on the
bottom of the case to feed the filament. Another 5-mm semi-
spherical hole was drilled on the side of the heater case to host the
thermocouple. Two pairs of grooves were also drilled on the inte-
rior diameter (see Figs. 2 and 3). These grooves hold two metallic
bars holding the ceramic beads where the filament is wound. The
thickness of each groove is 5 mm. The distance between two
grooves from side to side is 44 mm. With respect to the heater
case, the grooves are placed at a height of 7 mm so that the
filament remains about 300 �m away from the sample holder. The
function of this clearance is two-fold: first, it avoids undesirable
mechanical friction between the sample holder and the heater
case, allowing a free rotation of the sample holder, and second, it
traps the filament radiation as much as possible.

The sample holder is a flat cylinder with a diameter of 50 mm
and a thickness of 1.5 mm attached to the upper end of the motor
shaft. The motor shaft has a diameter of 4.9 mm and a length of
150 mm. On the upper end, the sample holder is welded to the
motor shaft, then the motor shaft is inserted into the body of the
heater, passing through the center of the heater case (see Fig. 3).
On the lower end, the motor shaft has a thread for coupling
with the rotary feedthrough mounted on a central chamber port
(flange KF25) located on the opposite site of the cover plate (see
Fig. 4). The rotary feedthrough was acquired from the manufac-
turer Intercovamex and seals using a plastic O-ring surrounding
the motor shaft that has a limiting lock to leave the clearance
mentioned above. As the substrate holder must rotate freely, a
low power motor is required (less than 10 W). The motor is held on
a stainless steel square plate (4 mm thick with an area of 10 cm ×
10 cm) that in turn is held to the port by four long bolts.

If service is required, such as to change the filament, the sub-
strate holder is just rotated counterclockwise and pulled out, ex-
posing the filament and filament supports for easy maintenance.

As we are interested in measuring the substrate temperature, it
would be ideal to place the thermocouple on the substrate holder.
However, if this were the case, the thermocouple would rotate
and the cable would get entangled around the heater body. To
avoid this problem, we inserted the thermocouple in the hole
drilled on the side of the heater case (see Fig. 2) and glued it with
silver paint for good heat conduction. In this way, the thermocou-
ple does not move, although the temperature is not the tempera-
ture of the substrate holder. Later we will deal with this issue
during calibration. The power wires and thermocouple cable are
connected to the power supply and the temperature controller,
respectively, through an electrical feedthrough acquired, as well,
from Intercovamex (see Fig. 1).

Fig. 1. Heater mounted on cover. The drawing is the design and the
picture shows the actual heater. [Colour online.]

Fig. 2. Heater, showing the motor shaft, body, heater case, and
substrate holder. The inset drawing shows the design. [Colour online.]

Fig. 3. Interior of the heater showing the filament with supports. Left
is the design and right is the actual heater working. [Colour online.]
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2.3. Instrumentation and materials used
For the heating element, we used a 10 AWG Boccherini resis-

tance (other brands such as Coflex and FOSET are typically found
in the market) commonly used for electric showers and purchased
from a known hardware store. As such, the resistance is much less
expensive than Khantal-A1 and nichrome wires. The filament is an
alloy of nichrome and copper that is quite malleable and designed
to tolerate rough environments, such as working at atmospheric
pressure and atmospheric conditions. The material has a chro-
mium oxide layer that protects the filament from corrosive envi-
ronments. Filaments have a low electrical resistance, typically less
than 10 �, and given that resistance is also dependent on length,
the filaments require high currents to generate enough heat. The
electric resistance of our filament as measured with a multimeter
is 2.9 � at 27 °C. Supports for the filament are composed of me-
tallic bars covered with commercial alumina beads (also acquired
from a local retailer) whose melting point is close to 2000 °C.
Alumina beads were mainly used in our system as electrical and
thermal insulators against metallic parts.

The metallic components of the heater were machined of stain-
less steel grade 306. According to the manufacturer, the fusion
point is 1400 °C. Stainless steel is one of the preferred materials
due to its resistance to corrosion, withstanding a wide range of
temperatures without undergoing deformation. The thermal con-
ductivity ranges from 15 W/m·K to 22 W/m·K at 100 °C and 500 °C,
respectively, which is less than 10 times that of copper (300 W/
m·K). Because of this, we expect not to have a strong heat diffu-
sion, so the temperature in the substrate holder remains stable as
thermodynamic equilibrium is reached for a given applied power.
Because the heater case is mounted on the body cylinder, this in
turn is attached to the bottom base and the latter to the cover,
heat diffusion is mild, thus avoiding overheating the vacuum
chamber by heat conduction.

To measure the temperature we used a temperature controller
Omega CN142 coupled to a type-K thermocouple, both purchased
from the manufacturer Omega (see Figs. 1 and 5). This controller is
based on proportional integral-derivative (PID) technology and
has a relay output that allows the control of the power delivered
to the filament. The thermocouple was attached to the heater case
on one side as close as possible to the heating element (see Fig. 2
for the exact position) and then connected to the temperature
controller.

We acquired from the manufacturer Acomee an AC variable
power supply (VARIAC) with variable output voltage 0 V to 160 V,
giving a maximum power of 2 KVA (see Fig. 5). To avoid voltage
surge transients, the VARIAC was plugged to an uninterruptible
power system (UPS) that keeps the output voltage stable. This
guarantees a stable output power. As for the motor, we have used
a 12 VDC motor (see Fig. 4). The motor speed is regulated varying
the applied voltage coming from a variable DC power supply.

3. Results

3.1. Initial tests
To check the performance of the heater, we carried out several

initial tests. The first test was to measure the current–voltage
characteristics of the filament to ensure that the resistance is
linear as a function of temperature. The results of these measure-
ments are given in Fig. 6. Here we can clearly see that there is an
Ohmic relation. By a linear fit we obtained a constant resistance of
3.0 �, in close agreement with the value measured with the mul-
timeter at room temperature. This linear relation indicates the
stability of the resistance as the voltage and temperature increase.

The next test gave us information on the power dependence of
the filament temperature. The power was computed as P = I2R
and the results are given in Fig. 7 on the left. The temperature on
the filament was measured with an additional thermocouple
(plugged to a multimeter Steren, MUL-605) for the interval from
room temperature up to 955 °C. We can observe a nonlinear rela-
tionship between the power and filament temperature. These
results are typical in filament heaters [15] and were taken as
reference for calibration purposes.

3.2. Performance
As mentioned previously, the thermocouple is not placed on

the substrate holder but on the side of heater case as close as
possible to the substrate holder. The key idea is that the temper-
ature at this point is representative of the temperature on the
substrate holder. However, it is clear that due to heat dissipation,
the temperature at these two points differ, and a correction to the
temperature controller must be included. To assess heat dissipa-

Fig. 4. Opposite side of the cover plate indicating the electric motor
and rotary feedthrough used for rotating the substrate holder. Point
G indicates an additional point were temperature was measured.
[Colour online.]

Fig. 5. VARIAC and temperature controller. [Colour online.]
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tion all over the chamber, we measured the temperature in sev-
eral points with the additional thermocouple. The points labelled
from A to F in Fig. 1 indicate the exact points where the tempera-
ture was measured when the temperature on the sample holder
(point A) was 700 °C after a 100 min plateau. The results are 700 °C,
545 °C, 179 °C, 110 °C, 71 °C, and 55 °C, respectively. Additionally,
we also measured the temperature on the opposite side of the
cover plate (point G in Fig. 4) and found a temperature of 41 °C.
The rest of the walls of the chamber remained at room tempera-
ture. Accordingly, we can see that heat diffusion by conduction in
the chamber is poor due to the thermal conductivity of stainless
steel. It is worth noting that for a power of 200 W, the maximum
temperature in the filament is 830 °C, while for the same power
the temperature at point B is 545 °C, thus losing 285 °C by radia-
tion from the filament to the heater case.

Bearing these results in mind, we compensated the difference
in temperature between the temperature on the sample holder

and on the heater case, so the thermocouple placed on the heater
case reads the actual temperature on the sample holder. This was
done by setting an offset temperature in the temperature control-
ler. After calibration, we measured the temperature up to 700 °C
with the thermocouple fixed to the heater case (thus representing
the actual temperature on the substrate holder) as a function of
power. The results are shown in Fig. 7 on the right. We can see
that the relationship between temperature and power is close to
linear.

Finally, we measured the heating and cooling ramps for a max-
imum temperature of 654 °C. The results are displayed in Fig. 8.
The vertical line divides the heating curve from the cooling curve.
As can be seen, it takes about 40 min to reach the maximum
temperature, and just 25 min to reach 400 °C, which are typical
times for heaters in vacuum chambers. In fact, this a typical time
for pumping down or venting a vacuum chamber. As we have not
implemented a cooling system, the heater cools down by heat
interchange with its surroundings. The cooling curve takes much
longer, about two hours to go from 654 °C to room temperature
and about 1 h to go from 400 °C to room temperature. This is
indeed a disadvantage with respect to heaters with cooling sys-
tems implemented [16]. Nonetheless, annealing a sample and (or)
venting the chamber helps to catalyze the cooling process and the
time waiting for cooling is less than an hour even for the maxi-
mum temperature.

4. Conclusions
We have designed and constructed a compact rotary heater that

was implemented in a RF magnetron sputtering system. The heat-
ing element is a filament fed with an AC power supply. The heater
is capable of rotating and maintaining a stable temperature of
700 °C for long periods of time, providing thermal energy for film
crystallization. Rotation contributes to eliminate unwanted tem-
perature and deposition gradients, favouring the growth of ho-
mogenous films. Furthermore, the heater was designed for easy
maintenance if the filament needs to be replaced. Lastly, we have
shown that even without a cooling system, the heater cools down
in a reasonable time. We conclude that the heater constructed
here fulfills the requirements for most deposition systems.

Acknowledgements
The authors gratefully acknowledge the support from the Na-

tional Council of Science and Technology (CONACYT) Mexico and

Fig. 6. Current–voltage characteristics of the filament. The filament
resistance remains constant and stable for the whole interval.
[Colour online.]

Fig. 7. Power dependence on temperature. The left scale is the
temperature as measured on the filament, while the right scale is
the temperature as measured on the heater case. [Colour online.]

Fig. 8. Heating and cooling curves. The vertical line defines the
inflection point. [Colour online.]

Perez et al. 1013

Published by NRC Research Press



the program Cátedras CONACYT through project 3035 and project
PIVA UACJ no. 334-18-12. We are also indebted to the anonymous
reviewer for the valuable comments that greatly improved the
quality of this work.

References
1. E. Atanassova, T. Dimitrova, and J. Koprinarova. Appl. Surf. Sci. 84, 193

(1995). doi:10.1016/0169-4332(94)00538-9.
2. H. Shinriki and M. Nakata. IEEE Trans. Electron Devices, 38, 455 (1991).

doi:10.1109/16.75185.
3. S. Kamiyama, P.-Y. Lesaicherre, H. Suzuki, A. Sakai, I. Nishiyama, and

A. Ishitani. J. Electrochem. Soc. 140, 1617 (1993).
4. G.Q. Lo, D.L. Kwong, and S. Lee. Appl. Phys. Lett. 62, 973 (1993). doi:10.1063/

1.108537.
5. Y. Kuo. J. Electrochem. Soc. 139, 579 (1992). doi:10.1149/1.2069261.
6. N. Donkov, A. Zykova, V. Safonov, R. Rogowska, and J. Smolik. Tantalum

pentoxide ceramic coatings deposition on Ti4A16V substrates for biomedical
applications. Voprosy Atomnoj Nauki i Tekhniki, 17, 131–133 (2011).

7. S.K. Roy. Bull. Mater. Sci. 11, 129 (1988). doi:10.1007/BF02744550.

8. T.J. Jackson and S.B. Palmer. J. Phys. D: Appl. Phys. 27, 1581 (1994). doi:10.1088/
0022-3727/27/8/001.

9. H.O. Pierson. Handbook of chemical vapor deposition. 2nd ed. Noyes Publications
(1994).

10. K.S. Sree Harsha. Principles of physical vapour deposition of thin films. Elsevier
(2006).

11. D.M. Mattox. Handbook of Physical Vapor Deposition (PVD) processing. William
Andrew (2010).

12. S. Berg and T. Nyberg. Thin Solid Films, 476, 215 (2005). doi:10.1016/j.tsf.2004.
10.051.

13. G. Braüer, B. Szyszka, M. Vergoöhl, and R. Bandorf. Vacuum, 84, 1354 (2010).
doi:10.1016/j.vacuum.2009.12.014.

14. P.L. Swart, B.M. Lacquet, and S. Reynecke. IEEE Trans. Nucl. Sci. 40 (3), 262
(1993). doi:10.1109/23.221048.

15. T.E. Jones, W.C. Mcginnyis, and J.S. Briggs. Rev. Sci. Instrum. 4, 65 (1994).
16. A. Márquez-Herrera, E. Hernández-Rodríguez, M.P. Cruz-Jáuregui,

M. Zapata-Torres, and A. Zapata-Navarro. Rev. Mex. Fis. 56, 85 (2010).
17. R.R. Kanchi and N.K. Uttarkar. Int. J. Appl. Phys. Math. 2, 194 (2012). doi:10.

7763/IJAPM.2012.V2.87.
18. E.R. Camargo and M. Kakihana. Chem. Mater. 13, 1905 (2001). doi:10.1021/

cm000900e.

1014 Can. J. Phys. Vol. 98, 2020

Published by NRC Research Press

http://dx.doi.org/10.1016/0169-4332(94)00538-9
http://dx.doi.org/10.1109/16.75185
http://dx.doi.org/10.1063/1.108537
http://dx.doi.org/10.1063/1.108537
http://dx.doi.org/10.1149/1.2069261
http://dx.doi.org/10.1007/BF02744550
http://dx.doi.org/10.1088/0022-3727/27/8/001
http://dx.doi.org/10.1088/0022-3727/27/8/001
http://dx.doi.org/10.1016/j.tsf.2004.10.051
http://dx.doi.org/10.1016/j.tsf.2004.10.051
http://dx.doi.org/10.1016/j.vacuum.2009.12.014
http://dx.doi.org/10.1109/23.221048
http://dx.doi.org/10.7763/IJAPM.2012.V2.87
http://dx.doi.org/10.7763/IJAPM.2012.V2.87
http://dx.doi.org/10.1021/cm000900e
http://dx.doi.org/10.1021/cm000900e

	Article
	1. Introduction
	2. Design and construction
	2.1. Design considerations
	2.2. Design and construction
	2.3. Instrumentation and materials used

	3. Results
	3.1. Initial tests
	3.2. Performance

	4. Conclusions

	Acknowledgements
	References


<<
	/CompressObjects /Off
	/ParseDSCCommentsForDocInfo true
	/CreateJobTicket false
	/PDFX1aCheck false
	/ColorImageMinResolution 150
	/GrayImageResolution 300
	/DoThumbnails false
	/ColorConversionStrategy /LeaveColorUnchanged
	/GrayImageFilter /DCTEncode
	/EmbedAllFonts true
	/CalRGBProfile (sRGB IEC61966-2.1)
	/MonoImageMinResolutionPolicy /OK
	/ImageMemory 1048576
	/LockDistillerParams true
	/AllowPSXObjects true
	/DownsampleMonoImages true
	/PassThroughJPEGImages true
	/ColorSettingsFile (None)
	/AutoRotatePages /PageByPage
	/Optimize true
	/MonoImageDepth -1
	/ParseDSCComments true
	/AntiAliasGrayImages false
	/GrayImageMinResolutionPolicy /OK
	/JPEG2000ColorImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/ConvertImagesToIndexed true
	/MaxSubsetPct 99
	/Binding /Left
	/PreserveDICMYKValues false
	/GrayImageMinDownsampleDepth 2
	/MonoImageMinResolution 1200
	/sRGBProfile (sRGB IEC61966-2.1)
	/AntiAliasColorImages false
	/GrayImageDepth -1
	/PreserveFlatness true
	/CompressPages true
	/GrayImageMinResolution 150
	/CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
	/PDFXBleedBoxToTrimBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/AutoFilterGrayImages true
	/EncodeColorImages true
	/AlwaysEmbed [
	]
	/EndPage -1
	/DownsampleColorImages true
	/ASCII85EncodePages false
	/PreserveEPSInfo false
	/PDFXTrimBoxToMediaBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/CompatibilityLevel 1.3
	/MonoImageResolution 600
	/NeverEmbed [
		/Arial-Black
		/Arial-BlackItalic
		/Arial-BoldItalicMT
		/Arial-BoldMT
		/Arial-ItalicMT
		/ArialMT
		/ArialNarrow
		/ArialNarrow-Bold
		/ArialNarrow-BoldItalic
		/ArialNarrow-Italic
		/ArialUnicodeMS
		/CenturyGothic
		/CenturyGothic-Bold
		/CenturyGothic-BoldItalic
		/CenturyGothic-Italic
		/CourierNewPS-BoldItalicMT
		/CourierNewPS-BoldMT
		/CourierNewPS-ItalicMT
		/CourierNewPSMT
		/Georgia
		/Georgia-Bold
		/Georgia-BoldItalic
		/Georgia-Italic
		/Impact
		/LucidaConsole
		/Tahoma
		/Tahoma-Bold
		/TimesNewRomanMT-ExtraBold
		/TimesNewRomanPS-BoldItalicMT
		/TimesNewRomanPS-BoldMT
		/TimesNewRomanPS-ItalicMT
		/TimesNewRomanPSMT
		/Trebuchet-BoldItalic
		/TrebuchetMS
		/TrebuchetMS-Bold
		/TrebuchetMS-Italic
		/Verdana
		/Verdana-Bold
		/Verdana-BoldItalic
		/Verdana-Italic
	]
	/CannotEmbedFontPolicy /Warning
	/AutoPositionEPSFiles true
	/PreserveOPIComments false
	/JPEG2000GrayACSImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/PDFXOutputIntentProfile ()
	/JPEG2000ColorACSImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/EmbedJobOptions true
	/MonoImageDownsampleType /Average
	/DetectBlends true
	/EncodeGrayImages true
	/ColorImageDownsampleType /Average
	/EmitDSCWarnings false
	/AutoFilterColorImages true
	/DownsampleGrayImages true
	/GrayImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.15
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/AntiAliasMonoImages false
	/GrayImageAutoFilterStrategy /JPEG
	/GrayACSImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.15
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/ColorImageAutoFilterStrategy /JPEG
	/ColorImageMinResolutionPolicy /OK
	/ColorImageResolution 300
	/PDFXRegistryName ()
	/MonoImageFilter /CCITTFaxEncode
	/CalGrayProfile (Gray Gamma 2.2)
	/ColorImageMinDownsampleDepth 1
	/JPEG2000GrayImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/ColorImageDepth -1
	/DetectCurves 0.1
	/PDFXTrapped /False
	/ColorImageFilter /DCTEncode
	/TransferFunctionInfo /Preserve
	/PDFX3Check false
	/ParseICCProfilesInComments true
	/ColorACSImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.15
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/DSCReportingLevel 0
	/PDFXOutputConditionIdentifier ()
	/PDFXCompliantPDFOnly false
	/AllowTransparency false
	/PreserveCopyPage true
	/UsePrologue false
	/StartPage 1
	/MonoImageDownsampleThreshold 1.0
	/GrayImageDownsampleThreshold 1.0
	/CheckCompliance [
		/None
	]
	/CreateJDFFile false
	/PDFXSetBleedBoxToMediaBox true
	/EmbedOpenType false
	/OPM 0
	/PreserveOverprintSettings false
	/UCRandBGInfo /Remove
	/ColorImageDownsampleThreshold 1.0
	/MonoImageDict <<
		/K -1
	>>
	/GrayImageDownsampleType /Average
	/Description <<
		/ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
		/PTB <>
		/FRA <>
		/NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
		/KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
		/NOR <>
		/DEU <>
		/SVE <>
		/ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
		/DAN <>
		/JPN <>
		/SUO <>
		/CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
		/ESP <>
		/CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
	>>
	/CropMonoImages true
	/DefaultRenderingIntent /RelativeColorimeteric
	/PreserveHalftoneInfo false
	/ColorImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.15
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/CropGrayImages true
	/PDFXOutputCondition ()
	/SubsetFonts true
	/EncodeMonoImages true
	/CropColorImages true
	/PDFXNoTrimBoxError true
>>
setdistillerparams
<<
	/PageSize [
		612.0
		792.0
	]
	/HWResolution [
		600
		600
	]
>>
setpagedevice


