2818

IEEE SENSORS JOURNAL, VOL. 13, NO. 8, AUGUST 2013

Selective Sensing of Individual Gases Using
Graphene Devices

Sergey Rumyantsev, Guanxiong Liu, Radislav A. Potyrailo, Alexandr A. Balandin, Fellow, IEEE,
and Michael S. Shur, Life Fellow, IEEE

Abstract— Graphene chemiresistors have enabled gas and
vapor detection with high sensitivity. However, changes in
graphene resistivity under the equilibrium gas exposure cannot
be used to determine both the gas concentration and its type,
making the sensing selectivity with resistive detection one of the
key barriers to overcome. In this paper, we report on using
low frequency noise to define the new characteristic parameters,
which, in combination with the resistance changes, form unique
gas signatures. The noise measurements can also be used in com-
bination with evaluating ‘“memory step” effect in graphene under
gas exposure. The “memory step” is an abrupt change of the
current near zero gate bias at elevated temperatures T > 500 K
in graphene transistors. The “memory step” in graphene under
gas exposure can be also used for high-temperature gas sensors,
and is attractive for harsh-environment applications.

Index Terms— Gas sensing, grapheme, noise, noise signature
of gas, memory step.

I. INTRODUCTION

RAPHENE has extremely high mobility [1]-[5], thermal
Gconductivity [6], [7], and ultimate surface-to-volume
ratio. The last property in combination with the low ther-
mal and 1/f noise [8], [9], relatively low contact resistance
[10], [11], and high electrical conductivity (tunable in a
graphene field effect transistor) makes graphene promising for
gas sensing applications [8], [12], [13].

The high-gas sensitivity of graphene, (with ability to detect
ultra-low concentrations down to <1 ppb), and the lin-
ear dependence of the response to the gas concentration
have been already demonstrated for a number of gases
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(see reviews [12], [13] and references therein). Different DC
parameters of graphene including resistivity, shift of the charge
neutrality voltage (Dirac voltage), and frequency of the surface
acoustic waves have been proposed as sensing parameters
[12], [13]. However, the selectivity of gas sensing using the
pristine graphene and above-mentioned sensing parameters has
been limited.

In this paper, we discuss two new sensing parameters: low
frequency noise [14] and “memory step” [15].

Noise is usually considered as one of the main limiting
factors for the detector sensitivity. However, the electronic
noise itself can be used as a sensing parameter [16]. We
show that low frequency noise measurements, in combination
with other DC parameters, enhance the graphene gas sensor
selectivity (see also [14]).

Another graphene property, which can be used for sens-
ing applications, is so-called “memory step” [15]. At ele-
vated temperatures (> 500 K), current-voltage characteristics
of graphene transistors exhibit an abrupt change of the current
near zero gate bias (this effect was called the “memory step”
in [15]). The slower the gate voltage sweeps make memory
steps more pronounced. Despite differences in current volt-
age characteristics, particularly in charge neutrality voltage,
the memory step always appears at zero gate voltage. This
new phenomenon in graphene can be used for applications
in sensors at high temperatures, in combination with noise
measurements.

II. GRAPHENE DEVICE FABRICATION AND
MEASUREMENT PROCEDURE

Graphene samples were produced by mechanical exfolia-
tion from highly oriented pyrolytic graphite and placed on
Si/Si0O, substrates using a standard procedure. Graphene flakes
were selected using micro-Raman spectroscopy through the
2D/G-band deconvolution. Drain and source contact areas
were defined by Leol550 electron-beam lithography. The
degenerately doped Si substrate acted as a back gate (some
transistors had top gate as well). Fig. 1 shows the tran-
sistor current-voltage characteristics measured in atmosphere
environment. The mobility and contact resistance were esti-
mated using transmission line model structures, four probe
measurements (see inset in Fig. 1) and by analyzing the
current voltage characteristics. We found the mobility of both
electron and holes within the range 5000—1300 cm?/Vs. The
value of the contact resistance per unit width varied from
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Fig. 1. Current—voltage characteristics of bottom gate transistor. Inset shows
SEM image for four probe measurement.
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Fig. 2. Comparison of noise in graphene and carbon nanotubes. Data for

nanotubes are from [18], [19]. Inset shows noise spectra in graphene at
different gate voltages.

0.2 to 2 Q mm. At high absolute value of the gate voltage this
contact resistance makes a significant contribution to drain to
source resistance.).

The low-frequency noise was measured in a common source
mode in the frequency range from 1 Hz to 50 kHz at
300 K. Inset in Fig. 2 shows examples of the noise spectra at
different gate voltages. Comparison of the noise in graphene
and nanotubes demonstrated that graphene is less noisy (see
Fig. 2).

Current-voltage and noise characteristics were measured in
atmosphere environment and under the exposure to the laminar
flow of the following vapors: methanol, ethanol, tetrahydrofu-
ran, chloroform, acetonitrile, toluene, and methylene chloride.
Different vapors were generated by bubbling dry carrier gas
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Fig. 3. Dependence of resistance on time under the exposure to ethanol and
change of the humidity.

(air) through a respective solvent and further diluting the gas
flow with the dry carrier gas. All vapors were generated at
concentrations of ~0.5 P/Po, where P is the vapor pressure
during the experiment and Po is the saturated vapor pressure.

When the constant voltage was applied to the gate, the drain
current relaxed slowly to its steady-state value. This effect is
known [17] and attributed to the deep traps in oxide. In order
to avoid this drift all measurements were performed at zero
gate voltage, i.e. on the “hole” part of the current voltage
characteristic (see Fig. 1).

III. RESULTS AND DISCUSSION

The graphene transistor exposure to the vapor changed the
resistance and noise spectra. The changes in the resistance
and noise were not always correlated and can be used as
independent parameters in the analysis of the sensor response.

Fig. 3 shows the resistance changes under the exposure
to ethanol and different levels of humidity. As seen, the
resistance response is rather slow and takes several hundreds
of seconds to reach the steady state condition. Note also
the different characteristic times of the response to ethanol
and humidity. Surface functionalization [20] and operation
at elevated temperatures [21], [22] significantly reduce the
response and recovery times of carbon allotrope sensors based
on carbon nanotubes and graphene. The process of degassing
can be also accelerated by the exposure to ultraviolet (UV)
light. We used 280 nm SET Inc. light emitting diodes to study
the effect of the UV light on the degassing process (see Fig. 3).
However extending exposure to UV damages the graphene and
alters the device characteristics.

While some vapors change the electrical resistance of
graphene devices without changing their noise spectra, others
introduce distinctive Lorentzian bulges with different char-
acteristic frequencies f.. Fig. 4 shows the noise spectra
measured in open air and under the exposure to different
vapors. As seen, the noise spectra in the presence of the
vapors reveal characteristic bulges over 1/ f noise background.
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Fig. 4. Noise spectra of grapheme transistor in different gas environments.

Inset shows the same noise spectra in the narrower frequency span. Multiple
spectra shown for the same condition demonstrate perfect reproducibility of
the noise measurements.

The characteristic frequencies of these bulges are different for
different gases and can serve as components of the gas signa-
tures. Noise spectra under the vapor exposure were reproduced
very well-see multiple overlapping spectra in Fig. 4 and in the
inset.

Noise analysis has also been recently performed for
graphene and SnO;/graphene nanocomposites with the goal of
improving the signal-to-noise of conventional electrical current
measurements [21]. Unlike this paper, our focus is to extract
the vapor-dependent information from the analysis of the noise
spectra.

The characteristic frequency f. is easier to extract from the
noise spectra multiplied by frequency f, versus f as shown
in Fig. 5.

Another unique parameter, which can serve as a part of a

gas signature, can be defined as:
S1(fes)
/ 71; fes.

_ SI(ch) Sy (fcn)
Y = 72 12 Jen

Parameter y describes the rate of change of the noise times
frequency product S;/I* x f as a function of frequency. This
parameter reflects the properties of noise sources, such as
traps. In case of a pronounced generation-recombination noise,
the value of y correlates with the width of the recombination-
generation bulge in the noise spectrum. The inset in Fig. 5
shows the value of this parameter y along with the relative
resistance change AR/R. Table I shows the whole set of
parameters for different gases, which can serve as distinctive
signature components for specific vapors enabling highly
selective gas sensing with a single graphene device.

These findings demonstrate that a selective) sensing of
individual gases is possible with a single) graphene transistor
and does not require an array of sensors functionalized for
each chemical separately.

The capability for discriminating gases using a single
graphene transistor was evaluated using a principal com-
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TABLE 1
CHARACTERISTIC FREQUENCY f. AR/R, AND PARAMETER y FOR
DIFFERENT GASES

Gas fc, Hz y AR/R %
Open air none 0.055 -
Toluene none 0.055 15
Tetrahydrofuran ~ 10-20 0.175 18
Chloroform 7-9 and 0.031 -25
1300-1600
Acetonitrile 500-700 0.0535 -35
Methanol 250-400 0.134 —40
Ethanol 400-500 0.048 -50
, %
40
4 tetrohydrofuran methanbl 20
10" - 0.0 FRLIRISES 510
v T ] 5 -20
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Fig. 5. Noise spectrum frequency products for different gas environments.

Inset shows parameters y and AR/R, which serve as a signature of the given
vapor.

ponents analysis (PCA) technique [23] done in MATLAB
(The Mathworks Inc., Natick, MA). PCA is a commonly
used unsupervised and robust pattern recognition approach for
analysis of multivariate data. PCA projects the data set onto a
subspace of lower dimensionality with removed collinearity.
PCA achieves this objective by explaining the variance of
the data matrix in terms of the weighted sums of the orig-
inal variables without significant loss of information. These
weighted sums of the original variables are called principal
components (PCs). In PCA, the scores plots show the relations
between analyzed samples (different gases in our studies). For
the development of our PCA model, we analyzed the entire
measured noise spectra from 1 Hz to 50 kHz. A more detailed
estimation of the precision of our PCA determinations is the
focus of our upcoming study.

The scores plot of the first two PCs is shown in Fig. 6,
illustrating the diversity of noise features originated from all
gases. The larger the distance between the data points in the
scores plot, the larger the difference in the response pattern
between the respective gases. The first two PCs explained
over 99% of the total variation captioned by the PCA model.
The difference in the response patterns of tested gases could
provide the insights to the details of different mechanisms of
interactions of different gases with graphene.

At elevated temperatures (> 500 K) current-voltage char-
acteristics of graphene transistors exhibit an abrupt change of
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Fig. 6. PCA scores plot of the first two principal components of the response
of the graphene transistor to different gases. For PCA classification, noise
spectra were autoscaled.
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Fig. 7.  Current—voltage characteristics exhibiting the memory step for

samples A and B for different temperatures and sweep speed.

the current near zero gate bias (called the “memory step”),
see Fig. 7. The slower the gate voltage sweep-the more
pronounced is the step in the current. Despite differences in
current voltage characteristics, particularly in charge neutrality
voltage, the memory step always appears at zero gate voltage.
Since the memory step is very sensitive to temperature and
gate voltage changes, we expect it to be sensitive to the envi-
ronment changes as well. This new phenomenon in graphene
can be used for applications in sensors at high temperatures,
in combination with noise measurements. Such studies will be
reported elsewhere.

IV. CONCLUSION

We found that while the noise spectra of graphene transistor
in open air are close to the 1/f noise, vapors of different
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chemicals produce distinctive changes on the noise spectra.
Most vapors introduce bulges with different characteristic
frequencies f.. In this case the frequency dependences of the
noise spectra multiplied by frequency f have one or more
maxima at different values of f. with different widths. The
frequency f. of the vapor-induced bulge, the relative resistance
change AR/R, and newly introduced parameter y can serve
as distinctive signatures for specific vapors. This allows us
achieving selective gas sensing with a single graphene device.
We also propose that the new phenomenon in graphene (called
the “memory step”) can be used for sensing applications in
sensors at high temperatures, in combination with the noise
measurements.

REFERENCES

[1] K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, M. I. Katsnelson,
I. V. Grigorieva, S. V. Dubonos, and A. A. Firsov, “Two-dimensional gas
of massless Dirac fermions in graphene,” Nature, vol. 438, pp. 197-200,
Nov. 2005.

[2] Y. Zhang, Y. W. Tan, H. L. Stormer, and P. Kim, “Experimental
observation of the quantum Hall effect and Berry’s phase in graphene,”
Nature, vol. 438, pp. 201-204, Nov. 2005.

[3] P. Blake, R. Yang, S. V. Morozov, F. Schedin, L. A. Ponomarenko,
A. A. Zhukov, 1. V. Grigorieva, K. S. Novoselov, and A. K. Geim,
“Influence of metal contacts and charge inhomogeneity on transport
properties of graphene near the neutrality point,” Solid State Commun.,
vol. 149, pp. 1068-1071, Jun. 2009.

[4] A. K. Geim and K. S. Novoselov, “The rise of graphene,” Nature Mater.,
vol. 6, no. 3, pp. 183-191, Mar. 2007.

[5] K. I. Bolotin, K. J. Sikes, J. Hone, H. L. Stormer, and P. Kim,
“Temperature-dependent transport in suspended graphene,” Phys. Rev.
Lett., vol. 101, no. 9, pp. 096802-1-096802-4, May 2008.

[6] A. A. Balandin, S. Ghosh, W. Bao, 1. Calizo, D. Teweldebrhan, F. Miao,
and C. N. Lau, “Superior thermal conductivity of single-layer graphene,”
Nano Lett., vol. 8, no. 3, pp. 902-907, Feb. 2008.

[71 A. A. Balandin, “Thermal properties of graphene and nanostructured
carbon materials,” Nature Mater., vol. 10, pp. 569-581, Jun. 2011.

[8] F. Schedin, A. K. Geim, S. V. Morozov, E. W. Hill, P. Blake, M. 1. Kat-
snelson, and K. S. Novoselov, “Detection of individual gas molecules
adsorbed on graphene,” Nature Mater., vol. 6, no. 9, pp. 652-655, 2007.

[9] S. Rumyantsev, G. Liu, W. Stillman, M. S. Shur, and A. A. Balandin,

“Electrical and noise characteristics of graphene field-effect transistors:

Ambient effects, noise sources and physical mechanisms,” J. Phys.

Condensed Matter, vol. 22, p. 395302, Aug. 2010.

G. Liu, S. Rumyantsev, M. S. Shur, and A. A. Balandin, “Origin of 1/f

noise in graphene multilayers: Surface vs. volume,” Appl. Phys. Lett.,

vol. 102, pp. 093111-1-093111-5, 2013.

[11] F. Xia, V. Perebeinos, Y. M. Lin, Y. Wu, and P. Avouris, “The origins

and limits of metal-graphene junction resistance,” Nature Nanotechnol.,

vol. 6, pp. 179-184, Feb. 2011.

K. Ratinac, W. Yang, S. P. Ringer, and F. Braet, “Toward ubiquitous

environmental gas sensors capitalizing on the promise of graphene,”

J. Environ. Sci. Technol., vol. 44, no. 4, pp. 1167-1176, Jan. 2010.

R. A. Potyrailo, C. Surman, N. Nagraj, and A. Burns, “Materials and

transducers toward selective wireless gas sensing,” Chem. Rev., vol. 111,

no. 11, pp. 7315-7354, 2011.

S. Rumyantsev, G. Liu, M. S. Shur, R. A. Potyrailo, and A. A. Balandin,

“Selective gas sensing with a single pristine graphene transistor,” Nano

Lett., vol. 12, no. 5, pp. 2294-2298, Apr. 2012.

S. Rumyantsev, G. Liu, M. S. Shur, and A. A. Balandin, “Observation

of the memory steps in graphene at elevated temperatures,” Appl. Phys.

Lett., vol. 98, no. 22, pp. 222107-1-222107-3, May 2011.

[16] L. B. Kish, R. Vajtai, C. G. Granqvist, and S. B. Actuators, “Extracting

information from noise spectra of chemical sensors: Single sensor

electronic noses and tongues,” Sens. Actuators B, Chem., vol. 71,

pp- 55-59, Nov. 2000.

S. A. Imam, S. Sabri, and T. Szkopek, “Low-frequency noise and

hysteresis in graphene field-effect transistors on oxide,” Micro Nano

Lett., vol. 5, no. 1, pp. 37-41, Feb. 2010.

E. S. Snow, J. P. Novak, M. D. Lay, and F. K. Perkins, “1/f noise

in single-walled carbon nanotube devices,” Appl. Phys. Lett., vol. 85,

no. 18, pp. 4172-4174, Nov. 2004.

(10]

(12]

(13]

[14]

[15]

(17]

(18]



2822

[19] S. Rumyantsev, P. Ajayan, A. Vijayaraghavan, S. Kar, A. Khanna,
C. Soldano, N. Pala, R. Vajtai, O. Nalamasu, and M. Shur, “Effect of
atmospheric pressure on conductance fluctuations in single-wall carbon
nanotubes devices,” in Proc. 14th Int. Symp. Nanostruct. Phys. Technol.,
Jun. 2006, pp. 26-30.

C. Y. Lee and M. S. Strano, “Amine basicity PKb controls the analyte
binding energy on single walled carbon nanotube electronic sensor
arrays,” J. Amer. Chem. Soc., vol. 130, no. 5, pp. 1766—1773, Jan. 2008.
J. D. Fowler, M. J. Allen, V. C. Tung, Y. Yang, R. B. Kaner, and
B. H. Weiller, “Practical chemical sensors from chemically derived
graphene,” ACS Nano, vol. 3, no. 2, pp. 301-306, Jan. 2009.

F. L. Meng, H. H. Li, L. T. Kong, J. Y. Liu, Z. Jin, W. Li, Y. Jia,
J. H. Liu, and X. J. Huang, “Parts per billion-level detection of benzene
using SnOj/graphene nanocomposite composed of sub-6 nm SnO;
nanoparticles,” Anal. Chim. Acta, vol. 736, pp. 100-107, Jul. 2012.

R. A. Potyrailo, A. M. Leach, and C. M. Surman, “Multisize CdSe
nanocrystal/polymer nanocomposites for selective vapor detection iden-
tified from high-throughput screening experimentation,” ACS Combinat.
Sci., vol. 14, no. 3, pp. 170-178, Mar. 2012.

[20]
[21]

[22]

[23]

Sergey L. Rumyantsev (SM’02) received the M.S.E.E. degree from the
Leningrad Electrotechnical Institute, Leningrad, Russia, in 1977, the Ph.D.
degree in physics from the Leningrad Polytechnical Institute, Leningrad, in
1986, and the Doctor of Science (Habilitation) degree from the A. F. Ioffe
Institute of Physics and Technology, Lenningrad, in 1996.

He was with the A. F. Ioffe Institute of Physics and Technology from 1977
to 1980. From 1977 to 1989, he was with Industrial and Scientific Corporation
“Svetlana.” Since 1989, he has been a Research Fellow with the A. F. Ioffe
Institute of Physics and Technology. Since 1999, he has been with the
Rensselaer Polytechnic Institute, Troy, NY, USA. He has published more than
130 papers in refereed journals. He has authored, co-authored, or edited seven
books. His current research interests include noise in microwave and optical
devices, microwave semiconductor devices, wide band gap semiconductors
(SiC, GaN, AIN, CdS), power Si, SiC, GaN devices, organic semiconductors,
carbon nanotubes, sensitive skin, terahertz electronics, and graphene.

Guanxiong Liu received the B.E. degree in elec-
tronic science and technology from the Beijing Uni-
versity of Aeronautics and Astronautics, Beijing,
China, and the Ph.D. degree in electrical engineering
from the University of California, Riverside, CA,
USA, in 2007 and 2012, respectively.

He is currently a Research Scientist with Blue-
stone Global Tech, Wappingers Falls, NY, USA, a
. graphene high-tech company based in New York.
\ His current research interests include electronic

noise properties of graphene devices, graphene sen-
sor, graphene nanoribbon fabrication, heat removal with graphene, and analog,
RF circuit applications of graphene transistors and graphene based transparent
conductive electrode material.

Radislav A. Potyrailo received the Optoelectronics degree from the Kiev
Polytechnic Institute, Kiev, Ukraine, and the Ph.D. degree in analytical
chemistry from Indiana University, Bloomington, IN, USA.

He is a Principal Scientist with GE Global Research Center, Niskayuna,
NY, USA. He has more than 150 publications and holds more than 75 granted
U.S. Patents. He gave more than 60 invited and several keynote lectures on
national and international technical meetings. His current research interests
include functional nanomaterials, bioinspired photonics, and wireless sensors.

Dr. Potyrailo serves as an Editor of the Springer book series Integrated
Analytical Systems, Consulting Editor of ACS Combinatorial Science, and
Editorial Board Member of Sensors. He was the recipient of the 2010 Prism
Award for photonics innovation by SPIE and the 2012 Blodgett Award by GE
Global Research for outstanding technical achievements. He was elected SPIE
Fellow for achievements in fundamental breakthroughs in optical sensing and
innovative analytical systems in 2011.

IEEE SENSORS JOURNAL, VOL. 13, NO. 8, AUGUST 2013

Alexander A. Balandin (F’12) received the B.S.
and M.S. degrees (summa cum laude) in applied
physics and mathematics from the Moscow Insti-
tute of Physics and Technology (MIPT), Moscow,
Russia, and the M.S. and Ph.D. degrees in electrical
engineering from the University of Notre Dame,
Notre Dame, IN, USA, in 1989, 1991, 1995, and
1997, respectively.

He was a Research Engineer with the Department
of Electrical Engineering, University of California-
Los Angeles, CA, USA, from 1997 to 1999. He
joined the Department of Electrical Engineering, University of California-
Riverside (UCR), Riverside, CA, USA, in 1999, where he is currently a
Professor of electrical engineering and the Director of the Nano-Device
Laboratory, which he organized with extramural funding in 2000. In 2005,
during his sabbatical, he was a Visiting Professor with the University of Cam-
bridge, Cambridge, U.K. He is a Founding Chair of the UCR campus-wide
Materials Science and Engineering Program. His current research interests
include advanced materials, nanostructures, and nanodevices for electronics,
optoelectronics and energy conversion. He conducts both experimental and
theoretical research. He is recognized internationally as a pioneer of the
phononics and graphene thermal fields who discovered unique heat conduction
properties of graphene, explained them theoretically and proposed graphene’s
applications in thermal management, thermally-aware electronics and energy
storage. He made key contributions to the development of the phonon
engineering concept and its thermoelectric energy and electronic applications.
He is known for his works on thermal transport in nanostructures, exciton
and phonon confinement effects, 1/f noise in electronic devices, physics and
applications of quantum dots and graphene. He has authored 185 technical
papers, 12 invite chapters, edited/authored six books and the five-volume
Handbook of Semiconductor Nanostructures and Nanodevices (ASP, 2002).
His h-index is 50 and his papers were cited more than 11,000 times. He has
given 80 plenary, keynote and invited talks at conferences, universities and
government organizations.

Prof. Balandin was a recipient of the IEEE Pioneer of Nanotechnology
Award for 2011, the U.S. Office of Naval Research (ONR) Young Investigator
Award, the U.S. National Science Foundation (NSF) CAREER Award, the
University of California Regents Award, the Civil Research & Development
Foundation (CRDF) Award, and the Merrill Lynch Innovation Award. He
is an elected fellow of several major professional societies, including APS,
IEEE, OSA, SPIE, IOP, IOM3, and AAAS. He serves as the Editor of
the IEEE TRANSACTIONS ON NANOTECHNOLOGY, and as an Editor-in-
Chief of the Journal of Nanoelectronics and Optoelectronics. His research
has been supported though grants and contracts from NSF, ONR, AFOSR,
ARO, NASA, DOE, SRC, DARPA, CRDF, UC MICRO, IBM, TRW, and
Raytheon.

Michael S. Shur (M’78-F’89-LF’11) received the
M.S.E.E. degree (Hons.) from the St. Petersburg
Electrotechnical Institute, and the Ph.D. and Dr.Sc.
degrees from the A. F. Ioffe Institute, St. Petersburg,
Russia.

He is a Roberts Professor and Director of the NSF
I/UCRC at RPL

Dr. Shur was a recipient of the St. Petersburg
Technical University Honorary Doctorate, the IEEE
Sensors Council Technical Achievement Award, the
IEEE Donald Fink Best Paper Award, the IEEE
Kirchmayer Award, the Gold Medal of the Russian Education Ministry, the
van der Ziel Award, the Senior Humboldt Research Award, the Pioneer Award,
RPI Engineering Research Award, and several Best Paper Awards. He is listed
by the Institute of Scientific Information as a Highly Cited Researcher. He
was elected Foreign Member of the Lithuanian Academy of Sciences, in
2009. He is a Life Fellow of APS, and a fellow of OSA, SPIE, ECS, IET,
MRS, WIF, AAAS, a member of Eta Kappa Nu, Tau Beta Pi, and ASEE,
an elected member and former Chair of US Commission D, former member
of NRC URSI, and a Life Member of IEEE MTT, Sigma Xi, and Humboldt
Society. He is the Editor-in-Chief of the International Journal of High Speed
Electronics and Systems and a book series on Electronics and Systems,
Regional Editor of physica status solidi, Member of the Honorary Board of
Solid State Electronics and the JSTS International Advisory Committee, the
Vice-President for Conferences of the IEEE Sensor Council, a Distinguished
Lecturer of the IEEE EDS, and a former Associate Editor of the IEEE
TRANSACTIONS ON EDUCATION. He is a co-founder and Vice-President of
Sensor Electronics Technology, Inc.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /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.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /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.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


