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Chemical Sensors

INTRODUCTION

Physical Sensor - device that measures temperature, pressure, 
flow, light intensity, acceleration, motion, etc.

Chemical Sensor - measures chemical nature of its environment, 
while it may contain a physical sensor, it is usually incorporates a 
chemically selective membrane, film or layer.
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Biological Sensor - a sensor that incorporates a biological entity 
(enzyme, antibody, bacteria, etc.)

or
Physical or Chemical that is used in bioanalytical measurements, 
sometimes called a Bioprobe.  For example a pressure sensor 
used to measure blood pressure or a chemical sensor used to 
measure chemical concentrations in urine.



Chemical Sensors

CHEMIRESISTOR

Simple interdigitated electrodes coated 
with a chemically sensitive layer that 
changes the resistance in response to a few 
ppm of some (or many) chemicals
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Resistor with
25µm gaps

25µm length
7250µm width

For example: carbon black mixed with 
polymer, the polymer swells breaking 
some of the carbon black connections 
increasing resistance of the sensor



Chemical Sensors

MODELING OF PARALLEL RESISTANCE CHANGE

If each resistor is identical with 
value equal to 400 ohms, what is 
the total resistance?

Answer 20 ohms

If two of the resistors in each 
row open circuits, what is the 
total resistance?
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row open circuits, what is the 
total resistance?

Answer 40 ohms

If two resistors in one row open 
circuits, what is the total 
resistance? 

Answer 22.22 ohms or 11%



Chemical Sensors

MODELING OF SERIES RESISTANCE CHANGE

If each resistor is identical with 
value equal to 400 ohms, what is 
the total resistance?

Answer 500 ohms

If two resistors in each row open 
circuits, what is the total 
resistance?

© April 24, 2011 Dr. Lynn Fuller

Rochester Institute of Technology

Microelectronic Engineering

Page 6

circuits, what is the total 
resistance?

Answer 1000 ohms

If two resistors in one row open 
circuits, what is the total 
resistance? 

Answer 600 ohms or 20%



Chemical Sensors

SUMMARY OF DESIGN ARCHITECTURE

Series architecture with coatings whose resistance increases in the 
presence of  some chemical being detected gives more sensitivity

Parallel architecture with coatings whose resistance decreases in the 
presence of some chemical being detected gives more sensitivity.

If the coating is perfectly uniform 
and responds uniformly then both
architecture approaches give 
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and responds uniformly then both
architecture approaches give 
identical results.

Series Sensor 
Design by 
Ellie Brion 2010
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CHIPS MADE WITH PARALLEL ARCHITECTURE
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Ellen Sedlack



Chemical Sensors

FINISHED WAFERS OF CHEMICAL SENSORS

Gold Gold
Chrome Chrome

Au - 1000Å
Cr -300Å

SiO2 - 5000Å
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Gold on Chrome on Oxide on Silicon Wafers

Silicon

Chrome Chrome

Insulator
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DICED WAFER – CONNECTION LEADS
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Fabrication by Ellen Sedlack 2010
Leads make contact by pressure 
or can be soldered to the gold



Chemical Sensors

CARBON BLACK MIXED WITH AIRPLANE GLUE
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Glue and Carbon Black mixed by hand and 
diluted with a drop of acetone then applied 
by hand (painted) on the sensor chip
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NAIL POLISH AND CARBON BLACK
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Thinner coatings are more sensitive



Chemical Sensors

COATING TO DETECT ETHANOL

♦ 2 µm of (3,4-polyethylenedioxythiopene-polystyrenesulfonate) 
PEDOT polymer is applied to interdigitated electrodes and cured at 
100 ºC for 30 minutes

� PEDOT is a conductive polymer which upon exposure to ethanol 
vapors, will adsorb the ethanol causing the polymer to swell which 
results in a measurable change of resistance across the electrodes
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Steve Parshall, Dr. KSV
May 2006



Chemical Sensors

DEFINITION OF TERMS – FOR COATINGS

ISE – Ion Sensitive electrodes
ISFET – Ion Sensitive Field Effect Transistor
Ionophore – compounds that allow specific ions to move through a membrane that 

they otherwise would not be able to pass through.
Oligomer – low molecular weight monomers often used with photocurable polymers
Polymer- major substance in a coating film, gives the film strength
Permselectivity – intrinsic ion selectivity of the polymer film itself
Plasticizer – increases the plasticity of a substance, making it more flexible, prevent 
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Plasticizer – increases the plasticity of a substance, making it more flexible, prevent 
cracking, 

Solvent – any substance that dissolves another substance.  Allows the substance to 
flow for coating purposes.

Phthalates – one type of plasticizer commonly used  but is a Teratogen (causes birth 
defects) restricted use since 1976 in Europe

UV Blocker – blocks ultraviolet radiation
Rheological Properties – flow characteristics
Photoinitiator – causes cross linking in the presents of light
Crosslinker – used with low molecular weight monomers, causes cross linking
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POLYMERS USED TO MAKE SENSORS

Air Plane Glue
Bond adhesives Co., Multipurpose Adhesive 527
From the MSDS: Nitrocellulose (polymer) 25%-X%

Trade Secret (plasticizer ) X%
Acetone (solvent) 66%
Isopropanol (solvent) 7%

Propylene Glycol Monoethyl Ether (rheological properties) 4%
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Nail Polish
Cellulose Acetate Solution
From the MSDS: Nitrocellulose (polymer) 10%

Di butyl Phthalate (plasticizer) 1%
Camphor (aromatic) 5%
Benzophenone-1 (UV Blocker) 1%
Toluene (solvent) 5%
Butyl acetate (solvent) 25%
Ethyl Acetate (solvent) 45%
Isopropyl Alcohol (solvent) 5%
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TESTING OF RESISTIVE CHEMICAL SENSOR

Computer controlled ohmmeter 
measures resistance every 
second for 3 min.

Output is plotted versus time.
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30s off, 30s on, 60s off, 30s on, 30s off



Chemical Sensors

GAS CONCENTRATION CALCULATOR

Rochester Institute of Technology 20-Mar-06

Microelectronic Engineering Dr. Lynn Fuller

Concentration Calculations:

When testing chemical sensors it is important to know the concentration of the chemical to determine

the sensitivity.  For chemicals that are available as a liquid but evaporate in a volume of air, one can use

the following equation to find the concentration in parts per million (ppm)

 Concentration (in ppm) = [Weight (mg) / Chamber volume (m3)] X BAC = Blood Alcohol Concentration

                              [Volume of one  mole of air (L/mole) / Molecular weight of sample (g/mole)] BAC = wt. In gm of ethanol/100m

BAC = wt. In gm of ethanol/210L

To use this spread sheet input values in the white boxes and results will be displayed in purple boxes
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volume of liquid = 0.0002 ml Chamber Volume = 0.25

Example: mass of liquid = volume x density 0.1632 mg 0.000163

Chamber of 1 Liter = 1000 cm3 = 0.001 m3 Chamber volume = 0.00025 m3 210

Volume of air = 24.45 L/mole Volume of air = 24.45 L/mole 0.137088

molecular wt sample= 46.06952 g/mole

note: valid at T=25°C and P=760 mm Hg Ex: 0.0002ml ethanol in250 mL 

Concentration in ppm = 346 ppm which is equivalent to 346 ppm

Data:

Chemical Chemical Molecular   Density Select

name formula weight Kg/m3 one entry =1, others = 0

methanol CH3OH 32.04243 810 0

ethanol CH3CH2OH 46.06952 816 1

2-propanol CH3CH2CH2OH 60.09661 804.13 0

acetone CH3COCH3 58.08 784.58 0

Reference: http://www.ilpi.com/msds/ref/concentration.html



Chemical Sensors

NAIL POLISH / CARBON BLACKRESPONSE TO 
ACETONE AND ISOPROPANOL

30s off, 30s on, 60s off, 30s on, 30s off
0.5 ml Acetone/ 125 ml bottle = 4000 ppm
Resistance goes from ~100 ohms (no vapor) 
to ~ 100,000 ohms (with vapor)
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30s off, 30s on, 60s off, 30s on, 30s off
Isopropanol ~ 10,000 ppm
No Response
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AIR PLANE GLUE / CARBON BLACK TEST RESULTS
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AIR PLANE GLUE RESPONSE TO PROPANOL
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Chemical Sensors

SUMMARY FOR TWO DIFFERENT COATINGS

Carbon Black mixed with Airplane Glue (Bond 527 Multipurpose 
Cement) is sensitive to Acetone and isopropynol

Carbon Black mixed with Nailpolish is sensitive to Acetone.

Solvents interact with the polymer, plasticizer or other additives in the 
film causing swelling.  For example nail polish and airplane glue have 
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film causing swelling.  For example nail polish and airplane glue have 
the same base polymer, Nitrocellulose, which swells in the presence of 
acetone and both show acetone sensitivity.  Nail polish does not show 
sensitivity to alcohol but air plane glue does so one explanation is that 
the alcohol sensitivity in air plane glue is due to the type of plasticizer 
used.  
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MEMS CHEMICAL GAS SENSOR (NOSE)
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MEMS CHEMICAL GAS SENSOR (NOSE)
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MEMS CHEMICAL GAS SENSOR (NOSE)
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MEMS CHEMICAL GAS SENSOR (NOSE)
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MEMS CHEMICAL GAS SENSOR (NOSE)
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MEMS CHEMICAL GAS SENSOR (NOSE)
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Chemical Sensors

CHEMICAPACITOR

Two conductors separated by a 
material that changes its dielectric 
constant as it selectively absorbs 
one or more chemicals.  

Some humidity sensors are made 
using a polyimide layer as a 
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Some humidity sensors are made 
using a polyimide layer as a 
dielectric material.

Heaters can help increase the 
response time.
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DIELECTRIC CONSTANT OF SELECTED MATERIALS

Vacuum 1

Air 1.00059

Acetone 20

Barium strontium 
titanate

500

Benzene 2.284

Conjugated 
Polymers

6 to 100,000

Methanol 30

Photoresist 3

Plexiglass 3.4

Polyimide 2.8

Rubber 3

Silicon 11.7

Silicon dioxide 3.9
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Polymers

Ethanol 24.3

Glycerin 42.5

Glass 5-10

Silicon Nitride 7.5

Teflon 2.1

Water 80-88

http://www.asiinstruments.com/technical/Dielectric%20Constants.htm
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RIT HUMIDITY SENSOR TEST RESULTS

In Bottle
In Air

In Bottle In Bottle
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We put a small quantity of  water in a 
1000ml bottle.  The sensor was put 
into the bottle and the capacitance 
increased, when removed from the 
bottle the capacitance decreased.

Packaged RIT 
Humidity Sensor
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METAL OXIDE GAS SENSOR

Poly Heater

SnO2R1 R1’
Resistance changes in 
presence of Hydrogen
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The metal oxide (SnO2, TiO2, In2O3, ZnO, WO etc.) will react with 
adsorbed ambient oxygen to form an electron trap (O-) on the surface 
increasing the resistance R1-R1’.  When combustible gases are 
present (H2 for example) the hydrogen reacts at the surface to reverse 
the effect of the adsorbed oxygen reducing the resistance.  The heater 
keeps the film at a fixed but elevated temperature (250 °C)
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METAL OXIDE GAS SENSOR

Inorganic Coating for Chemical Sensors
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From: Micromachined Transducers, Gregory T.A. Kovacs,



Chemical Sensors

CHEMOMECHANICAL 

The two cantilever structures 
have piezoresistive sensors to 
measure the change in the 
resonant frequency of the 
beams due to additional mass.  
The beams have a chemical 
selective film at the end of the 
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selective film at the end of the 
cantilever that reacts or 
absorbs the chemical to be 
sensed.  The additional mass is 
detected in a change in 
resonant frequency.

From: Micromachined Transducers, Gregory T.A. Kovacs,
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CHEMOMECHANICAL
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From: Micromachined Transducers, Gregory T.A. Kovacs,
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ION-SENSITIVE FETS ISFETS

SiO2/Si3N4 Gate Insulator

DrainSource

Id
s 

(A
m

ps
)

RIT’s First ISFETs

2010 Murat BaylavReference
Electrode

pH ~ 4
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Silicon

When immersed in a solution 
containing ions, the ions at the 
surface of the gate insulator 
change the threshold voltage of 
the FET.  

pH
Vds

Id
s 

(A
m

ps
)

Vref = -2 volts

pH ~ 10
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MEMS ISFET PH TESTING

pHId
s 

(A
m

ps
)
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Chemical Sensors

ION-SENSITIVE FETS (CHEMFETS)

Organic Layer
DrainSource
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Silicon

In the Chem FET the organic layer is selective allowing the device 
to respond specifically to certain ions.  Specific compounds can be 
sensed by using the high specificity of biological molecules such as 
enzymes and antibodies in the membrane.
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SIGMA ALDRICH – SENSOR APPLICATIONS

http://www.sigmaaldrich.com/analytical-chromatography/analytical-reagents/sensoric-applications.html
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Chemical Sensors

SIGMA ALDRICH ION SELECTIVE MEMBRANES FOR CHLORINE

Two of 6 ionophores
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One of several Cocktail Recipes
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PLATINIDE-BASED HYDROGEN SENSORS

Platinide
DrainSource
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H2 adsorbs readily onto the Pt (Pt, Pd, Ir, etc.) gate material and 
dissociates into H atoms. The H atoms can diffuse rapidly through 
the Platinide and adsorb at the metal/oxide interface, changing the 
metal work function.  This shifts the drain current through a shift in 
threshold voltage Vt via flatband voltage.

Hydrogen Detector
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LAYOUT OF RIT HYDROGEN SENSOR TESTCHIP
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PALADIUM PMOSFET H2 SENSOR

Diffusion
Thin Oxide
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Thin Oxide
Poly Heater
CC
Metal
Pd Metal



Chemical Sensors

CALORIMETRIC 

P = Q(-∆H) = C dK/dt (-∆H)  in W
Hydrogen or other combustible gas

Ambient oxygen
Pt or Pd
Catalyst
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Temperature Sensor
and Heater

From: Micromachined Transducers, Gregory T.A. Kovacs,
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POTENTIOMETRIC SENSING

Sensors for Ca2+, NO3-, 
K+, Cl-, Li+ and ClO4-
have been developed.  
Platinum or other reference 
electrode in solution.  
Output is the open circuit 
voltage.
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http://csrg.ch.pw.edu.pl/

Fig 4



Chemical Sensors

POTENTIOMETRIC SENSING

Fig 5
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Response of electrode in Fig 4 
to changes in Cl- concentration

Response of electrode in Fig 5 to 
changes in Na+ concentrationhttp://csrg.ch.pw.edu.pl/
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CHEMICAL NOSE / TOUNGE
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http://csrg.ch.pw.edu.pl/tutorials/electronicT_N/etongue1.pdf

Artificial Neural Network
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AMPEROMERIC SENSING

Apply a step in voltage sufficient in amplitude to immediately locally 
deplete the reactant species of interest at the surface, the resulting 
limiting current is theoretically given and can be related to the 
concentration of the gas being detected.  For example: a noble metal 
(Au, Pt, etc) cathode in solution, coated with an oxygen permeable 
membrane, such as Teflon, polyethylene and apply a voltage between 
the measuring electrode and a larger counter electrode.  The reaction 
involving oxygen at the 
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involving oxygen at the 
cathode occurs at a relatively
low voltage (less than 1 volt).
The current at which plateau 
occurs is proportional to the 
oxygen concentration.

From: Micromachined Transducers, Gregory T.A. Kovacs,



Chemical Sensors

SURFACE ACOUSTIC WAVE SENSORS
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A surface acoustic wave is launched from a high voltage, high 
frequency, electrical signal applied to the interdigitated electrodes at 
one end of the sensor.  The surface acoustic wave travels toward the 
other end of the sensor and there a set of interdigitated electrodes 
record a voltage.  The time delay is sensitive to the coating and any 
adsorbed chemical in the chemically selective coating.



Chemical Sensors

CHEMICAL SENSORS IN BIOSENSORS

The term biosensor refers to sensors wherein biologically derived 
molecules are used to perform an intermediate transduction between 
the desired measurand and some parameter readily measurable with a 
solid-state sensor.  This approach takes advantage of the amazing 
selectivity of many biomolecule interactions, but unfortunately, some 
of the underlying binding or other chemical events are not easily 
reversible.  Typically, an enzyme (protein), antibody (protein, 

© April 24, 2011 Dr. Lynn Fuller

Rochester Institute of Technology

Microelectronic Engineering

Page 49

reversible.  Typically, an enzyme (protein), antibody (protein, 
polysaccharide, or nucleic acid is chosen to interact with the 
measurand.  
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ENZYME-BASED BIOSENSOR

The glucose oxidase based sensor is used to monitor glucose levels in 
diabetes and industrial fermentation processes.  The enzyme is 
immobilized on a platinum electrode, and covered with a thin 
polyurethane membrane to protect the enzyme layer.  Glucose 
oxidase, in its oxidized form, oxidizes glucose entering the sensor to 
gluconic acid; resulting in the conversion of the enzyme to its reduced 
form.  The enzyme does not remain in this form for long.  It interacts 
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form.  The enzyme does not remain in this form for long.  It interacts 
with oxygen entering through the membrane.  The products of this 
interaction are the oxidized form of the enzyme, two hydrogen ions 
and two oxygen ions.  The hydrogen is detected by the a platinum  
catalyzed hydrogen chemical sensor.
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BLOOD ANALYSIS CHIP

I-stat Corp, Princeton, N.J. sells a unit that uses micromachined 
electrochemical sensors to analyze a 60 µL drop of blood for 
sodium, potassium, chloride ions, urea, glucose, and hematocrit
concentrations.  The hand-held unit, with disposable cartridges, 
plugs into a bench top instrument for readout.
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What we would like to measure……
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MICRO GAS CHROMATOGRAPHY 
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GAS CHROMATOGRAPH

© April 24, 2011 Dr. Lynn Fuller

Rochester Institute of Technology

Microelectronic Engineering

Page 53



Chemical Sensors

GAS CHROMATOGRAPH
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HOMEWORK - CHEMICAL SENSORS

1. Calculate the amount of liquid needed to prepare a sample of 
8000 ppm acetone in air. 

2. Design a sensor that can distinguish between methanol, 
ethanol and isopropyl alcohol.

3. How can carbon monoxide be detected.
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3. How can carbon monoxide be detected.
4. How can methane (CH4 ) be detected.


