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Abstract— Miniaturized detector arrays are critical to reducing
size and maintaining measurement quality of integrated micro-
gas chromatographs (μGC) used for the analysis of complex
vapor mixtures. This paper presents an array of chemiresistors
(CRs) with monolayer-protected gold nanoparticle films formed
on the surface of a complementary-metal-oxide semiconduc-
tor (CMOS) readout chip, featuring high-resolution resistance
measurement with adaptive cancellation of baseline resistance.
The 8-channel readout circuit occupies 2.2 × 2.2 mm2 in
0.5 μm CMOS and consumes 66 μW per channel from a 3.3-V
power supply. It achieves a worst-case resolution of 125 ppm
over a broad baseline resistance range of 60 k� to 10 M�,
equivalent to 122 dB dynamic range. Implementation of the
CMOS monolithic detector array is discussed, and preliminary
measurement results using chamber exposures to several vapors
are presented. Eventual integration into a μGC is discussed.

Index Terms— Chemiresistor, complementary-metal-oxide
semiconductor (CMOS) monolithic sensor array, gas
chromatography (GC) detector, μGC.

I. INTRODUCTION

GAS chromatography (GC) permits determinations of the
components of gas and vapor mixtures. A GC has

three main fluidic/analytical devices: an injector for intro-
ducing samples to the instrument; a separation column for
spatially resolving individual mixture components, and a
detector for quantifying the amount of each analyte present.
Instrumentation electronics that amplify, condition, and store
detector response signals are also critical. Miniaturization of
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a laboratory-scale GC to a portable platform allows mea-
surements to be collected in field settings, with potential
applications in environmental monitoring, military surveil-
lance, and healthcare diagnostics. To realize a micro-scale gas
chromatograph (μGC), the components can be individually
miniaturized using MEMS technologies and CMOS integrated
circuits. Several μGC components and partially integrated
systems have been reported in recent years [1-8].

As described in Section II, Chemiresistor (CR) arrays with
thiolate-monolayer-protected gold nanoparticle (MPN) inter-
face films represent a promising sensor technology for μGC
detectors [1, 2]. Integrating such a sensor array with CMOS
instrumentation electronics monolithically, on a single chip,
would significantly enhance GC miniaturization and reduce
noise coupled through wiring to maintain high resolution
measurements. Several CMOS monolithic chemical sensors
have been reported over the last decade [9-13]. However, to
date, no such monolithic realization has been reported for low
power μGC applications using MPN interfaces.

Our group previously introduced a CMOS CR readout
circuit that eliminates multiple noise and error sources while
keeping area and power consumption low [14]. This article
reports a new generation of the CR readout circuit that
achieves higher resolution and a wider dynamic range and
the development of a monolithic detector array that integrates
MPN-coated CRs directly on the readout chip’s surface. The
new monolithic detector incorporates all necessary sensor and
instrumentation components in a single chip and provides an
adaptive dynamic range that enables tracking of baseline resis-
tance drift. Section II describes the CR sensor technology and
readout requirements and outlines our approach to achieving
high resolution. Section III describes the circuit implementa-
tion, and Section IV addresses the realization of the monolithic
detector array. Test results for the readout circuit and vapor
chamber measurements of the monolithic array are presented
in Section V, and a conclusion is provided in Section VI.

II. REQUIREMENTS AND APPROACH FOR

HIGH SENSITIVITY

Microfabricated vapor sensor arrays employing sorptive
interface layers on various types of transducers have been
widely studied [15-19]. Although individual volatile organic
compounds (VOC) often can be differentiated from each other
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on the basis of the response patterns from a stand-alone array,
an upstream chromatographic separation stage is necessary
to determine the components of mixtures of VOCs [20].
By presenting the array with time-resolved peaks correspond-
ing to individual vapors, the problem of identifying and quan-
tifying the components of a complex VOC mixture is reduce
to a series of easier problems of determining smaller subsets
of that mixture [21]. Under these conditions, a GC detector
array should provide high performance with a minimum of
computation complexity.

MPNs have garnered considerable interest as interface mate-
rials for CR vapor sensors [19, 22, 23]. Vapor sorption into
the organothiolate monolayers surrounding the gold cores in a
thin MPN film increases the average intercore distance, which
generally increases the film resistance in proportion to the
volume of sorbed vapor. When used as detectors in meso-
and micro-scale GC instrumentation MPN-coated CRs have
provided response patterns that facilitate the identification of
eluting mixture components [1, 2, 24, 25]. Additional advan-
tages of MPN-coated CR arrays as μGC detectors include
simple fabrication, low operating temperatures, simple drive
and support electronics, low detection limits, and favorable
scaling behavior that permits miniaturization without loss
of sensitivity [26-28]. Smaller detector cells also minimize
possible losses in resolution and signal maxima associated
with detector dead volumes, which are of particular concern
when using narrow-bore separation columns operated at low
flow rates [2]. However, MPN-coated CRs suffer several short-
comings: (1) their baseline resistance (Rb) is up to 106 times
the actual sensor response (�R); (2) Rb varies widely from
device to device, up to two orders of magnitude for typical
arrays; (3) resistances drift significantly at varying rates over
time with each device [14], thus it is difficult to predict
its drift by modeling; and (4) their process compatibility
with CMOS monolithic implementation is unknown. To fully
exploit the benefits of miniaturized MPN-coated CR arrays
as μGC detectors and enable monolithic integration with
instrumentation electronics, a new CMOS readout circuit is
needed that addresses these shortcomings.

To date, many of the interface circuits developed for CRs
have not provided the tracking or cancellation of baseline
values that are needed to permit high resolution readout of the
actual response portion of the sensor’s resistance. Resistance-
to-frequency interface circuits [29-31] and logarithmic con-
verters [13] are well suited for digitizing a wide range of
resistances but have limited resolution because they digitize
the large baseline value along with the small sensor response.
Higher resolution has been achieved using a passivated (non-
sensing) element as a reference for baseline cancellation [32].
However, this approach has limited utility because fabricating
two sensors with identical baseline and drift characteristics
is nearly impossible with many sensor technologies. Alterna-
tively, baseline cancellation using an op-amp with resistive
feedback and a power gain stage has been reported to provide
a resolution (�R/Rb) of about 200 ppm [33]. However, this
circuit does not provide drift tracking. A baseline cancellation
approach in the current domain [34] provided 160 dB dynamic
range but achieved a resolution of only 1000 ppm.

Fig. 1. Single channel architecture for CR baseline tracking and cancellation.

The normalized resistance change (�R/Rb) of an
MPN-coated CR sensor is directly related to the concentration
of target vapors. However, the sensor response portion of the
CR’s resistance, �R, is small and buried within the large total
value Rsens = �R + Rb. Furthermore, Rb varies widely from
sensor to sensor. To acquire �R/Rb with high resolution,
the readout circuit must both overcome the large variation
of Rb and precisely measure small �R values. In prior
work [14], we introduced a baseline resistance cancelation
approach that subtracts Rb from the total CR resistance and
digitizes the �R portion. The resolution of �R is limited
by how accurately Rb is measured and subtracted. Because
Rb is subject to significant drift, it is important to track Rb

closely over the wide dynamic range typical to CR sensors.
Canceling Rb in the analog domain and amplifying only �R
significantly improves the overall signal to noise ratio (SNR).

To meet these requirements, a CR readout circuit composed
of a wide-range programmable exponential current bias, an
analog memory (AM), a subtraction and gain block and
a digital communication and control circuit, as shown in
Fig. 1, has been developed. The CR sensor is stimulated by
a programmable DC bias current IR , and the sensor voltage
response Vsens is given by

Vsens = IR Rsens . (1)

Utilizing the pre-concentration and separation/detection stages
inherent to μGC operation, the circuit works in two phases. In
the idle phase (�R =0,corresponding to the pre-concentration
stage in μGC operation when no vapor flows through the
detector), a calibration is performed by setting IR · such that
Vsens1 = IR ·Rb is near the operating point of the differential
amplifier, and the resulting value of Vsens1 is then stored in
analog memory. During the response phase (corresponding
to the separation/detection stage in μGC operation when
vapor flows through the detector), the sensor is exposed to
the analyte, and input value is Vsen2 = IR · (Rb + �R).
The subtraction and gain block then subtracts Vsens1, the
baseline value previously stored in AM, from Vsens2, and the
difference is amplified by a programmable gain. The mea-
surements obtained at the end of these two phases, Vsens1 and
(Vsens2−Vsens1), correspond to Rb and �R, respectively. With
subsequent A/D conversion and offline calculations, �R/Rb

can readily be obtained from (Vsens2 − Vsens1)/Vsens1. In
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addition to this online calibration, an initial offline calibration
that could be automated for mass production was performed
for each sensor array die. Offline calibration assigns an output
voltage to analyte concentration ratio for each sensor element
to compensate for die-to-die mismatch and variations between
sensors on different die.

Because the �R signal is very small, the circuit utilizes
several methods to minimize offset and noise and thus maxi-
mize sensitivity. First, the chosen sample and subtract process
eliminates input offsets of the subtraction and gain block
as well as offsets caused by the analog memory’s finite bit
resolution. Second, the subtraction and gain block was chosen
to be fully differential to minimize common mode noise.
Furthermore, fabricating the CR array directly on surface of
the chip eliminates environmental noise coupled through wire
connections between CR and circuit.

III. CIRCUIT IMPLEMENTATION

A. Programmable Exponential Current Bias

For the MPN-coated CR sensors targeted by this system, Rb

has been observed to vary from 100 k� to 10 M�. To extract
the same level of �R/Rb resolution for all values of Rb, a
programmable current bias is essential for mapping widely
variable baseline resistance into a narrow range baseline output
voltage, Vb, wherein the amplifier exhibits linear operation.
Assuming that Vb is held within Vmin to Vmax by the current
source and that the discrete programmable current is I [n],
where n is number of current values available, the current
values I [n] provided by the system must be set such that

Vmax

I [n] ≤ Rb ≤ Vmin

I [n] (2)

In other words, for all values of Rb, a current I [n] should be
available such that the conditions in (2) are met. To ensure
all possible Rb values generate a voltage between Vmin and
Vmax, the Vb steps for each I [n] must overlap. This can be
expressed mathematically as

Vmin

I [n] ≤ Vmax

I [n − 1] ,
Vmax

I [n + 1] ≤ Vmin

I [n] . (3)

When the boundary values of adjacent steps are set equal to
each other, (3) becomes

I [n]
I [n − 1] = I [n + 1]

I [n] . (4)

The relationship in (4) indicates that an exponential current
bias would best span the required range with the fewest steps.
The current bias circuit shown in Fig. 2 was designed to
achieve this goal. Transistors M6-M27 have a large width
(40–296 μm) and length (15 μm) to minimize flicker noise,
reduce errors due to process mismatch, and bolster output
resistance. The current variations caused by variable Vsens are
negligible because M6-M27 have a large gate length and their
drain voltages are narrowly held between Vmax and Vmin. A
7b control code is used to set the current value. The highest
two control bits, C6:C5, provide coarse tuning of the current,
setting Is to 1, 5, or 25 times the base bias current, Ib . The
lower five control bits, C4:C0, select from output currents

Fig. 2. Schematic of a wide-range programmable exponential current bias.

scaled in 22 exponential steps, from 1 to 1.121 (= 7.4) times
Is . For Ib = 60 nA, the total tunable range of sensor reference
current IR is 60 nA to 12.3 μ A, which will keep Vsens between
0.6 V (Vmin) and 0.7 V (Vmax) for all values of Rb between
60 k� to 15 M�. In contrast, a linear current source with
three segments would generate over three times the voltage
span at Vsens, reducing the gain and resolution by a factor of
three.

B. Analog Memory

The analog memory (AM) is utilized to store the baseline
sensor voltage Vb and subsequently subtract this offset value
during readout, therein maximizing resolution by applying the
full gain of the amplifier to the response portion of the sensor
output. A simple calibration routine is used to set the value
in the AM. When the sensor is idle, �R = 0 and Vsens = Vb.
At this time, the readout circuit output should ideally be 0 V.
During calibration, a feedback loop from the amplifier output
to the AM is used to drive the output to 0 V. When calibration
is complete, the AM holds the sensor baseline voltage Vb. This
approach generates the added advantage of canceling all non-
ideal offsets in the base cancellation and gain blocks of Fig. 1.

The baseline resistances of MPN-coated CRs are known
to drift significantly over time. Ideally, the readout system
should support a drift tracking re-calibration scheme. Our
targeted MPN-coated CRs are typically implemented within
a μGC system [1] that periodically analyzes preconcentrated
vapor samples and permits regular recalibration in a clear
environment. Because the time between recalibration periods
is on the order of minutes, charge leakage excludes the use of
a capacitor-based AM. Therefore, the AM was implemented
as a digital to analog converter (DAC) that can hold the AM
value indefinitely. Note that after calibration, the AM-DAC
holds a digital value proportional to Rb that can be used to
determine desired response value �R/Rb .

The disadvantage of a DAC-based AM is that it stores a
discrete estimate of the baseline resistance. The AM output
voltage can be expressed as

VAM = IR R′
b (5)

where R′
b is the DAC estimate of Rb. IR R′

b is within one LSB
of the actual IR Rb. To determine the necessary resolution of
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Fig. 3. Subtraction and gain block with a total gain of Rd /Rs .

the DAC, consider that the baseline cancellation error, ε, can
be expressed by

ε = IR
(
Rb − R′

b

) ≤ Vh − Vl

2N
(6)

where Vh to Vl is the output range of the DAC and N is
the DAC bit resolution. During calibration, the output never
reaches exactly 0V due to ε. Thus, if higher precision is
required, ε can be recorded during calibration and used in
post-measurement calculations. The primary restriction on ε is
that it should not exceed the linear input range of the amplifier.
Because the programmable current bias already limits Vb to
0.6 – 0.7 V, the DAC output range has been chosen to match
this range. An 8-bit DAC resolution in this range allows
10-bit resolution across the full output range of AM. It was
determined that an 8-bit R-2R ladder current-mode DAC was
chosen to limit the output error to less than 1mV and satisfy
the requirement set by (6).

C. Subtraction and Gain Block

To achieve high resolution measurement of the sensor’s
response, Rb is cancelled and only �R is amplified by the
subtraction and gain block. The subtraction and gain block
needs good linearity over the readout range and program-
mable gain to match the dynamic range of the sensor during
operation. The fully differential amplifier shown in Fig. 3
was implemented to achieve these characteristics. The first
stage is an operational transconductance amplifier (OTA), with
gm = 1/Rs . The second stage is a closed loop amplifier. The
total gain is A = gm Rd = Rd/Rs . Gain accuracy is ensured
by careful resistance matching in the layout.

D. Digital Block

The CR readout circuit includes a digital control and com-
munication block to expand the single channel architecture
to eight channels and provide programmable configuration
through communication with a computer. The schematic of the
8-channel CR readout circuit is shown in Fig. 4 with digitally
controlled AM DAC, programmable current bias, program-
mable gain amplifiers, and channel selection multiplexer. The
channel selection multiplexer was inserted between the OTAs
and the second stage of subtraction and gain block to save

Fig. 4. Simplified schematic of the 8-channel CR readout circuit that expands
the single channel architecture shown in Fig. 1.

power and area by using only one second stage amplifier. A
6-byte memory was implemented along with a serial peripheral
interface (SPI) communication block to minimize the number
of I/O pins required to receive and stored configuration settings
for all analog circuit blocks.

IV. CMOS MONOLITHIC ARRAY IMPLEMENTATION

A CMOS monolithic CR array can be implemented by
forming the MPN-coated CR array directly on the surface of
the CMOS readout chip. Monolithic integration has significant
advantages including elimination of most sources of environ-
mental noise and miniaturization of the detector sub-system
within a μGC platform. However, monolithic integration can
only be achieved by overcoming key fabrication process
incompatibilities.

A. On-CMOS CR Array Process Compatibility

Experimental efforts to form interdigitated electrodes for
MPN-coated CRs on the surface of CMOS chips demonstrated
a problem related to the roughness of the chip’s surface.
Because the MPN-coated CR sensor electrodes are formed
using very thin metal layers, they require an extremely flat
surface to avoid trace discontinuities in the electrodes and
their connections to on-chip contact openings. However, most
foundry CMOS processes, including AMI 0.5 μm process used
in this research, do not planarize the surface after the top-most
metallization, and any top metal routing will create abrupt
steps in the surface topography.

To overcome the challenge of surface topography without
costly post-CMOS processing to planarize the chip’s surface,
two options were identified. One is to forbid use of the top
metal layer within the sensor area. The other is to cover the
entire sensor area with the top metal layer. Both options can
be easily implemented but have the disadvantage of locally
reducing the routing layers available to CMOS circuitry. To
address a different compatibility issue described below, the
second option was chosen and a metal3 plateau was formed
beneath the sensor electrode area.
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Fig. 5. (a) Threshold voltage shift after EBL exposure for transistors with:
1) no metal covering; 2) covering by one layer of CMOS metal; and
3) covering by two layers of CMOS metal. All covering metals were grounded
during EBL. (b) Threshold voltage shift of a transistor after: 1) EBL exposure
and 2) subsequent annealing for 8 h at 200 ºC. (c) Threshold voltage shift of
three transistors at different distances from the point of EBL exposure.

Another compatibility challenge is related to the use of
electron beam lithography (EBL). Fabrication of MPN-coated
CRs uses EBL to pattern the narrow-gap electrodes, and EBL
can also be used and to crosslink and pattern MPN films [35].
However, when EBL was applied on the surface of a CMOS
chip, defects were observed the circuits beneath the sensor
area. The defect principle can be explained as following:
(1) High-energy electron beam can generate electron-hole
pairs in thin gate oxides. Compared to the higher mobility
of electrons, holes have a relatively higher probability to be
trapped in oxide defects and form positive charge in the gate
oxide [36]. (2) The electron beam accumulates electrons at
the gate, inducing a high electric field across the gate oxide.
Holes accumulated in the channel at the Si/SiO2 interface
have enough of the energy to enter into the gate oxide and
become trapped [37]. The trapped charge, Qss,, causes a shift
in transistor threshold voltage, �Vth,, given by

�Vth = − Qss

CO X
(7)

where Cox is the gate oxide capacitance. This EBL-induced
threshold shift has been observed to degrade performance and
even cause complete failure of analog circuits.

To solve the problem caused by post-CMOS EBL exposure,
several options were identified and studied. First is the use of
thermal annealing after EBL exposure, which has been shown
to remove oxide trapped charge [36]. Second is the use of
a grounded metal layer to isolate CMOS devices from EBL
effects. Finally, because high-energy electrons travel only a
very limited distance (∼10 μm) from their point of impact,
confining sensors to an area on the chip without electronics
was considered.

To evaluate the effectiveness of these options, a test chip
with an N-type transistor array was fabricated and subse-
quently exposed under 30 keV electron beam at a dose of
150 μC/cm2. Fig. 5(a) shows the threshold voltage shift after
EBL for three transistors with different layers of ∼0.6 μm
thick CMOS metal shielding attached to ground approximately
3 μm above the transistor. All three show significant threshold
shift, indicating that grounded metal cannot isolate the high-
energy electrons. Fig. 5(b) shows the effect of annealing for 8
hours at 200 °C after EBL exposure and demonstrates that

Fig. 6. Die photographs of a 2.2 × 2.2 mm2 CR-array readout chip
fabricated by a foundry and on-CMOS MPN-coated CRs formed by post-
CMOS microfabrication.

annealing can reduce but cannot eliminate the EBL effect.
Fig. 5(c) shows that threshold voltage shift is significantly
reduced by increasing the lateral distance between circuitry
and the point of exposure, with no shift observed at distances
beyond 120 μm. Together, these experiments show that, to
maintain high performance of analog circuits, the sensor area
should be physically separated from CMOS devices. Con-
sidering the tradeoff between functionality/performance and
valuable CMOS real estate, this approach is preferred because
only a small percentage of overall instrumentation chip area
needs to be reserved for sensors.

B. CR Array Readout Chip

The new 8-channel CR-array readout circuit described in
Section III was fabricated in AMI 0.5 μm CMOS process.
It includes an electrode contact area that permits direct con-
nection between on-chip circuitry and interdigitated electrodes
patterned on the chip’s surface using e-beam lithography. To
avoid damage to circuitry from post-CMOS e-beam patterning,
the sensor array (electrode contact) area contains no circuitry.
A continuous metal3 layer was placed beneath the sensor array
area to create a planar surface that improves the reliability of
electrode patterns and surface routing. The sensor area was
placed in the middle of the chip to facilitate post-wire-bonding
application of a glass “cap” that creates a microfluidic vapor
chamber on the surface of the chip [38]. The layout floor plan
is highlighted in the Fig. 6 die photograph.

C. On-CMOS CR Implementation

A 4x2 array of interdigitated electrodes (IDEs) spaced
200 μm apart was fabricated on the surface of the CMOS
readout chip as shown in Fig. 6. The 75×75 μm2 active area
of each CR electrode is comprised of 62 electrode finger pairs
with 300 nm width and spacing providing a CR resistance in
the mega-ohm range. The IDEs were defined by an EBL liftoff
process of evaporated metal consisting of a 50 Å titanium (Ti)
adhesion layer followed by 600 Å of gold (Au). 20×20 μm2

contact pads were placed around the sensor area to connect
the CRs to the embedded circuitry. Because these contact pads



MU et al.: CMOS MONOLITHIC NANOPARTICLE-COATED CHEMIRESISTOR ARRAY 2449

Fig. 7. Chemical experiment station.

are recessed from the surface by 1.65 μm (as measured by
Dektak 3 profilometer), a thicker metal (100/1000 Å of Ti/Au)
was deposited for surface routing between IDEs and CMOS
contacts and patterned using conventional photolithography
and liftoff procedures.

Due to the high density of electrodes on the small chip,
traditional methods for deposition of MPN films, such as air
brushing or syringe coating, could not be used. To precisely
control MPN film placement, a Microfab Jetlab 4 micro-
dispensing system was used to deposit individual films over
each IDE [35]. The resulting films were 100–200 μm in
diameter after drying. Because the films dry to form a coffee
stain pattern [39], where the majority of the nanoparticles
settle in a thick outer ring, the interior of non-uniform film is
significantly thinner, as shown in the inset of Fig. 6. Because
CRs with thicker MPN films have lower noise and are there-
fore more desirable as sensors [40], two film depositions were
performed at each sensor site to stack the coffee stain edges
over the active IDE. With a 200 μm space between IDEs,
each sensor could be coated with a distinct MPN film. For the
results reported below, some IDEs were coated by MPNs with
thiolate ligands derived from 1-octanethiol (C8) and some with
ligands derived from 1-mercapto-6-phenoxyhexane (OPH) to
provide selectivity to differentiate VOC mixture. These MPNs
were synthesized by treatment of the thiol and HAuCl4 with
an excess of LiBH4 in THF under ambient conditions [41],
and have average Au core diameters ranging from 3.9–4.5 nm
(determined by transmission electron microscopy).

V. TEST RESULTS

A. Test Setup

To characterize operation and performance of the CR array
readout chip, a 3.4”×2.6” custom chip-test PCB was designed
to interface the chip with a data acquisition (DAQ) card
(National Instruments, DAQ USB-6259) and low noise battery
supply. The chip-test PCB contains the CR array chip, a power
regulator and level shifters to communicate with the DAQ card.
The DAQ generates digital signals to configure and control the
chip, acquires and digitizes analog outputs from the chip, and
displays and stores data on a PC running LabVIEW.

Fig. 8. Vsens versus CR value by tuning the programmable current bias.
Vsens can be held within the tight range of 0.61–0.72 V, or values of Rb
from 52 k� to 13.28 M�.

To test the sensing performance of the CMOS monolithic
CR array, the chemical experiment station shown in Fig. 7
was built. The chip-test PCB was fit into a 0.5 L glass
chamber (4” high, 3” diameter opening) equipped with ports
for electrical wires and gas flow. The chamber temperature was
thermostatted at 25 °C in a water bath. Target VOCs were
generated by passing scrubbed air through a fritted bubbler
containing the liquid analyte, followed by dilution in a dry
air stream. Air flow was regulated by mass flow controllers
with a total chamber flow of 14L/min. Vapor concentrations
were confirmed by passing aliquots of the test atmosphere
to a pre-calibrated flame ionization detector (FID). A custom
LabVIEW program was developed to control the readout chip,
execute the calibration routine and record the chip/sensor
outputs.

B. Electrical Experimental Results

The 8-channel CR array readout chip occupies 2.2 ×
2.2 mm2 and consumes 66 μW per channel with a 3.3 V
supply. To characterize the dynamic range of the circuit, the
baseline resistance Rb was swept over a large range and
the current bias was periodically re-programmed to keep the
baseline voltage Vsens within the desired range. Results in
Fig. 8 show that Vsens can be held within the tight range of
0.61–0.72 V for values of Rb from 52 k� to 13.28 M�. These
results are in good agreement with design goals (0.6–0.7 V for
60 k�-15 M�) and meet application requirements.

To characterize the output resolution, noise is defined as
the variation from the mean output within each set, and �R/R
resolution is defined as six standard deviations (±3) of the
noise. While sweeping resistance from 60 k� to 10 M�,
the chip readout resolution vs. resistance was measured. The
results plotted in Fig. 9 show the resolution is better than
125 ppm over the resistance range from 60 k� to 10 M�,
and resolution as good as 66 ppm can be achieved for low
resistances. Considering the baseline resistance range covered
by this circuit and its resolution over this range, the circuit
achieves an equivalent 122 dB dynamic range. For comparison,
Table I lists the performance of reported resistive readout
methodologies and demonstrates that a significant improve-
ment in resolution has been achieved relative to other wide
dynamic range approaches. The only system with slightly bet-
ter resolution is our own previous approach [14] that utilized
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TABLE I

COMPARISON OF CR INSTRUMENTATION CIRCUIT PERFORMANCE WITH

OTHER APPROACHES

Methodology Resolution of
�R/R (ppm)

Baseline
range (�)

Dynamic
range (dB)

Resistance-
to-frequency

converter [31]
4000 five decades 141

Logarithmic
converter [32]

10,000 1k – 10M x

Multi-scale I-to-V
converter [34]

1000 100-20M 160

Baseline
cancellation [33] 200 x x

Baseline
cancellation [14]

57 x x

Our approach 66- 125 60k-10M 122

Fig. 9. Chip readout resolution versus baseline resistance. The plot shows
the resolution is better than 125 ppm over the resistance range from 60 k�
to 10 M�, and achieves best up to 66 ppm.

offline 5 Hz low pass filtering to achieve its performance; such
filtering was not required for the results of the circuit reported
in this paper.

C. Chemical Experimental Results

A monolithic CR array with a C8-MPN-coated IDE and
an OPH-MPN-coated IDE was exposed individually to each
of the following three VOCs, selected to represent three
different functional group classes: 2-butanone, toluene, and
nitromethane vapors. Vapor exposures were 2 min in duration,
preceded and followed by exposure to clean, dry dilution air.

To demonstrate the baseline cancellation function of the
monolithic array, Fig. 10 plots the CR readout circuit output
for an on-chip C8-MPN-coated CR sensor responding to
toluene at different concentrations. The inset shows that the
large baseline value was properly removed to amplify �R.
The RMS noise at the readout chip output was 283 ppm.
Offline digital low pass filtering (0.2 Hz) could reduce the
noise level to 40 ppm. The ability to track baseline drift was
verified; through recalibration of the programmable current
bias and AM, baseline resistances from 60 k� to 10 M�
could be accurately tracked in 1 to 5 seconds depending on
the magnitude of drift.

To characterize the linearity and sensitivity of the monolithic
array, C8- and OPH-MPN-coated CR sensors were tested in
a vapor chamber and the readout circuit output was recorded
in response to 2-butanone, nitromethane, and toluene. Fig. 11

Fig. 10. Output of CR readout chip for on-chip C8-MPN-CR response to
toluene 25 °C. The inset shows a close up of the data after baseline cancelation
and after offline digital low pass filtering.

Fig. 11. Vapor calibration curve for on-chip C8-MPN-CR.

TABLE II

MEASURED SENSOR ARRAY LINEARITY AND SENSITIVITY

Sensor Vapor �R/R/Cvapor (ppm/ppm) R2

C8
2-butanone 6.44 0.962

nitromethane 17.8 0.991
toluene 18.7 0.982

OPH
2-butanone 1.65 0.929

nitromethane 4.02 0.957
toluene 25.5 0.981

shows the measured results for �R/Rb as a function of test
vapor concentration, which represent the calibration curves of
the sensors. The measured sensitivity and R2 values listed in
Table II show that the CR array achieved good performance
and linearity over a broad range of vapor concentrations. These
results demonstrate that the presented CMOS monolithic CR
array provides an effective means to miniaturize the detector
within a μGC system. Furthermore, because the chip permits
attachment of a microfluidic cap to form a vapor flow chamber,
it establishes a platform suitable for fluidic integration with
other μGC components.

VI. CONCLUSION

This paper presents a CMOS monolithic MPN-coated CR
array developed for μGC applications. The monolithic array
includes a compact, low-noise, baseline cancellation resistive
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readout circuit. The circuit was implemented in 0.5μm CMOS
with a 3.3 V supply and consumes 66 μW per channel.
The chip provides eight sensor readout channels, effectively
cancels baseline variation over more than two orders of
magnitude, and achieves 125 ppm resolution in �R/Rb over the
whole baseline range, exhibiting an equivalent dynamic range
of 122 dB. This CR readout circuit provides the best combined
performance compared to other reported approaches. Utilizing
fabrication methods described in this paper, compatibility
challenges to integrating MPN-coated CR arrays on the surface
of CMOS instrumentation chips have been overcome. Prelim-
inary measurements of the monolithic array using chamber
exposures to several vapors demonstrate the functionality of
the device. This monolithic implementation of CMOS readout
circuits and MPN-coated CR arrays achieves an important step
in the evolution of high performance μGCs.
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