Reliable Gas Sensing with Memristive Array
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Abstract—Gas sensing is one of the proposed application field
of memristive devices. We used a crossbar array of memristors as
gas sensor using the HP labs fabricated 702 based memristor
model in an attempt to improve sensing accuracy. We introduced
the possibility of reliable multiple gases detection using multiple
rows of memristors as separate sensor in a crossbar array.
Our experimental results show that an array of memristors
can minimise measurement errors as well as provide a good
redundancy measure during gas sensing. Measurements taken
from the sensors are also not affected by alternate current paths
problem often experienced in crossbar architecture.

Index Terms—Memristor, gas sensor array, memory, crossbar
array, metal oxide.

I. INTRODUCTION

The use of metal oxide nanoscale devices as gas sensors and
biosensors has grown in recent years [1]. Some common metal
oxide semiconductors sensor include tin oxide (SnO-), zinc
oxide (ZnQO), chromium titanate (C'T'O) among many others.
With respect to other sensor technologies they are simple,
inexpensive, miniaturizable and of good responsitivity [2].

Ti05 metal oxide semiconductor, which form the crux of
this paper was used by HP Labs to fabricate the first physical
memristor device [3]. Generally, when semiconducting metal
oxide are used as gas sensor, the main cause of change of
the sensor’s resistance is due to the loss (gain) of free charge
carriers (electrons or holes) from (to) the semiconductor to
(from) its surface [4]. The initial and final resistances of the
device after gas exposure are measured and the properties
of such gas are determined from the measured values. Gas
sensing with single device could be prone to measurement
and reliability issues due to environmental and/or variation in
the device itself. These issues could be reduced statistically
by taking multiple measurements from the same sensor or
from different independent sensors [5]. This paper explores
the use of memristor as sensor in crossbar architecture with
emphasis on the sensor’s response to gas presence. A structural
analysis of memristive sensor array such as the one introduced
in this paper could be used in the early stages of new smart
sensing system development, to simulate the overall behavior
and in identifying any vulnerabilities before any actual system
is developed. In terms of memristor model used for analysis in
this work, any of the existing memristor model can be adapted
for the purpose of simulating gas sensor as long as the model
is based on a gas sensitive metal oxide semiconductor. 705
based memristor was used for all analysis in this work.
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Fig. 1. (a) Structure of memristor for sensing applications. Both sides of
the top contact is left uncovered to enhance interaction of target gas with the
titanium oxide layer (b) Structure of the 7902 based memristor fabricated by
HP Labs.

The rest of the paper is organized as follows. Section II
introduces metal oxide memristor’s application in gas sensing.
Section III describes the proposed multiple gases sensing
structure using crossbar array and section IV concludes the

paper.
II. MEMRISTOR AS A GAS SENSOR

In order for a memristor to be effective as a gas sensor, a
slight modification will be incorporated into devices fabricated
for sensing purpose. The physical memristor will feature a
partially covered top terminal as shown in Fig. la to allow
gas interaction with the semiconductor layer. The exposed
part of the TiO5_, with resistance value of R,, allows
for easy interaction between the gas and the surface of the
memristor via both sides of the top contact. The pure 750>
with resistance value of R,y is assumed to be unaffected
by the gas directly [6]. The value of R,,, changes to Ropn_cff
using the adaptable response model equation in Eqn. 1 [7], [8]
depending on the type of gas interacting with the memristor.
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The response equation above is computed based on the
concentration C' of the target gas, A is the constant parameter
or response coefficient for the material of the semiconductor
and [ is the response order for the subject gas. R;,;; and
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Fig. 2. Sensor response to different concentrations of an oxidising gas. R}/'2%,
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is calculated using Eqn. 2 with the initial values of Ron Roff. Rmem (Eqn.
3) is the memristance of the sensor after gas interaction, where Ron changes
to Rone ff-

Ryinq are the initial and final resistance values of the sensor
respectively. Therefore, for any oxidising gas of concentration
C, the response of a gas sensor made of p-type semiconductor
can be represented directly by Eqn. 1. Clearly, the response of
a p-type material to a reducing gas can also be represented
by the inverse of Eqn 1. In summary, the total resistance
of the memristor is determined by two resistors R,ss and
R, representing the resistance of the undoped (7i03) and
the doped (T'iO2_) regions (Fig. 1b) of the memristor re-
spectively. TiO5_,, is p-type semiconductor and its resistivity
(Ron) decreases (increases) in the presence of an oxidising
(reducing) gas.

The model thus uses the new R, .yr and R,y to compute
the final memristance (R;"2') of the device after exposure to
the target gas using Eqn. 3. The initial memristance of the
device is calculated with R,,, as in Eqn. 2.

w(t)

o w(t
R;Zéin = RO"T + Roff (1 - %) 2

final _ w(t) _ w(t)
Riem = Ron_efr—p~ + Rogy (1 N ) 3)

where w(t): 0 < w(t) < D is the time dependent state variable
acting as a boundary between the doped and undoped regions.
As mentioned earlier, the memristor is initialized to R,,, (w =
D) such that it constitutes mostly of oxygen deficient 7O5_.
Interaction of gases with the doped region changes R,, to
Ron_epy without necessarily shifting the state variable.

The extent of change to the resistance of the doped region
depends on the concentration and type of gas. The sensing
capability of a single isolated memristor was verified with
an oxidising gas. Fig. 2 shows a single memristor’s response
as a function of gas concentrations ranging from 0ppm to
10* ppm. Expectedly, the response rate increases with increas-
ing gas concentration.

III. GAS SENSING WITH CROSSBAR ARRAY

As earlier mentioned, the use of a single memristor cell
as a sensor has been demonstrated experimentally in previous
publications [9], [10] but single device sensors are usually
susceptible to measurement errors due to issues such as
a) instability of sensor response, b) irreproducibility of the
sensor response among different devices and c) difficulty in
maintaining high resolution response over a range of gas
concentration. Causes of measurement errors in sensors could
be reduced statistically by taking multiple measurements from
the same sensor or from different independent sensors [5].
Array of sensors also open up the possibility of detecting
multiple gases in real time. The use of MOSFET based sensors
in an array to improve performance was demonstrated in [11],
where pairs of Pd- and Pt-gate MOSFET were used to detect
and analysis gas mixtures. Similarly, the use of commercially
available SnO- sensors in an array to detect and differentiate
organic compounds was also explored in [12]. These array of
sensors make it possible to detect, quantify and differentiate
multiple gases in real time. Memristor-based memory are often
designed with crossbar architecture because of the possibility
of building highly dense memory. The crossbar architecture
consists of set of parallel nanowires perpendicularly placed
on another set of parallel nanowires with a memristor cell
inserted at every intersecting point of the wires. Each set of
parallel wires represents the bit-lines and word-lines. In order
to sense the resistance of a memristor in a crossbar memory
array, a read voltage V,..qq (less than the threshold voltage to
switch the memristor) is applied to either the word-line or bit-
line and the other line is grounded through a load resistor. The
other lines can be left floating. However, this simple sensing
technique could introduce sneak-path problem that hinders
independent sensing of each device in the array [13] In the
next section, we propose a sneak-path free sensing mechanism
for measuring the device’s resistance.

A. Multi-Gas with m (1 x n) Sensor Array

This section proposes a crossbar structure suitable for
sensing multiple gases. A matrix of memristor sensors are
designed such that memristors in same row have identical
initial properties that enables them to react in approximately
similar pattern in the presence of any target gas. In this
architecture, each row in the matrix acts as a sensor. The
number of gases that can be sensed using this architecture
depends on the number of rows in the crossbar as shown
in Fig. 3a. The number of sensing devices in each row can
be determined based on the level of redundancies or samples
needed in order to decide the properties of the target gas.

All the memristors in a row will have approximately similar
resistance value because of their identical initial conditions
with possible variations and we assume negligible line resis-
tance. The sneak-path effect can be eliminated in this structure
by sensing all memristors in each of the rows simultaneously
as shown in Fig. 3b. Also note that when the resistance value
of each row is being sensed, all other memristors in the array
are shunted out of the circuit and they do not contribute to
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Fig. 3. (a) An m X n array of multiple sensors able to detect m different
gases. (b) Reading technique for the multi-sensing structure.
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Fig. 4. Simulation result of exposing a row from a 4 X 4 memristor crossbar
array to a range of gas concentration.

the sensed output. m number of reads is required to detect the
response of all the sensors in the m X n crossbar.

Fig. 4 shows the experimental result from directing a range
of reducing gas concentration to a row of a 4 x 4 sensor
array. The initial resistance value of the 4 memristors in the
target row was set to 100€2, 1232, 1272 and 140¢2, represent-
ing an extreme case of almost 33% variation between the
smallest and largest memristance. Despite the large variation,
an average response (red waveform) which represents the
parallel combination of the for memristor was measured by
the sensing architecture over the range of gas concentration
(pink waveform). If all the rows in the crossbar are used for gas
sensing, measurements will be done by a succession of m read
steps for ¢ = 1,...,m and all responses recorded accordingly.
The sensing structure depicted by Fig. 3 also makes it possible
to design a fault tolerant system by introducing a repair
mechanism that addresses faulty sensors in the array. This
can be achieved by checking if the response of a memristor
(sensor) considerably differs from the rest, in such case, the
resistance of the cell can be set to a high resistance state or
such cell substituted with a spare one.

IV. DISCUSSION AND CONCLUSION

To the best of our knowledge, this is the first attempt to
develop a framework for multiple gas sensing with memristor
crossbar. The m(1 x n) structure introduced prove to be

efficient in terms of responsivity and reliability but at the
expense of more devices. We believe that the proposed analysis
represents a fundamental cornerstone to the success of this
novel approach to sensing: future developments include the
manufacturing, analysis, and modeling of prototypes based
on the proposed architectures. Other alternative structures
under consideration includes m x n (a single sensor made
of mn devices) and the use of isolating devices in the m x n
structures in order to achieve mn independent sensors. The
effect of resistance variations in memristors in the row will
also introduce a different dynamics that will requires further
analysis. These sensing approaches are essential for integrating
very dense sensor arrays on well known and established
memory-like architectures already proposed for memristive
arrays.
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