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Decane is one of the volatile organic compounds (VOCs) in human breath. Successful detection of

decane in human breath has vast prospects for early lung cancer diagnosis. In this paper, a novel

detecting device based on a filter surface acoustic wave (SAW) gas sensor is presented. SAW sensors

coated with a thin oxidized graphene film were used to detect decane in parts per million (ppm)

concentrations. Control and signal detection circuits were designed using a vector network analyzer
with a detection resolution of insertion loss down to 0.0001 dB. The results showed that the SAW
sensor could respond quickly with great sensitivity when exposed to 0.2 ppm decane. This device

shows tremendous potential in medical diagnosis and environmental assessment.
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1 Introduction

Up to 48% of lung cancer patients could survive if they
are diagnosed successfully in the early cancer stages and
are promptly treated [1]. However, the existing diagnos-
tic methods, such as X-ray and CT, are of limited use
in the early stages of lung cancer. To address this issue,
researchers recently began developing rapid methods for
detecting VOCs associated with lung cancer [2, 3] in hu-
man breath during the early stages of cancer. Decane is
an important VOC biomarker of lung cancer [4, 5]. A to-
tal of 42 volatile organic compounds related to lung can-
cer have been identified using gas chromatography/mass
spectrometry [6]. Decane, one of the VOCs with high
molecular weight, was selected as a biomarker for de-
tection in a lung-cancer electronic nose system [7]. In
fact, the chemical and physical properties of non-polar
decane molecules are similar to hydrocarbon biomark-
ers such as n-undecane, tridecane, 4-methyl-tetradecane,
hexadecane. Since decane [8] is a non-polar molecule
and because little charge transfer occurs between decane
and selective adsorbates, it is difficult to use traditional
gas sensors for detecting low decane concentrations [9].
Many gas-sensitive materials have been reported, includ-
ing graphene, carbon nanotubes, metal nanoparticles,

metal oxides, carbon black, and organic conductive poly-
mers [10-13]. Among these, recently graphene has at-
tracted much interest and many meaningful results have
been reported [14-16]. Graphene and graphene oxide
(GO) should have the most potential as adsorbates ma-
terials because of their large specific surface area (about
2600 m2-g~1) [17]. This feature [18, 19] gives graphene
oxide (GO) a greater contact surface area for absorbing
target gas molecules. In addition, graphene and GO can
still maintain good stability, even at the nanometer scale
or as a single benzene ring. In this paper, a SAW sensor
with GO, instead of graphene, is used for cancer-related
VOC detection because GO is non-conducting. This may
help avoid the use of an insulator film on top of the SAW
sensor, thus reducing the electromechanical coupling ef-
fects resulting from graphene conductive films. The SAW
sensor based on the mass effect in the process of trans-
portation shows good sensitivity for macro and non-polar
molecules [20].

2 Materials and methods

2.1 Materials

Graphene oxide was synthesized from mature graphite
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power (300 mesh, Aladdin Co. Ltd, Shanghai, China)
using a modified Hummer’s method [21, 22]. The SEM
image in Fig. 3(c) shows a wrinkled surface of graphene
oxide, it is result from uneven heating during the GO
film deposition process.

A SAW device with an appropriate frequency is neces-
sary to ensure sensor performance with high sensitivity
and lower detection limits. The following factors should
be considered: a high center frequency of the SAW de-
vice, high sensitivity for gas detection [23], SAW device
high operating frequency, and the high noise level [24].
The commercial RF3404 with a 433.92 MHz dual port
surface SAW (RF Monolithics, Inc.) was used as a sens-
ing element. The center frequency of the commercial de-
vice is 433.922 MHz and the corresponding insertion loss
is 3.183 dB (Fig. 1).

2.2 Sample preparation

First, a sensitive film with proper thickness should be
coated onto the SAW sensor propagation path. There
are many thin film coating methods, including spin coat-
ing, sputtering, and LB film preparation among others.
A suitable coating method is needed since the length of
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Fig. 1 The frequency characteristic of 433.92 MHz double-end
SAW filter, and the coating GO film sensitive SAW filter.

pm

pm

propagation path in the RF3404 double end SAW ele-
ment is narrow. In this paper, the GO-sensitive film was
coated onto the propagation path of the SAW device by
brushing a GO solution with the help of a microscope
and a single hair of a brush. AFM measurements showed
that the thickness of the films in this case were about
150-200 nm as shown in Fig. 2. In Ny gas, the inser-
tion loss spectrum of the sensor with GO-sensitive film
is shown in Fig. 1. The center frequency of the SAW
sensor device was 433.920 MHz and the corresponding
insertion loss was 4.265 dB. The difference of the center
frequency is about 2 KHz between the sensitive film with
and without the coating.

2.3 Test

The SAW devices were mounted into a 250 mL test cham-
ber. The chamber was evacuated for 1 hour to remove any
molecules adsorbed during the sample preparation pro-
cess. The Ny gas supply was split into two gas branches,
one flowing through a bubbler with decane to generate an
almost saturated vapor, and the second branchbeing the
carrier gas stream with concentration adjustment, which
can dilute the concentration of detected gas. These two
branches are later mixed to achieve the desired decane
concentration or to simply measure the response in a sat-
urated decane environment. Two mass flow controllers
were used to control the gas flow of these branches. The
carrier gas stream could be set from 0 to 10000 4+ 10
scem, and the decane vapor flows could be adjusted from
0 to 1000 £ 1 scem. Decane vapors with different concen-
tration were flowed into the test chambers. As the GO-
SAW sensor contacts the mixed gas stream, the insertion
loss changes accordingly. The network analyzer AV3656A
(The 41st Institute, Electronics Technology Group Cor-
poration, China) was used to record the time excursions
of the signal during the decane exposures of the SAW
sensor, indicating the changes in insertion loss for the
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Fig. 2 (a) AFM image; (b) Thickness measurements.
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Fig. 3 Diagram of the test system. (a) The overall profile of the test system. (b) The SAW filter with graphene oxide on
the propagation path. (c) SEM image of graphene oxide-sensitive film on the gas sensor sample.

SAW device. During the experiment, the flow rate (4000
sccm) and the room temperature were maintained to
eliminate the influence of gas velocity.

3 Results and discussion

The sensor performance was tested with 19.5 ppm decane
where the SAW sensor had a stable signal in Ny. The
GO-sensor was maintained in pure Ny for 5 min, subse-
quently exposed to 19.5 ppm decane for 5 min, and finally
flushed with pure Ny for another 5 min. This process was
repeated four times. The insertion loss at the fixed fre-
quency of 433.92 MHz is shown in Fig. 4(a), with the
insertion loss increasing when the sensor was exposed to
decane. The graphene oxide SAW sensor had very good
reproducibility, with the average variation of insertion
loss only about 0.02 dB. The response and recovery time
of the GO SAW sensor is 28 and 37 s, respectively.
Figure 5(a) showed the response of the SAW filter
coated with GO to decane at a decane concentration
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ranging from 2 to 50 ppm. Based on the experimental
insertion loss data in Fig. 5(a), the response varied as
a function of decane concentration with the correspond-
ing dependence on decane concentration as shown in Fig.
5(b). The magnitude of the response varied from 0.0013
to 0.007 dB. The sensor responded nonlinearly to decane
concentration in the range of 2-50 ppm concentration as
vapor concentration increased. This occurred as a result
of saturation of the GO-SAW sensor when decane con-
centration reached 35 ppm. With this device, we were
capable of measuring relative responses of insertion loss
values as small as 0.03% with a signal-noise ratio of 3:1.
The lower detection limit is about 0.2 ppm decane.

4 Conclusions

A SAW sensor based on an oxidized graphene film was
fabricated for the detection of the lung cancer-related
biomarker decane at varying concentrations. The results
showed that the sensor has high sensitivity (down to 0.2
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Fig. 4 Time response of the sensor at 19.5 ppm decane. (a) Repetition experiment of the sensor and (b) response time

and recovery time at 19.5 ppm decane.
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Fig. 5 (a) Insertion loss of GO-SAW sensor at different concentrations of decane of 2 ppm, 10 ppm, 20 ppm, 35 ppm,
and 50 ppm. (b) Relative change (A — Ag)/Ao as the function of decane concentration, (where Ag is the insertion loss of
the detector in the absence of analyte, and the A is the steady-state loss change upon exposure of the detector to decane).
The insert is the relative response at low concentration of decane.

ppm decane), good reproducibility, and quick response
and recovery properties. The oxidized graphene film is
an ideal candidate for SAW devices for detecting the
cancer-related biomarker decane. Consequently, SAW
devices using this gas-sensor technology have great po-
tential application for the diagnosis of VOCs related to
certain diseases.
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