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ABSTRACT

We report results of the current–voltage characteristics and low-frequency noise in Au nanoparticle (AuNP)-decorated graphene–Si
Schottky barrier diodes. Measurements were conducted in ambient air with addition of either of two organic vapors, tetrahydrofuran
[(CH2)4O; THF] and chloroform (CHCl3), as also during yellow light illumination (592 nm), close to the measured particle plasmon polari-
ton frequency of the Au nanoparticle layer. We observed a shift of the DC characteristics at forward voltages (forward resistance region)
when tetrahydrofuran vapor was admitted (in a Au-decorated graphene–Si Schottky diode), and a tiny shift under yellow irradiation when
chloroform was added (in not decorated graphene–Si Schottky diode). Significantly larger difference in the low-frequency noise was observed
for the two gases during yellow light irradiation, compared with no illumination. The noise intensity was suppressed by AuNPs when com-
pared with noise in graphene–Si Schottky diode without an AuNP layer. We conclude that flicker noise generated in the investigated Au-
decorated Schottky diodes can be utilized for gas detection.

VC 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0152456

Due to numerous industrial and medical applications, better gas
sensors are highly demanded. Two-dimensional materials (e.g., gra-
phene, MoS2, ZrS3) are highly explored candidates for gas sensing
areas because of the high ratio of the active surface to its volume. Low
selectivity, limited sensitivity, and poor long-term stability are, how-
ever, challenges that must be met for any new material for gas sensing.
More than two decades ago, it was proposed to utilize low-frequency
(1/f-like) noise in resistive gas sensors for sensing applications, and it
was denoted fluctuation-enhanced sensing (FES).1,2 The same method
was subsequently applied on graphene back-gated field effect transis-
tors (GFETs) and carbon nanotubes.3–5

Low-dimensional materials have attracted large attention and
reporting results suggesting high gas sensitivity.6–10 These materials
(e.g., graphene layer) can operate as a channel in the back-gated field
effect transistor. It was shown that the FES method could detect low

concentrations of organic vapors by observing Lorentzians in the 1/f-
like spectrum in GFET of various graphene active areas.4,11

In this study, we utilize the FES method for gas sensing in
Schottky diodes consisting of p–n junctions between the graphene
layer of quasi-metallic properties and n-doped silicon [Fig. 1(a)]. Such
Schottky diodes have previously been applied for gas sensing.12 Low-
frequency noise in Schottky diodes have also been thoroughly studied
and recorded in similar structures.13,14 This motivates us to apply the
FES method on graphene–Si Schottky barrier diodes. Moreover, by
decorating the graphene layer with Au nanoparticles (NPs), the cata-
lytic and plasmonic effects on the gas sensing are investigated. It was
previously reported that both graphene functionalization and AuNPs
sputtered on the ZnO nanoparticles reduced sensor flicker noise.15,16

The noise reduction in AuNP/ZnO heterojunction structures may be
attributed to the effect of localized surface plasmon resonances

Appl. Phys. Lett. 122, 211901 (2023); doi: 10.1063/5.0152456 122, 211901-1

VC Author(s) 2023

Applied Physics Letters ARTICLE pubs.aip.org/aip/apl

D
ow

nloaded from
 http://pubs.aip.org/aip/apl/article-pdf/doi/10.1063/5.0152456/17719978/211901_1_5.0152456.pdf

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

https://doi.org/10.1063/5.0152456
https://doi.org/10.1063/5.0152456
https://www.pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0152456
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0152456&domain=pdf&date_stamp=2023-05-22
https://orcid.org/0000-0003-1459-4199
https://orcid.org/0000-0003-0056-0967
https://orcid.org/0000-0002-4330-5846
https://orcid.org/0000-0003-0296-5247
https://orcid.org/0000-0002-8308-4187
https://orcid.org/0000-0003-3616-8756
https://orcid.org/0000-0001-6616-2932
https://orcid.org/0000-0002-4978-4630
mailto:janusz.smulko@pg.edu.pl
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1063/5.0152456
pubs.aip.org/aip/apl
http://mostwiedzy.pl


(LSPR), and the same effect may be anticipated in graphene decorated
by AuNPs. We can also expect the presence of strong light–matter
interactions in such graphene heterostructures, resulting in a light-
modulated FES method for gas sensing, as suggested elsewhere.17

The graphene–Si Schottky diodes were prepared as follows. An
n-type silicon wafer was cleaned and thermal oxidized to yield a tar-
geted SiO2 thickness of 90 nm. The SiO2 thickness was confirmed by
ellipsometry measurements. Afterward, the SiO2 layer was selectively
etched, and graphene was transferred to the Si/SiO2 substrate via an
electrochemical delamination process as described elsewhere.18 The
graphene was grown on Cu foil via the CVD synthesis method and
was bought from Graphenea company (https://www.graphenea.com/).
It is a single layer of graphene with a theoretical thickness of 0.345 nm.
Subsequently, graphene was patterned and selectively etched in oxygen
plasma by reactive-ion etching (RIE). Finally, a thermal evaporator
was employed to deposit Ni/Au (10/200nm) contact electrodes for
electrical characterizations of the fabricated devices. All of the lithogra-
phy processes were performed by electron-beam lithography (JBX-
9300FX). An optical microscopy image of the final graphene–Si
Schottky device is shown in Fig. 1(b).

Gold nanoparticles were fabricated and deposited onto the gra-
phene layer employing the Advanced Gas Deposition (AGD) tech-
nique, also referred to as “gas evaporation,”19,20 using an Ultra Fine
Particle Equipment (ULVAC Ltd, Japan). Briefly, in AGD, metal
nanoparticles are produced from their pure metal precursor in a
source vacuum chamber by controlled melting of the metal and

cooling the ejected metal atoms by a gas (typically He) to form log-
normally distributed nuclei. The particles are sucked into an upper
deposition chamber held at lower vacuum through a stainless steel
transfer pipe position with one end positioned close to the vapor zone
above the Au melting point. The AuNPs are deposited on a substrate
mounted on a programmable XY-stage, producing well-dispersed
layers or log-normally size-selected, dispersed, non-contacting nano-
particles.21 In our case, a piece of high-purity Au (purity 99.99%) was
placed in a graphite crucible positioned in the axial center of an RF
copper coil in the source chamber.

By applying 2.8 kW to the coil, ultrapure Au nanoparticles were
formed in a laminar flow of 20 l/min of He gas (purity 99.997%).
Dispersed AuNPs were patterned on the graphene–Si devices over pre-
defined substrate areas while moving at a rate of 2.5mm/s. The
AuNPs were prepared with pressures of 87 and 0.6 mbar in the lower
evaporation chamber and an upper chamber, respectively. Before the
fabrication and deposition of the nanoparticles, the two chambers
were evacuated to 3� 10�2 mbar.

Figure 1(c) shows a scanning electron microscopy (SEM) image
of AuNPs on a Si substrate employing a Zeiss LEO 1550 instrument.
The AuNPs are highly dispersed and uniformly distributed with a
mean diameter of 86 2nm and were deposited on 0.5mm thick
quartz substrates for spectrophotometric characterization using a
Perkin-Elmer Lambda 900 spectrophotometer. The AuNPs coverage
is below one layer thickness.21 Figure 1(d) depicts the transmittance
spectrum for monodispersed AuNPs prepared by AGD on glass.

FIG. 1. (a) Schematic of a studied Schottky
diode with the bias voltage source. (b)
Optical microscopy image of a fabricated
device before Au nanoparticle deposition
with graphene dimensions: width¼ 50lm,
length¼ 250lm. (c) Scanning electron
microscopy (SEM) image of Au nanopar-
ticles deposited on silicon substrate using
AGD. The mean diameter of nanostructures
is approximately 8 nm. (d) UV-vis spectra of
two samples (Au nanoparticles deposited on
glass substrates during the same AGD pro-
cess) showing the local minimum transmit-
tance at 586 nm corresponding to localized
surface plasmon resonance (LSPR) exhib-
ited by Au nanoparticles.
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The minimum of optical transparency corresponds to localized surface
plasmon resonance (LSPR) of the AuNPs corresponding to a wave-
length of about 586nm (yellow light).

A probe station was used to establish the contacts to the investi-
gated structures [Fig. 2(a)]. A gas distribution system (mass flow
meters, type Analyt MTC GFC17) provided controlled vapors concen-
tration by flowing synthetic air through a glass bubbler with the
organic solvent [(CH2)4O or CHCl3]. Keithley 4200-SCS setup within
the bias voltage range between �4 and 4V was employed to measure
the current–voltage characteristics of the device. Yellow light irradia-
tion (592nm, type LED8-YD30) induced visible change in DC charac-
teristic at reverse bias, increasing the Au-decorated graphene–Si DC
response by about one order magnitude. The recorded change was
independent of the ambient atmosphere. This effect can be explained
by an induced photo-current in the n-doped silicon when the device is
irradiated by yellow light. The generated photo-current is large enough
not to be masked by thermal fluctuations, or adsorption-desorption
events occurring at the exposed graphene interface. A shift of the DC
characteristics occurred only when a forward bias voltage was applied
in THF gas mixed in synthetic air (S.A.), when the diode equivalent
serial resistance limited the forward current [e.g., at voltages larger
than �1.5V, see Fig. 2(c)]. Two organic gases were selected (THF,
chloroform) to investigate Schottky diode response to ambient gases.
THF was selected because it is a Lewis base. Chloroform has hard
acid-like chemical properties. These gases have different affinities for
electrons. Apart from this, we suppose that there is an experimental
reason for this selection, both having high vapor pressure (about 250
and 300 mbar at RT). The relative change D¼ (ITHF � IS.A.)/IS.A. of

current at an ambient atmosphere of THF (ITHF) and an ambient
atmosphere of synthetic air (IS.A.) is about 10% and is seen to be
slightly higher when the diode was irradiated with yellow light [Fig.
2(c)]. The same experiment was conducted for the graphene–Si
Schottky diode, without AuNPs decoration, but with greater graphene
area (width: 250lm, length: 250lm). In contrast to THF, we observed
a tiny shift of DC characteristic in chloroform [Fig. 2(d)].

The current–voltage characteristic of the Schottky diode is given
by the Shockley equation,

I ¼ IS exp
V

gVT

� �
� 1

� �
; (1)

where IS represents saturation current at reverse bias, VT¼ kBT/q is
the thermal voltage (q—electron charge, kB—Boltzmann constant, T—
temperature [K]), g is the ideality factor, representing a slower rate of
current increase than modeled in the ideal Schottky diode. Thus, the
observed tiny shift of DC characteristic can be related to the change in
the quasi-Fermi levels of the electrons and holes across the junction
THF and chloroform, respectively, due to THF being a Lewis base and
chloroform acting like a hard acid, but this effect requires further in-
depth investigations. From the I–V characteristics in Fig. 2(c), repre-
sented in a log-linear scale, we calculate gVT¼ 0.17V.

The real diode has some series resistance that makes the diode
characteristic Ohmic at higher bias voltages. The observed change in
the parameter D in the DC characteristic in THF gas [Fig. 2(c)] can be
explained by the diode series resistance increase due to the adsorbed
THFmolecules to the graphene layer, but also change in ideality factor
may contribute. The Schottky junction is formed between the

FIG. 2. (a) A probe station establishes two
contacts by titanium needles to the diode
structure and delivers gas through a metal
pipe. The Keithley 4200-SCS setup
recorded the DC characteristics. (b)
Current–voltage characteristics (I–V) of
Au-decorated graphene–Si Schottky diode
in the dark and under yellow irradiation
(592 nm; LED type), and in selected gases
represented in logarithmic scale, and (c) in
linear scale showing the changes for tetra-
hydrofuran (THF) in forward bias region.
(d) I–V characteristics for graphene–Si
diode without Au nanoparticles as a refer-
ence. The target gases were diluted in syn-
thetic air (S.A.) to reach a concentration of
100 ppm for both gases.
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graphene layer and n-doped silicon. A part of the graphene layer
between the Au-contact electrode and the formed Schottky junction
works as a series resistance for the diode, and any adsorbed molecules
there can change its resistance. It is worth mentioning that the current
between the graphene layer and n-doped Silicon is limited to a narrow
path when their contact is established, as discussed in the literature.22

It means that the sensing area is even smaller than the applied dimen-
sions of the graphene layer [Fig. 1(b)].

The low-frequency noise of the Schottky diodes was also mea-
sured. Low-frequency voltage fluctuations u(t) were recorded by the
NI USB-4431 data acquisition board over almost four frequency deca-
des [Fig. 3(a)]. A battery biased the device under test to reduce power
supply interferences. Low-noise voltage amplifier, Stanford SR760,
gained 103 V/V times the voltage fluctuations measured across the
Schottky diode. The power spectral density of voltage noise generated
in the diode at different forward bias voltages is shown in Fig. 3(b).
The power spectral density of the voltage fluctuations SV( f ) is found
to be proportional to the square of the bias voltage, V2, as shown in
Fig. 3(c) for frequency f0¼ 1Hz. The same dependence was observed
for the investigated Au-decorated graphene–Si Schottky diode in the
dark and under yellow light irradiation. It means that the recorded
noise is generated by the Schottky diode in the measurement setup.
There was a tiny difference in noise intensity when measured in the
dark and yellow light irradiation. When we observed flicker noise in
the graphene–Si Schottky diode, there was no difference in the noise
intensity in the dark or under yellow irradiation [Fig. 3(d)]. Moreover,
the graphene–Si Schottky diode exhibited more intense noise when

compared with the results observed for Au-decorated graphene–Si
Schottky diode at selected bias voltage; e.g., at V¼ 3.64 V and
f0¼ 1Hz voltage power spectral density equals SV(f0)¼ 2 � 10�7 V2/
Hz for Au-decorated and SV(f0)¼ 3 � 10�6 V2/Hz for the non-Au-
decorated diode. The Au-decoration resulted in lower noise when
compared with the non-decorated diode, even if the graphene–Si
diode had a five times larger graphene area, which should result in
lower 1/f noise intensity. The low-frequency noise suppression by Au
nanoparticles has recently been reported for the AuZnO Schottky bar-
rier when the AuNPs adsorbed some broadband emissions of deep-
level defects into ZnO by localized surface plasmon resonance
(LSPR).16 These emissions concentrated the electromagnetic field and
resulted in more carriers exited by the LSPR. Thus, at a higher total
number of excited charges, the relative fluctuations of the carrier’s
number were reduced, thus reducing 1/f noise.

The results of gas detection by the FES method in Au-decorated
graphene–Si Schottky diodes are presented in Fig. 4. The power spec-
tral densities SR( f ) of resistance fluctuations were normalized to the
square of serial resistance (RS,diff)

2¼ (dV/dIjV¼3.64V)2, defined as a
dynamic resistance (differential) of the voltage–current characteristic
at a bias voltage V¼ 3.64 V. The recorded voltage fluctuations u(t)
were transformed to resistance fluctuations RS(t) of the Schottky diode
to estimate its power spectral density SR( f ) normalized to the square
of the dynamic resistance (RSdiff)

2. The normalization makes the pre-
sented results independent of applied measurement setup and bias
conditions. Following suggested methods in the literature,23 we linear-
ize the Schottky diode at the applied bias point and replace the diode

FIG. 3. (a) Schematic of the bias circuit
used to measure current noise in Schottky
diodes by low-noise voltage amplifier
(Stanford, model SR560, voltage gain
K¼ 1000 V/V) and data acquisition board
(National Instruments, type USB-4431).
(b) Power spectral density of voltage
noise SV(f) generated in the Au-decorated
graphene–Si Schottky diode under for-
ward bias (1.20–3.64 V) in the dark. (c)
Power spectral density of voltage noise
SV(f0) at frequency f0¼ 1 Hz vs bias volt-
age V across the diode, showing linear
dependence as a function of V2 in the
dark and yellow light irradiation (592 nm,
type LED8-YD30). (d) Power spectral den-
sity of voltage noise SV(f) generated in the
graphene–Si Schottky diode under for-
ward bias voltage of 3.64 V in the dark
and yellow light irradiation, confirming no
effect of irradiation on noise characteris-
tics when the diode was not decorated by
Au nanoparticles. All measurements were
done in ambient conditions at room
temperature.
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with the voltage source VT and serial resistor RSdiff. The relationship
between applied DC voltage U0 [Fig. 3(d)] and voltage VS across the
resistance RSdiff then becomes

VS ¼ U0 � gVTð Þ RSdiff

Rþ RSdiff
: (2)

After that we define the parameter e representing the rate of change of
VS as a function of RSdiff,

e ¼ dVS

dRSdiff
¼ U0 � gVTð Þ R

Rþ RSdiffð Þ2
: (3)

The same Eqs. (2) and (3), but for linear resistors, were published ear-
lier.23 We can determine the relation between SR( f ) and the measured
SV( f ) by considering the mean square resistance fluctuations in an
infinitesimally small df bandwidth,

SR fð Þdf ¼ d R2
Sdiff fð Þ

� �
¼

d V2
S fð Þ

� �
e2

¼ SV fð Þ
e2

df ; (4)

and introducing Eq. (3) into (4), we get the formula to estimate the
normalized power spectrum density of resistance fluctuations

SR fð Þ
R2
Sdiff

¼ SV fð Þ
U0 � gVTð Þ2

Rþ RSdiffð Þ2

R � RSdiff

" #2
: (5)

The observed low-frequency noise in Fig. 4 follows 1/f frequency
dependence. It suggests that the observed noise was generated mainly
by mobility fluctuations, as reported elsewhere.24 When the sample
was irradiated by yellow light, we noticed differences in their
intensity for selected gases. The SR( f )/(RSdiff)

2 value for THF was 1.67
� 10�6Hz�1 at f0¼ 1Hz [Fig. 4(a)], while it remained approximately
the same for CHCl3, yielding a difference in SR( f )/(RSdiff)

2 value by a
factor of 2.8. When noise measurements were done in the dark, the
difference between the spectra for THF and CHCl3 was a factor of 1.2
at f0¼ 1Hz [Fig. 4(b)]. The same noise measurements were then also
performed under blue light irradiation (470nm). The difference in
noise intensities was similar to the results in the dark conditions (a fac-
tor of 1.4 at f0¼ 1Hz). The results, thus, suggest that the FES method
can be used for enhanced and selective LSPR gas sensing, yielding a
factor of about three enhancement for THF—a known Lewis base
(electron lone pair donor) molecule. The proposed hybrid structures
and the FES method open new perspectives of advancing gas sensing
by utilizing the LSPR phenomena easily modulated by LED light sour-
ces. The presented modulation and the FES method can improve gas

detection selectivity by reducing the number of gas sensors necessary
to detect gas mixture components.25,26 The DC characteristics can also
be applied to detect some gases. Moreover, such Schottky diode gas
sensors operate at room temperature, and the modulating LED light
source can be switched on quickly to secure low energy consumption.

In conclusion, we observed that the low-frequency noise in an
Au-decorated graphene–Si Schottky barrier diode operating as a gas
sensor can be applied for gas sensing by considering its power spectral
intensity changes. The observed changes for two gas molecules with
different chemical properties (tetrahydrofuran, being a Lewis base, and
chloroform being a hard acid) were enhanced by a factor of about 2.8
times when the sensor was irradiated by yellow light. The effect is
attributed to LSPR phenomena. In dark, or under blue light irradia-
tion, the changes were similar and were small (<1.4 times). We sup-
pose that this effect can be increased optimizing the parameters of Au
decoration (e.g., size of AuNPs and its surface coverage density), as
well as illumination conditions. Moreover, the studied Schottky diode
did not exhibit drift over several weeks when stored in laboratory air.
It means that the FES method can identify at least some organic sol-
vents in feasible and practical conditions. It is worth mentioning that
even more intense noise change was observed in gas sensor comprising
of organically functionalized AuNPs when exposed to formaldehyde.27

It suggests that the FES method applied in gas sensors utilizing AuNPs
is worth of in-depth investigation.
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