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Abstract:
By explom adsorbent gaseous molecules induced changes in intrinsic properties of
graphene/silicon §Gr/Si) Schottky junction, we report a sensitive, low-power consuming,

multi-mo wonmental sensor. By combining an array of Gr/Si Schottky diodes with a
i

differenti er circuit, we are able to not only differentiate the temperature coefficient

and huming, but also monitor the sun-light exposure time. Our device is particularly
sensiti umidity in both forward and reverse biased, and works in resistive as well
as capaciti e. Sensitivity of our devices reached to 17%, 45%, 26%, and 32% per
relative humidity (%RH) for reverse biased, forward biased, resistive, and capacitive modes,

respectiveMe reverse mode, the power consumption is as low as 2 nW. Moreover, our

sensor resfio 8 highly selective, with sensitivity lower than 1% for other gases present in
atmosphere ing Hy, Oy, Ny, and CO,. High sensitivity, low-power consumption,
multip ign modes, and high selectivity promises application of our sensor for

industrial ®and home safety, environmental monitoring such as indoor & outdoor air

conditions: Eroc; monitoring, and others.

Introd{
Sensing of envirdnmental components (gases/vapours, light, temperature, etc.) have been

traditionally important in numerous applications including industrial and home safety,
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environmental surveillance, process monitoring, homeland security, e-agriculture, and others

(71 Modern technologies such as such as smart grids, smart homes, intelligent transportation

{

and smart require new generation of multivariable environmental sensors involving a

sensing ¢ iih multiresponse mechanism to different elements of environment.*!

[ ]
Capabilitygto develop multivariable sensors and actuators with better sensitivity, wider

detection ramg ster response, shorter recovery time, low power, and low cost will enable

G

their use in: | internet, which is appealing for new era of smart living. To meet the future

demands nyifonmental monitoring applications, emergence of two-dimensional (2D)

S

nanomaterials prove a key towards the development of next-generation multivariable

U

sensors.['*

1

The concept of Schottky diodes, developed initially for the contact between a bulk metal and

semicond

d

s been extended in recent years to graphene (2D material), as graphene-

semico or 1s one of the simplest conceivable devices in a hybrid 2D/3D semiconductor

techno ndeed, graphene-semiconductor Schottky junction is being studied for

[17-19 [22]

applications in photo detection ]| fiber communications®”, solar cells®®"), barristers®?.

Schottky height (SBH) of the graphene-semiconductor junction can be modulated by

moleculed on the outer surface of graphene, offering the prospect of using graphene
based Sc iode as a sensing platform for wide range of molecules™ !, Though
Schott s offer sensing capabilities in both forward and reverse biased modes,

however, chanisms are different. While current in forward bias is mainly determined

by the ser ance of the junction, the reverse biased current is due to the junction barrier
height, as the carrier injection ratio and coupling energy of graphene-semiconductor
contact. More ortantly, reverse bias operation requires lower power consumption than

forward bias operation. Reason being that in forward bias the current is few orders of
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magnitude higher than the reverse bias, and power consumption (P) is directly related with

the current according to the formula P=VI, where V is voltage and I is the current.

In thegpfesClt work, with an aim of designing an efficient multi-mode environmental

sensor,-we abricate a novel graphene based metal-semiconductor field-effect transistor
(MESFEM is composed of graphene as the channel in the horizontal direction and the
graphene @with silicon in the vertical direction to form a graphene/silicon (Gr/Si)
Schottky juncggem. With this novel 2D MESFET device, we show a multimode sensor that
works in m or reverse biased Schottky junction,, and in resistive as well as capacitive
mode, makin; i; promising candidate for 2D materials based sensors. Our sensor is also
sensitive gerature and light, enabling us to design an environmental monitoring

platform by combining an array of Gr/Si Schottky diodes with a differential amplifier circuit.

Results a ssion
Figure 1b show the schematic and scanning electron microscope (SEM) image of
the gr ed MESFET device®® ( our CVD grown graphene had mobility of

1815cm*/¥s and Dirac point at 26 V). With graphene as the channel, connecting the source
and drain e des, the device can be tested in the horizontal and vertical working modes.
The SEM confirms that graphene has a good physical contact with both the gold
electrocﬂbottom silicon window, a pre-requisite for an efficient Schottky junction.
Figure We 2 x 2 array device which can be used for multi-environment monitoring
and envirwl parameters extraction. With a proper circuit, we can not only get the
humidity info ion, but also that of light and temperature. Figure 1d is the microscope
image graphene-silicon Schottky contact window. For humidity testing, we need a

simulated condition as that of the ambient environment. We designed a test setup (Fig. 1e) for

controlled humidity and gases (e.g. O,, CO,, and N;). With dry gases mixed with wet water

This article is protected by copyright. All rights reserved.
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molecules, different switches, and mass flow controllers (MFCs), we have tested the response

of our devices to N, humidity, CO,, and O,. The home-made testing chamber is shown in

{

Fig. 1f. The ide cover was designed to perform the measurements under the dark as well
as the lig igins. The cover for dark condition testing, marked as D in Fig.1f, was a
 E—

simple al cover. While, the cover for light testing, marked as L in Fig.1f, had a

transparentgglasg window to allow illumination of the device for photocurrent and in-situ

G

Raman me ent. The test chamber had two pneumatic quick connectors for gas flow in

and out, a red SubMiniature version A (SMA) terminals connected to the testing electric

S

equipment.

Figur s the optical image of graphene covered Si/SiO, interface area of Schottky

nu

device. Presence of graphene on the Si and SiO, step (300nm) was confirmed by Raman

mapping bricated devices, which produced a typical Raman spectrum of graphene

with ¢ cristics peaks, as shown in Fig. 2b. Two main peaks at ~ 1589 cm™ (G peak), and
~ 270 D peak) were observed from the pristine graphene. They correspond to Eo,

[27]

phonon at the Brillouin-zone and the overtone of the defect-activated D peak, respectively.

The D pe&e to the breathing modes of six-atom rings and requires a defect for its

activations from TO phonons around the K point, and is active by intervalley double

resonance' nce of defect-related D peak ( around 1320 cm™) indicates the high
crystal of graphene. I(D)/I(G) peak ratio of less than 1 indicates the high quality of

continuou ne grown by CVD method.*” I(2D)/I(G) peak ratio of 4.2, and 2D peak
full width aximum value of 27.5 indicate that graphene is monolayer. [(2D)/I(G) is a

good 1 of number of graphene layers, and Previous studies’®” *” of CVD-grown
graphene have ta&en a [(2D)/I(G) >2 to indicate monolayer graphene, 2 > [(2D)/I(G) > 1 for
bilayer and I(2D)/I(G) <1 for multilayers. To further characterize the humidity effect on
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graphene by Raman spectroscopy, we used controlled humidity environment in the test
chamber with a glass window to perform in-situ Raman mapping measurements under low,
moderate, a ich humidity conditions of 25%, 50%, and 90% RH, respectively. There were
signiﬁcan&dependent changes in the Raman spectrum of graphene, i.e. changes in
peak po-sigTofthe G and 2D modes and I(2D)/I(G) peak intensity ratio, as indicated in the
left panel gfi Figg2c. The average Raman peak parameters extracted from Raman map of 10
pm x 10 gene area under different humidity conditions are shown in the right panel
of Fig. ZCWraphene/Si device is exposed to humidity, upshift in both G and 2D bands
was obser@ng with decrease in the I(2D)/I(G) ratio, which indicates p-type doping

characteri& to the water molecules adsorbed on graphene/SiO, and graphene/Si
32

interfaces aman G band, which is associated with Fermi energy of the graphene,

stiffened mincrease in the humidity as its value shifted from 1583 cm™ to 1587 cm™

Such shi ines that in this case water molecules p-doped the graphene by acting as an

ing molecule. It is in accordance with previous reports which mention that
molecules (including gases and water vapors) with electron-withdrawing or electron-donating
capacity og g- or n-dope the sensing layer (graphene, MoS,, MoOs, etc.)™*>), respectively.
This upsth Raman peaks is almost completely reversible after purging the chamber
with N, gaSt is indicates that the water molecules experience adsorption/desorption
processes @uring the humidity changes to the Schottky device. Changes in the Fermi energy
(indicatw‘lift in Raman G band) with the water molecules provides the basics of
humidity sensingilnteraction of water molecules with graphene is still a topic of debate. It is
believed tha o hydrophobic nature of graphene, at low concentrations, water molecules
have t@mommts in opposite directions, so that they cancel on average. Hence,
charge transfers between a graphene sheet and water molecules, which could influence the

This article is protected by copyright. All rights reserved.
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density of the charge carriers and, consequently, the resistance in graphene, are very small.’®

However, electronic properties of graphene on a substrate can change substantially even with
low conce ions of water molecules as they can shift the substrate’s impurity bands and
change th, idization with the graphene bands. Hence, water can lead to doping of
H I . [37]
graphene for much lower adsorbate concentrations than for suspended graphene."”". At large
concentra‘mmolecules, the dipole moments of the different molecules add up instead of
averaging OWPcading to a significant total dipole moment that will affect the electronic

propertieswene[%]. Since, in our case graphene was supported on Si substrate, so, we

observed cEang5‘1 graphene electronic properties both at low and high humidity.

Since tEfunction of graphene and n-type silicon in our devices is 4.9 eV, and 4.05

eV at room temperature, respectively, they are expected to form a Schottky junction B*4%. I-
V curves vices (Fig. 3a) are indeed characteristic of a Schottky *'. We derived the
followt -V Characteristic of a Schottky diode using Landauer transport formalism with

Crowe roach for thermionic emission and diffusion of carriers over a barrier

eD,

ot o] o

B kT nk,T

where ¢, i Schottky barrier height, kz the Boltzmann constant, 7 the absolute

ideality factor, e the elementary charge, D, = 2/[z(fv,.)*] the density of
states of g x the average barrier height, J the oxide thickness, v, the Fermi velocity in
graphene, 3duced Planck’s constant, V" the voltage applied across the diode, and R the
series 1 4@ e. ;' represents the injection rate of carriers from silicon to graphene and is
related to the silicon-graphene and metal-graphene coupling energy. We did not use the

effective traditional Richardson constant (A*) to describe the Gr/Si Schottky junction,

This article is protected by copyright. All rights reserved.
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because A* overestimates the thermionic dark current of graphene/silicon Schottky junction
without considering finite density of states of graphene, which is better accounted by the
LandauH. Equation (1) would be linear for Vp >> n kgT until much higher bias
voltage (&re series resistance starts to dominate. From the slope of this linear
segmen? csmV plot, one can determine #, while the intercept on y-axis will give the
saturation garromt, from which the SBH can be determined*”. The inset in Fig. 3a shows the
logarithmi(;Oplots for graphene Schottky junctions. Using the plots, with the measured
“tm?, we find # = 1.2, and ¢5 = 0.84 eV under dark conditions and very low

area of 2
humidity E~2203H). These values are in close agreement with those reported recently”
where 7 >&monly observed, which has been attributed to barrier height variation with

reverse bi isilig from bias dependent work function of graphene, image charge induced

Schottky mwering and inhomogeneity.

Th

characteristic of the Schottky devices was also investigated under different
humidi itions, as shown in Fig. 3b. We tested vertical Schottky junction current under
different humidity conditions with the bias voltage sweeping from —1 V to 1 V. With the

increase ihity, forward current increases while the reverse current decreases. This is

understannsidering that in thermionic emission I-V transportation equation (1),
reverse ¢ i8 inversely related to the SBH, while for the forward bias, the junction
resista;eased due to the adsorption of water molecules and consequent charge
transfer p For forward biased resistance, compared to the saturation part of the
rectifying ﬁe in Fig. 3b (which also depicts the resistance), change was more obvious

when s = 10 V to reverse bias the Schottky junction, as shown in Fig. 3d (inset

shows the resistafice (R) and conductance (G) of the graphene channel with the RH).

This article is protected by copyright. All rights reserved.
8



WILEY-VCH

For Schottky characteristics under the different humidity, with Eq. (1), using Fermi level

change equation and the Langmuir adsorption model at low humidity condition, we can build

cript

a relations tween humidity and the current as below:

¢y =E, :_\/;hVF\/N0+Nh

N, =N KxRer:V* (2)
1+ KxRH xe,
where Ep @@t rmi level change, Ny is the intrinsic carrier density, N, is the hole doping

concentra is the saturated doping concentration constant, K is the equilibrium

US

%

constant fg ibution of water molecules between graphene and the gas phase, and €, is

dal'l

the equilibrium vapor pressure of water. At room temperature, €,=31.27 mBar. For our
device, Ny cm 2, N, is related to RH, ranging from 3.50x10" em 2 to 1.15%10" ¢cm 2.

Using appr: fitting, we can get K = 0.18 and &V Zat: 5.46 x 10'* e/cm™>. Thus for lower

W

and m idity conditions, the Langmuir adsorption fits well from 5% ~ 40% RH

(solid lings Fig. 3c) where SBH increases with humidity, but at the higher humidity

conditions iates from the standard behavior (dashed lines in Fig. 3c), because the

assumptio nolayer coverage only in Langmuir adsorption model is not valid anymore

at high hu‘idity conditions.

The a*ve mentioned observations can be explained by considering previous reports =

1 which igh that charge transfer between adsorbed molecules and graphene decreases
as the gr. ermi level moves closer to the defect level introduced by the adsorbed
molecules. gest that water molecules absorbed on the surface of graphene induces p-

type doping, as evidenced by the upward shift of Raman G peak with increasing humidity.

This article is protected by copyright. All rights reserved.
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This behavior is expected, since H,O being an electron acceptor would increase the density of
holes in graphene following adsorption and increase its conductivity.[*! This decreases the

channel res:’ﬁe, consistent with the forward biasing condition of the junction. On the other

hand, for ottky junction, this increases the SBH. Figure 4a schematically shows

N . . o .
the band ss:cture of Gr/Si under low and high humidity conditions.

In cor@ the I-V curves of Schottky junctions which are dominated by the local

leakage cmhe capacitance is an average collective response of charge effects on the
1e

Schottky b nd the dielectric interface. Thus, monitoring the capacitance changes of the
device is also us;ul for estimating the overall relative humidity environments. Capacitance-
voltage ( surement under different humidity conditions (Fig. 3e) demonstrates that

the capacitance of our device increases with humidity, consistent with the observation in

Ref*. Fr to high humidity (10% to 90% RH) a ~27% increase in the capacitance is

observ z, proving that our devices are also suitable for capacitance based humidity
sensor equency-dependent capacitance measurement, electrons usually have much
higher mobility than that of holes and protons. Thus for higher frequency, the capacitance
seems sm&e to the “heavier” carriers which cannot catch up with the frequencies.

While fot humidity, more carriers from protons and electrons are brought to the

charging iseharge process, thus larger capacitance is observed.

By current at 5% RH low humidity (/s) as a reference, we defined the

th

sensitivit ertical part of Schottky junction at relative humidity condition X as:

U

Schottky, =— (;;1_ ISRH )><100% 3)
5% x = 5

A

Similarly, the sensitivity for resistance and capacitance is defined, respectively, as :

This article is protected by copyright. All rights reserved.
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R, —R,

Resistanceg = x100% “4)
R, x(RH , —RH )

i C, -C,

Capacitanceg = x100% (%)
C, x(RH, —RH ;)

N I .
Sensﬂ1v1t§f our devices reach to 17%, 45%, 26%, and 32% per %RH for reverse biased,

forward bi@sis‘tive, and capacitive modes, respectively, as shown in Fig. 3f.

When gxp, to visible light, our humidity sensors in all the humidity conditions (from
low 2% Im;);gh 90% RH), exhibited a significant change in the reverse and forward
biased cu@. 4b. This demonstrates its ability to simultaneously detect the visible light
(570 nm). f photocurrent in our devices can be attributed to photo-generated carriers

in Si, which can_be extracted through graphene channel before their recombination. It is

important §Q & ion that even for photo-current the Schottky junction plays an important

part a region and built-in electric field (Ep,irin) associated with it allow the

separati ectron-hole pairs rapidly without diffusing, producing a high photo response.

Combining with a simple time-count circuit, we can calculate the total sunlight exposure
time as w the humidity, which allows us construct an environmental monitoring
platform critical for vegetables, fruits, and plants grown condition control and
monitoﬂ interestingly, our Schottky sensors can and work at low-powered mode,
which Wportant for energy-saving and green environments by alleviating the
mandator of electric power cables, considering the outdoor environment monitoring

and e-agriculturgdields are scattered in the large areas up to thousands of acres.

To study gne response of our multi-functional environmental sensor, we tested the

current and capacitance change over time shown; panel of Fig. 4c. The rise (response) and the

This article is protected by copyright. All rights reserved.
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fall (recovery) times are defined as the time required for the current to increase from 10% to

90% and drop from 90% to 10%, respectively, when the humidity is changed to a certain

level. R#r), and fall time (#) for our device on resistive mode were recorded as ~8 s
and ~19s &humidity levels (40%RH) to the initial value (~ 20%RH)), respectively.
Respon:e ime of our devices is only moderately fast and is limited by the time for the
humidity dimgn control process to pump/purge time the test chamber. Slow absorption
and desorp ocess of the water molecules also contributes to the slow time response. By
using bettwms with fast control on the humidity conditions may improve the response
time. Moreover, Weating of the device to facilitate the desorption process of water molecules
can also im he fall time. For the reverse bias mode, #. and z;were ~4s and ~10s (from

20% RH H). We note that since our target of humidity monitoring is to be applied

for applicati ch as outdoor environment, e-agriculture, and ambient weather conditions,

d

responsgatimeris not the most critical parameter of the sensors. However, we would like to

[34, 45-48] [49, 50] [35] [51]

mention tha pared to other resistive , capacitive , transistor or

[14, 46, 49, 53-58]

impedance type devices based on sensing materials such as graphene , metal

oxides** s 48, 52, 9, 60], metal sulfides®> 48], carbon nanotubes, and black phosphorous, our

devices w comparatively faster ( comparison is provided in the Table.1). Only few

[57

devices bas GO in impedance mode!*!, GO in optics mode™”), graphene in resistance

mode!*®!

d ZnO/GO based SAW devices®® showed faster response/recovery times.
Compaiwiously reported similar devices !'** %338 our device offer the advantage
of multi-mode E;pacitive and resistive, forward and reverse bais mode), multi-variable
(temperatur: idity, light) sensing. Moreover, our devices in both resistive and capacitive
mode, @cellent reversibility, for > 1000 cycle of change in humidity, with initial
resistance and capacitance recovering to ~100% after we purged the test chamber with dry

This article is protected by copyright. All rights reserved.
12



WILEY-VCH

nitrogen to bring the high humidity level (90% RH) to the initial value (~ 2% RH). It is also

important to mention that most of the results from the literature tabulated in the Table 1 are

with pristin sing material. In some cases the sensing layer can be modified with different
moicties Q—a

tal nano particles (NP) to obtain enhanced sensing response!®'®*!. For
N
example, gposmon of Pd NP on MoS; has been found to enhance the gas response to NHj3

by increaw overall active sensing surface area and the adsorption sites of gas

molecules.

The bcwmel of Fig. 4c shows the time response of our devices under both humidity
and sun-li;ht coiﬁtions (by AM 1.5 solar simulator). Here, the I, II, III, IV are denoted as
four diffeﬂes of our device, i.e. light only, light & humidity, humidity only, and no
light & no humidity, which are color-marked as periwinkle, mauve, pink and white,

respective ulti-modes of monitoring sunlight and humidity at the same time might be

more & ing tor e-agriculture and outdoor monitoring application. An array of Schottky
sensor i our devices are fabricated to monitor different environmental conditions,

namely, sun-light only (Device A), sun-light & humidity (Device B), humidity only (Device

C), no surh no humidity exposure (Device D), respectively as shown in Fig. 1c of the

2x2 arr. By using a simple differential amplifier circuit, we not only can monitor

the sun-li ure time under different humidity conditions, but can also differentiate the
temper: cient with humidity sensing. Figure 4d shows the temperature induced
changes i ent response under different humidity conditions. Figure 4d also presents
the sensitiy our temperature sensor at ambient humidity conditions. Equation 1

describ¢ge in the current of a Schottky junction with temperature as both have an
inverse relation. @Wemperature range for the response was measured between 10 to 90°C. For

This article is protected by copyright. All rights reserved.
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example, temperature coefficients (o) for reverse and the forward current in the room

temperature at 5%RH are 0.074 nA/K, 0.02551 pA/K, respectively.

Real re does not contain only the humidity but is a mix of different gases such
as N (78.09%). O (20.95 %), Ar (0.93%), and CO, (0.038%)'"). Presence of these gases
interferes w humidity sensing. In particular, graphene based devices, especially CVD

graphene,ffare e¥tremely sensitive to a wide varieties of adsorbent molecules (gases,

C

biological mules, etc.[* " which if present, can interfere with the humidity
measuremetits. Our humidity sensors were highly selective towards humidity. As can be seen
in Fig. 4e, sensitvity of our sensors towards the interfering gases present in the atmosphere

was almoﬂl%) (both in capacitive and resistive modes), we suggest that this is to the
a

very low absorption probability of these non-polar molecules at the charged Gr/Si surfaces is

much less\tha polar water molecules. We noticed that the sensitivity towards these gases
was m in their 100 % environment, therefore the measuring conditions had higher gas
conce #8115 than in the real atmosphere.

To defgnstrate the practical applications of our devices, we simultaneously measured the
RH and the erature in controlled (clean room, green house) and un-controlled conditions
(outdoor, esults are provided in Fig. 5, where outdoor (un-controlled) conditions on
a rainy ﬁ perfectly demonstrated by the high humidity recordings on the sensors.
MoreoWe temperature and humidity fluctuations recorded over the period of 15
hours of a"day, MCluding morning, afternoon and evening/night demonstrate the robustness of
our sensors. For gnore stable/controlled conditions of green house, clean room, and the office
temper@H recordings remained stable over the period of 15 hours which matched

very well with the conditions.

This article is protected by copyright. All rights reserved.
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Conclusions

In W we report a highly sensitive, selective, and multi-mode humidity sensor

arrays. Mf such ultra-high sensitive response involves the alteration in SBH of

Schottkz junction, due to the change in Fermi level of graphene when water molecules adsorb
I
on the suMGr/ Si Schottky junction. Our sensor was non-responsive (sensitivity < 1%)

towards ifiterferifig gases in the environment including N,, O, Ar, and CO,, making our

C

sensor highly ctive. Based on the high selectivity, combined with multi-mode function

S

and high scfSiti¥ity, we envisage the applications of our sensors in diverse areas including e-

el

agriculture, fishefles & livestock, storage rooms, cooling chambers, swimming pools, as well

as indoor t local weather monitoring.

!

Methods:

d

The substrate U8€d was n-type (100) Si wafer (resistivity of 1-10 Q cm) with 300 nm thick
Si0; layer. e electrode of Au/Cr (60/5 nm) used as source and drain of the MESFET
device ted by lithography and e-beam evaporation with lift-off process. After a
second lit@y process, the sample was put into buffered oxide etchant (BOE) to expose

the Si win, f the size 500 um X% 500 pm. Subsequently, a monolayer chemical vapor
deposition graphene as the conducting channel was transferred onto the Si window
with a coSormal coverage to form the Schottky junction. O, plasma was used to pattern the
graphew the eutectic Galn was painted on the back side of Si substrate forming
Ohmic coSd was used as the back-gate electrode. Raman spectroscopy of graphene on
SiO, was condugted using a RENISHAW RM2000 with 532 nm laser. The I-V and C-V

curves easured with Agilent Semiconductor Analyzer B1500. The AMI1.5 solar

simulator was used as the light source made by Beijing NBET Technology Co.
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(e) Gas Flow MFC Hygrometer (f)
—_—

o
'
’
’

Figure matic of the multimode humidity sensor with source-drain voltage
Vgs and gdte voltage Vs control. (b) SEM of the graphene-silicon interface of a

humidity ) The 2 x 2 array of humidity sensors with four devices, exposing
to differe ions, namely, sun-light only (Device A), sun-light and humidity
(Device B), humidity Only (Device C), no sun-light and no humidity expose (Device
D), respecti . (d) The optical image of a graphene-silicon multimode humidity

sensor. fied inset image shows higher resolution Gr/Si interface. (e) The
measuremen em setup and (f) the homemade humidity controllable chamber
with electric input/outputs. In (f), the left side metal cover with no holes (D) is used
under dark conditions, and the right side cover with a transparent glass window (L) is
used for sun-light testing as well as Raman characterization.
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Figure 2 @ ptical Image of graphene covered Si/SiO, interface area of
Schottky d g#(b) Raman mapping of single layer CVD graphene on to the

device are 2 pm X 12 pm) Si/SiO, interface as highlighted with red
rectangle.¢) Raman spectra of graphene on SiO, area under various humidity

conditi nel), average peak parameters extracted from Raman mapping

of 10 XW
I

er low, moderate, and high humidity conditions (right panel).
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Figure 3 Eery low humidity condition (2%RH), the I-V characteristic of the vertical
Schottky j i’ of our MESFET device, (b) I-V curves under various humidity conditions,
i d theoretical (Langmuir adsorption model) Schottky barrier height change
(d) the horizontal graphene channel current with the sweeping voltage of the
source in (Ig) with Vg = 10 V. Inset of (d) is the resistance and conductance
relationship witf®humidity, (e) capacitance against humidity relation, (f) sensitivity of our
humidity sensors under current and capacitance modes.
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T

Figure 4 (Q:ture alignment of graphene-silicon Schottky junction under low (2%RH) and

high (989, RFY™ M idity condition from C-V and I-V analysis in Fig. 3, the water molecules p-dope
graphene a&ses the Schottky barrier height as well as the conductivity of graphene. (b) The
reverse sat@n’rent under low, moderate and high humidity conditions with dark and compact
visible laserali =532 nm, P = 20 uW/cm?). (c) The time responses of our sensors at different
working ween low (20%RH) and high (40%RH) humidity condition, namely, reverse
biased (REV@¥fofward biased (FWD), resistive (RES), and capacitive (CAP) modes. By combining
with an A\Br simulator and our humidity controller, the sensor devices work at four different

onstrated, i.e. light with 20%RH low humidity (state I), light with 40%RH high
humidity (E;o light with 40%RH high humidity (state III), no light with 20%RH low humidity

(state V), pithi marked as periwinkle, mauve, pink and white respectively. (d) The temperature

states are

coefficient midity sensor. The temperature coefficients 0=0.074 nA/K, 0.02551 pA/K in the
room tem t 5%RH are obtained at reverse bias and forward bias, respectively. Left axis

shows ity of our temperature sensors at ambient conditions. (e) Sensitivity/selectivity of

our multimo idity sensor to different environment gases and humidity.
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Figure 5. RH and temperature recordings of outdoor, office, green house, and clean room conditions

1

over the 1 iod of a day including morning, afternoon, and evening/night.
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Reverse [@’

Impedance
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e
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QCMypE
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O
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)

Capaq
I

Sensing

material

Graphene/ Si

Schottky

Junction

GO

GO

Graphene

Graphene
Graphene
GO
Zn0O
GO

GO, ZnO

DNA

GO

Carbon

Nanotube

Sensitivity (%)

45%/RH(AUI
A%RH)

32%/RH(AC/C
A%RH)

37800%(AC/C)

31%(AR/RA%RH
)

35% (AR/R)
80% (AR/R)
22.1 Hz/%RH
14 kHz/%RH
55.3 (dB/%RH)

53 kHz/%RH

0.14 mV/%RH

35.86%/%RH(A
C/A%RH)

WILEY-VCH

Table 1 Comparison of state-of-the-art humidity sensors

Response /

recovery time (s)

8/19

4/10

0.03/0.03

10.5/41

0.6/ 0.4

108/ 94

12/ 18
25/25
0.67/0.67

1/19

26/ 78

189+49/ 89+5

75/ 140
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Power

2 nW

5 mW

8 mW

3mW

275 mW
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Transistor SnO, 3500% (Irsi/Tary) 120-170/ 20-60 1 uW [59]
Capacitance ) 7-Al, O3 9.378(pF/RH) 150/ 52 - [60]
TransiD) MosS; 800%(AR/R) ~300, ~600 252aW B
Traﬂsi;'_ Black 521% (AR/R) ~101/ ~26 70 nW 511

s Phosphorus
I

. ’ Black 69
Resistal 97% (AR/R) 360/10 [69]

Phosphorus
'da)
Resistafe® o  V,0s 45.3% (AR/R) 240/300 [47]
 —
Impedance l’ Fe,0; 99% (AZ/Z) 29/630 [>2]
ResistaEi MoO; 229% (AR/R) 118/5 [34]
|
Resistam| SnS, 11300% (AR/R) 85/6 [48]
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