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Sensitivity of graphene humidity sensors
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Abstract

Results of investigations of sensitivity of graphene to the humidity are reported. Comparison of properties
of graphene and polymer humidity sensors are carried out. Graphene sensors has remarkable response
at much lower water concentrations (started 0.01 kg water vapor in 1kg air) compare to ~40% of relative
humidity for nanoporous polymer membranes. This resistivity is more than 150 GOhm at 40% of the
humidity and drops 7,5 times at 60% of the humidity. In our case the resistivity ~100KOhm drops several
times in the same range of the humidity. We think that it is connected with the graphene band opening
phenomenon. During the adsorption water cause defects and open the band gap. The adsorbate also can
transfer charge which depends on relative position of HOMO/LUMO of water and Dirac point of graphene.
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Introduction

The humidity is everywhere in the environment,
so it is important to precisely sense water
molecules. Sensors, especially humidity sensors,
are of great demand in industry and
environmental fields, such as meteorological
services, air conditioning, and electronics
processing. Many efforts have been done to
produce high performance humidity sensors [1, 2,
3]. Their working principles based on the change
in electrical properties (conductivity or dielectric
constant). Adsorbed water molecules can
exchange electrons with a surface or change
material’s structure, causing a change in the
resistivity of the material. New types of materials
for manufacture of humidity sensors are carbon
nanotubes and graphene.

Graphene is a single atom thick layer of
sp2 hybridized carbon atoms. It was established
that pristine graphene is a semimetal with zero
band gap. This lack of an electron band gap is
the major obstacle limiting the utilization of
graphene in nano electronic devices. Some
experiments claim that water molecules can open
band gap of graphene after their adsorbtion on it.
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Analysis of existing data

In this section we will describe the experimental
data obtained by Fazel Yavari [5]. An
environmental chamber with precise control of
the absolute humidity level was used to control
the amount of water adsorbed to the graphene
surface. A bandgap of = 0.206 eV can be opened
by simply exposing the sample to an absolute
humidity level of = 0.31 kg kg— 1 (i.e., 0.31 kg of
water per 1 kg of dry air) in chamber. The effect
is reversible and the band gap reduces to = 0.029
eV in vacuum. So, any process that induces a
band gap would make it a relevant
semiconducting material. Graphene samples
were synthesized in [5] by chemical vapor
deposition (CVD) on copper (Cu) foil.

In the beginning of hydration
experiments, the resistivity of the graphene
sample was measured in vacuum. Then It was
exposed to four different levels (0.022, 0.065,
0.152and 0.312 kg of water per kg of air) of
absolute humidity inside the chamber. For each
value of humidity, the change in the film resistivity
was measured as a function of time (Fig. 1). The
adsorption of water on graphene surface is a
relatively slow process and it takes several hours
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for the resistivity to saturate at each humidity
level. In (Fig 2), the effect of the absolute
humidity on the saturated value of the graphene
film resistivity and the time taken to achieve 90%
of the saturation resistivity are presented. The
graphene resistivity shows a nonlinear
dependence on the absolute humidity (H) and
increases as = H 0.25. Conversely, the time to
achieve 90% of the saturated resistivity
decreases with increasing humidity as = H (-
0.25). Thus, the rate of the adsorption of water
molecules to the graphene surfaces affected by
the absolute humidity level. Once the number
density of water molecules on the graphene
surfaces saturated, the resistivity value also
saturate. Note that the absolute change in the
resistivity can be as large as = 150%for the case
of 0.312 kg of water vapor per 1 kg of dry air.
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Fig.1. Rezistivity of graphene at different
absolute humidity [5].
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Fig.2.Dependance of saturated resistivity
to absolute humidity and time [5].

To establish whether the sensitivity of the
graphene sheet’s resistivity to humidity is caused
by the opening of a band gap in the material, we
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varied the temperature in the environmental
chamber while keeping the absolute humidity
constant. In the result, we can determine that an
activation energy (a direct measure of band gap
in intrinsic semiconductors) associated with
electron transport in the graphene sheet exists.
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Fig.3. Dependance of band gap of
graphene to absolute humidity [5].

For zero humidity in the chamber, the graphene
nonzero band gap of = 0.029 eV is measured.
This is probably a result of the impurity
scattering, which leads to a small non zero band
gap even in the absence of humidity or at
substrate interactions. With an increase of the
absolute humidity level measured the band gap
Eg increases sharply following a = H 0.33
dependence and saturates at about Eg= 0.206
eV at a humidity level of = 0.312 kg kg— 1(Fig. 3).
Note that this effect is reversible. When the
humidity level was reduced back to zero, the
band gap dropped back to = 0.029 eV. This was
confirmed several times by repeated cycling of
the humidity level in the 0-0.312 kg kg- 1 range.
These experiments were also repeated for
different graphene samples and the results were
reproducible.
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Fig.4.Dependance of band gap of
graphene to resistivity

Using these measurements and the Wolfram
Mathematica program we estimate the Eg
dependence to resistivity, which is

E, = a+ bR,

where a,b and n are some constants. We see
from (Fig. 4) that band gap increases when the R
resistance increases.

Comparison of sensitivities

During experiment the absolute humidity
(or mixing ratio) was used, but in industry it is
more convenient to use relative humidity.
Therefore first we convert relative humidity to
absolute humidity [13]. The mixing ratio (mass of
water vapor/mass of dry gas) is calculated using :

X =B xPy/(Pot — Py) [9/kd],

where B = 621.9907 g/kg

The value of B depends on the gas. 621.9907
g/kg is valid for air. In general the constant can
be calculated using:

B = M(H,0)/M(gas) x 1000

PW is water vapor pressure, which is calculated
using

RH = P,,/P,s X 100%

where Pws is saturation water vapor pressure.
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There are many determination of sensitivity
(response), but the most convenient, which we
use is

S= (Rh - Rd) X 100/Rd

Where RD is the resistivity of dry air, RH is the
resistivity of humid air.
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Fig.5.Sensitivity of single and two layer
graphenes.

First we compare our results whit characteristic of
two layer graphene [13]. The result is shown on
Fig. 5. A single layer graphene is more sensitive
than 2 layer graphene, and absolute change of
resistivity is 150 %.We use this result to compare
with other sensors sensitivities. For example,
nanoporous polymer membranes have more than
150 GOhm resistivity at 40% of the humidity and
drops 7,5 times at 60% of the humidity [6](Fig.6)
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The situation is practically the same for sensors
made of hygroscopic polymer. Here the resistivity
~10MOhm drops several times in the same range
of the humidity [7].

Band Gap opening

Two effects can cause the band gap
opening. The first is the breaking lattice
symmetry. The molecular orbitals (HOMO/LUMO)
mix with graphene orbitals creating the
hybridization. This hybridization can cause
asymmetric lattice, which dependent from site,
where water molecule adsorbate on graphene
cell. Using tight-bonding (TB) approach was
calculated [8], that the energy dispersion of
graphene with lattice constant a is :

EX(K) = &5 F ¥(K),

where

R V3k.,a kya k.a
f(k)=\]1+4cos 2X cos%+4cosz%

Y =< @a(f — Rp)IH|@a(F —Rs — Ry,) > ,
(i=1,2,3)

Here y is hopping integral, which show orbitals
overlapping gauge, &,, is the energy of the

C- orbitals (a constant) [3]. From above, it is
clear, that band gap will open if lattice symmetry
breaks.

The second and probably more important
effect is charge transfer [9,10,11], which occurs
due to the relative position in the DOS of the
HOMO and LUMO of the adsorbate. If the HOMO
is above the Fermi level of pure graphene (the
Dirac point), there is a charge transfer to
graphene. If the LUMO is below the Dirac point,
charge will transfer to the molecule. In the case
of water molecule, HOMO (mostly situated in
oxygen atom) is below -4ev, LUMO (mostly
situated in Hydrogen) is above 2eV (Fig7). Water
can show both doping and acceptor features
depending on what position and orientation
molecule has. If molecule binds by HOMO
orbitals, there is small charge transfer to
graphene, due to all HOMO are occupied. But if
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molecule binds by LUMO, charge can transfer to
adatom. In this case thermal energy also help
electrons to transfer to adatom. So water mostly
shows acceptor features, and this is the most
possible orientation of the adsorbate.

Conclusion

It was proved that sensitivity increases
due to band gap opening. There are two reasons
of band gap opening, the one is that adsorbed
molecules breaks symmetry of graphene lattice,
another is charge transfer between molecule and
graphene, in many cases water act as an
acceptor. So, it was shown that graphene can be
used to sense humidity with high precision,
compare to 2 layer graphene and other types of
Sensors.
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