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In this work, we show that the sensing performance of graphene based humidity sensors can be
largely improved through polymer functionalization. Chemical vapor deposited graphene is
functionalized with amine rich polymer, leading to electron transfer from amine groups in the
polymer to graphene. The functionalized graphene humidity sensor has demonstrated good
sensitivity, recovery, and repeatability. Charge transfer between the functionalized graphene and
water molecules and the sensing mechanism are studied systemically using field effect transistor
C 2015 AIP Publishing LLC.
geometry and scanning Kelvin probe microscopy. V
[http://dx.doi.org/10.1063/1.4932124]
Humidity sensors are of great importance for industrial,
environmental, and structural monitoring. Through monitoring and controlling humidity, corrosion, one of the most frequent causes of degradation of structures, can be prevented.
Common humidity sensors essentially tell a change in the resistance,1,2 impedance,3 or even the mass of the sensing elements due to adsorbed water molecules.4,5 Graphene based
gas sensors have been attracted a lot of attention mainly due
to graphene 2D structure, which provides the largest sensing
area per unit volume. The electrical properties of graphene
are found to be very sensitive to the local perturbations on its
surface due to surface charges and/or electronic density of
states induced by absorbed molecules.6–8
However, the reported graphene based humidity sensors
have several drawbacks. Massera et al. made use of exfoliated graphene and showed some promising results for humidity detection.9 As graphene is hydrophobic, this nature
limits the sensing performance of pristine graphene based
humidity sensors. In contrast, graphene derivatives, say, graphene oxide (GO) or reduced graphene oxide (RGO), have
hydroxyl, carbonyl, and carboxyl functional groups on their
basal planes so that the derivatives are hydrophilic and promising materials for humidity detection. Guo et al. used laser
RGO films for humidity sensing.10 By tuning the laser
power, the concentration of oxygen functional groups was
controlled, resulting in a tunable response to humidity.
Moreover, chemically RGO/polymer nanocomposite based
humidity sensors have been reported to have a good sensitivity due to the hydrophilicity and multi-layer structure of
polymer and RGO sensing films.11
Nevertheless, these oxidation and reduction methods
employed could cause covalent bonding, thereby destroying
the sp2 bonding of graphene lattice. These covalent
approaches alter the transport properties of graphene and
toxic oxidizing chemicals such as: sodium nitrate, potassium
permanganate, and sulfuric acid were employed.12 Efforts
are still scaring to achieve a green and safe process for graphene oxidation.13,14
0003-6951/2015/107(13)/134102/5/$30.00

In comparison with covalent bonding in GO and RGO,
non-covalent methods could offer the p bonding on graphene
basal plane and retain graphene unique electronic properties
without necessarily making use of harsh chemicals. One of
the approaches to non-covalently functionalize graphene was
to coat graphene with a thin polymer layer. It was found by
Dan et al.15 that Poly(methyl methacrylate) (PMMA) residues on graphene could largely enhance graphene sensitivity
to water molecules by acting as an absorbent layer that concentrates molecules from the vapor within the polymer.
In this paper, we report on an efficient method to modulate the doping level of graphene and improve its sensitivity
to humidity without causing damage to graphene. This
method consists of graphene functionalization with polyethylenimine (PEI) that has been employed by other groups to
induce electron doping to carbon nanotubes.16,17 PEI has
also been used for polymer based humidity sensors, as PEI is
known for its high hydrophilicity.18,19
Monolayer chemical vapor deposited (CVD) graphene
on copper foil was used in this work. Graphene was transferred on SiO2 substrates by PMMA assisted transfer technique.20 Branched PEI was used to functionalize graphene.
It was adsorbed onto graphene by simple immersion in a
25 wt. % PEI/methanol solution for few hours. Thereafter,
the sample was rinsed thoroughly with methanol and baked
at 50  C for 1 h.
The effectiveness of functionalization and the quality of
graphene were first characterized using Raman spectroscopy
(with exciting wavelength at 532 nm). Figure 1 shows the
Raman spectra for functionalized and non-functionalized
graphene. The G peak frequency is found to shift about
6 cm1 downward and the 2D peak by 13 cm1 upwards.
These findings can be regarded as an indicator of doping,
most likely electron doping in graphene.21 In addition, the
intensity of the 2D peak and the ratio I2D/IG, considered as
another indicators of doping,22 are also decreased for the
functionalized graphene. The D band intensity slightly
increased after introducing PEI molecules on graphene,
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FIG. 3. The transfer curves under Vds ¼ 20 mV for GFETs with nonfunctionalized (blue) and functionalized (black) graphene.

FIG. 1. Raman spectra of graphene before (blue) and after the (black)
functionalization.

likely because these molecules increased the disorder of graphene basal plane.23
In addition, electrical characterization was carried to
determine the type of the doping. For this purpose, CVD single layer graphene based field effect transistors (GFET) were
fabricated. GFETs were made on 285 nm silicon oxide/ pþdoped silicon substrate and had their graphene channel width
of 4 lm. Figure 2 shows the optical image of these GFETs
where the graphene ribbon with a size of 75 lm  4 lm
appears as a darker strip located on the top of SiO2. Au/Ti
(with thickness of 100 nm/10 nm) was patterned into the
source and drain electrodes using optical lithography.
The GFETs’ transfer characteristics under Vds ¼ 20 mV
are shown in Figure 3. It is clearly seen that even after the
functionalization, the performance of the GFETs was not
much degraded and remained comparable to the performance
before functionalization. In the case of non-functionalized
graphene, the minimum channel conductance was observed
at a positive threshold voltage (Vth), and this implies that the
Fermi level was below the Dirac point and the graphene
channel was hole doped. The hole doping can be explained
by the presence of possible PMMA residues from the transfer

FIG. 2. Optical image of GFET fabricated on silicon oxide/pþ-doped silicon
substrate; the channel width and length are both equal to 4 lm.

process and adsorbates from environment.24,25 For the functionalized graphene, the Vth was shifted to a negative voltage, suggesting that PEI induced electron doping to
graphene. This finding is similar to what was reported on
PEI functionalized carbon nanotubes, where PEI was found
to dope SWNTs with electrons.16 PEI induces electron transfer probably due to the high density amine groups. Doping
by functional groups in irreversibly adsorbed polymer on
graphene is found to be a simple approach of changing the
doping level of graphene.
To characterize the functionalized graphene humidity
sensing properties, a home built characterization system controlled by a Lab View program was used. Graphene based
devices were placed in a gas chamber with dry nitrogen as
the background gas. To measure humidity sensing characteristics of the graphene sample under different humidity levels,
dry nitrogen was bubbled at various flow rates through a
bubbler containing distilled water. The controlled humidity
environments were achieved using mass flow controllers for
monitoring the flow rate of dry nitrogen and bubbled nitrogen to obtain the desired relative humidity (RH). The RH
values could be tuned from 10% to >90% by controlling the
proportion of dry and humid nitrogen in the chamber. The
tests were done at room temperature. Another set of FETs,
made on 285 nm silicon oxide/pþ-doped silicon, with four
interdigitated Au/Ti top electrodes with a 1 mm gap were
fabricated to be adapted to the test cell. The applied voltage
between the top electrodes was 100 mV. The change in the
resistance of graphene between the electrodes upon exposure
to various relative humidities was monitored as the sensing
signal. The resistance was found to decrease with increasing
humidity. The sensitivity was determined by the percentile
resistance change or, in other words, by the ratio
R/R0  100, where R0 is the initial resistance of the sensors
in dry environment and R is the resistance corresponding to
the different exposures to various RH levels.
From Figure 4, one can notice that both sensors show resistance decrease with increasing RH. The functionalized
sensor responded more apparently to humidity, about 10
times more than non-functionalized graphene. The sensitivity of the functionalized graphene was further tested under
different humidity levels and longer time intervals. In Figure
5, one can find that the functionalized graphene sensor
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FIG. 4. Humidity responses (RH: 10% ! 40%) at room temperature for
non-functionalized (red) and functionalized (black) graphene.

exhibited a very good reproducibility thanks to its sensitivity
to water molecules and the fast recovery. This response was
better than the reported performance of bilayer CVD graphene that exhibited about 3% resistance change for a variation of RH from 44% to 55% (Ref. 26) and chemically
exfoliated graphene that showed unstable response with
varying the humidity levels.9 All these suggest that PEI functionalized graphene is a promising material for humidity
sensing applications.
According to the density functional theory, water molecules can act as acceptors or donors after they adsorb onto
pristine graphene surface, depending on the relative position
of their highest occupied molecular orbital and lowest occupied molecular orbital with respect to the graphene Dirac
point.27 Indeed, Leenaerts et al. discussed different interactions between water molecule orbitals and graphene and they
found out that one of the possible orientations, where a water
molecule acted as an acceptor on graphene, could be energetically selected on perfect graphene. Thus, the acceptor character is energetically favored with an electron transfer from

FIG. 5. Response at room temperature of functionalized graphene to various
humidity level cycles (10% ! 40% !60% ! 40% ! 10%).
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graphene to the adsorbed water molecule of about 0.025
e.27–29 This acceptor behavior of H2O is also consistent with
the previous experimental results.6,30
Before functionalization, the resistance of the graphene
sensors decreased when exposed to a high level of humidity.
This is consistent with the explanation that adsorbed water
molecules induce hole doping in the graphene. As mentioned
above, before functionalization, graphene showed p type
with its Fermi level below the Dirac point. Once water molecules adsorb on the graphene surface and cause hole doping,
the Fermi level would shift further away the Dirac point, the
resistance of the graphene would decrease.
As discussed above, the functionalized graphene showed
n-doped. The resistance of the functionalized graphene was
sharply decreased under high humidity levels, suggesting
that water molecules act likely as donors in this case.
To better understand the sensing mechanism governing
the water molecules adsorption onto PEI-functionalized graphene, scanning Kelvin probe microscopy (SKPM) measurements and electrical characterization of the tested graphene
devices were performed.
SKPM experiments on single and few layer graphene
have been already reported.31,32 It has been shown that the
work function of graphene can be tuned by changing the carrier density.31
In this experiment, the work function difference between
the functionalized graphene and gold electrode was characterized by SKPM scanning at low and high humidity levels.
A conductive tip coated with Pt/Ir with a resonant frequency
of 75 kHz and a force constant of 2.8 N/m was used in this
work. To control the humidity, two dry N2 gas lines with one
line passing through a bubbler containing DI water were
introduced in an atomic force microscopy (AFM) chamber.
The desired humidity values were reached by varying the
flow rates of wet/dry nitrogen. A Testo hygrometer was used
to measure the RH levels in the AFM chamber with an error
of less than 3%.
SKPM images the contact potential difference (DCPD)
between the probe and the materials under scan. The value of
an SKPM image, i.e., the DCPD, represents the voltages
applied to the probe so that there is no electrostatic force
between the probe and the material under scan. According to
the Kelvin Probe principle,33 the SKPM image value can be
calculated by the work function difference between the probe
and the materials and a higher SKPM value represents a
lower work function of the sample. As shown in Figures 6(a)
and 6(b), the SKPM image of gold electrode is always
brighter than the functionalized graphene, suggesting a lower
work function of the gold than graphene, i.e., a higher electron Fermi level of gold than graphene before they are
brought into contact. Therefore, a net electron transfer from
gold to graphene occurs as they are brought into contact. As
shown in Figure 6(c), when RH is increased from 20% to
50%, the DCPD of graphene is increased by 30 mV.
Given the surface potential of gold remains almost unchanged
for higher humidity, being consistent with the results reported
on water adsorption behavior on the surface of gold,34 the
increase of DCPD in graphene represents a lowering of the
graphene work function, suggesting that the electron Fermi
level of graphene becomes higher at higher RH. Clearly,
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FIG. 6. SKPM images of functionalized graphene at different humidity levels: (a) RH  20%; (b) RH  50%. (c) The graph shows the potential variations corresponding to the same selected location marked with the yellow line in (a) and (b) for RH  20% (black) and RH  50% (red).

FIG. 7. Transfer curves under Vds
¼ 10 mV for (a) non-functionalized
and (b) PEI-functionalized graphene at
different humidity levels: RH  20%
(black) and RH  50% (red).

water molecules cause electron doping to the functionalized
graphene. These SKPM results are consistent with the previous findings from the resistance variations under different humidity levels.
To confirm these results, the transfer characteristics of
the FET samples were also measured at RH  20% and
RH  50% as shown in Figures 7(a) and 7(b). We found out
that for non-functionalized graphene Vth is slightly shifted to
a more positive value for higher humidity due to the hole doping from water molecules. However, for PEI functionalized
graphene, Vth was further shifted to a more negative voltage,
suggesting that water molecules induce electron doping to
functionalized graphene. These measurements are in agreement with the above SKPM results, suggesting that water
molecules show acceptor behavior on non-functionalized graphene, whereas they exhibit a donor behavior on PEIfunctionalized graphene.
In summary, we showed experimentally the influence of
PEI functionalization of graphene on humidity detection of
the graphene based humidity sensors. Upon the functionalization, the graphene is apparently doped with electrons,
probably caused by the high density amine groups in PEI.
The functionalized graphene based sensors exhibit clearly a
higher sensitivity and repeatability towards water molecules.
Absorbed water molecules may act as electron donors on the
functionalized graphene, while they may withdraw electrons
on non-functionalized graphene.
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