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1. Introduction

Solid-state optoelectronic sensors can be 
widely used for both light sensing over 
the broad spectral range from the UV–vis-
ible to the infrared region and the detec-
tion of trace chemical and biological 
agents in natural environments or war-
fare attacks.[1,2] Because of these potential 
civilian and military applications, they 
are becoming a central part of modern 
science. Many nanocircuit-based sensors 
incorporating different nanostructures 
as sensing elements, such as nanobelts/
nanowires,[3–6] carbon nanotubes,[7–9] 
nanoparticles,[10,11] nanopores,[12] and nan-
oclusters,[13] have been successfully devel-
oped. Advantages of such sensors include 
high sensitivity, low production cost, min-
iature size, and integrability. Recently, 
there has been an explosion of interest in 
the use of graphene-like nanomaterials in 
new nanoscale biosensors.[14–28] However, 
because of the inert and nonselective sur-
face of graphene, intrinsic impurities or 
defects on graphene and specific strong 

interactions with target analytes are needed for these devices 
to realize the sufficient sensing performance, especially for a 
pure graphene layer.[14,21,23,25] For example, Schedin et al.[14] 
demonstrated the detection of individual events of a gas mol-
ecule attaching onto and detaching from a graphene surface. 
This single-molecule sensitivity might result from uninten-
tional functionalization with the residual polymer auxiliary 
adsorption layer, as demonstrated by a later study, which proved 
that a thermal cleaning process led to a decline in sensitivity 
of two orders of magnitude.[15] In addition, recent experiments 
confirmed that graphene grain boundaries can substan-
tially enhance device sensitivity to adsorbed gas molecules  
(≈300 times).[23] Cumulatively, all previous experimental reports 
and theoretical works[29,30] indicate that graphene-based sen-
sors require specific functionalization to achieve desired func-
tionality or to detect target analytes with high sensitivity and 
selectivity.

Two general approaches to achieve desired functionalities are 
covalent and noncovalent modification of graphene surfaces. 
The low reactivity of graphene means that only a few chemical 
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reactions, such as hydrogenation, diazonium 
chemistry, cycloaddition, photochemistry, 
and fluorination, are suitable to modify its 
electronic properties.[31–33] Covalent modifica-
tion results in the transition of the graphene 
carbon atoms from sp2 to sp3 hybridization, 
leading to partial impairment of the planar 
π-conjugation and consequently mechanical 
or transport properties of graphene.[34,35] In 
contrast, noncovalent functionalization is a 
less invasive process, preserving the primary 
sp2 hybrid structure of graphene and thus 
its remarkable conductance and mechanical 
properties. Pristine single-layer graphene 
(SLG) is highly desirable as a basic building 
block to produce future nanoelectronics 
because of its unique characteristics.[36–38] 
First, SLG is a 2D defect-free crystalline mon-
olayer made of sp2-hybridized carbon atoms 
arranged in a honeycomb lattice, and exhibits 
ballistic ambipolar transport with low resis-
tivity, high chemical stability, and low noise 
level. Through the combination of gate mod-
ulation and chemical doping, it is possible to 
control the type and concentration of charge 
carriers in graphene to tailor SLG transistor 
performance.[21,39] Second, SLG has the sim-
plest chemical composition and a 2D atomic 
bonding configuration that maximizes the 
surface-to-volume ratio of graphene. Each 
carbon atom on the surface of SLG is exposed 
to the environment and any tiny changes of 
the environment could cause drastic changes 
in its electrical properties, thus forming the 
basis for new types of sensors and opto-
electronic devices.[14,24,25,38] Third, SLG is 
entirely composed of carbon atoms, and can be easily micro/
nanofabricated on a large range of substrates. All these features 
strongly promote the use of pristine SLG as an active material 
in high-quality optoelectronic devices for switching and sensing 
applications.

In this work, we present an optimized design to prepare 
high-performance stimuli-responsive optoelectronic devices 
from suspended pristine SLG decorated with photoactive TiO2 
quantum dot (QD) thin films (Figure 1a). TiO2 has been exten-
sively investigated because of its widespread use in photoca-
talysis and many other applications.[40–42] The unique feature 
of TiO2 thin films that we utilize here is that UV irradiation 
generates free electrons (e−) and holes (h+) as active centers on 
the TiO2 QD surface. Relevant to our design are the studies 
that use TiO2 and graphene mixtures to improve the photoca-
talysis and energy conversion performance.[43–45] In particular, 
we and others have recently investigated photoinduced carrier 
manipulation with inorganic QDs to improve and/or fine-tune 
the electrical properties of carbon nanomaterial-based transis-
tors.[17,19,46,47] In the current investigation, we examine the 
interesting electrical behaviors of TiO2-decorated SLG as an 
efficient optical switch with an all-mirror-image sensing effect. 
The developed switch is able to detect typical oxidizing O2 gas 

molecules with minimum detection limit (MDL) of ≈10 ppm 
at a response time of ≈14 s and typical reducing NH3 gas mol-
ecules with MDL of ≈5 ppm at a response time of ≈15 s, which 
are better or comparable with previous reported graphene 
based sensors.[26–28] More importantly, we reveal the intrinsic 
trapping/detrapping processes of different carriers at the TiO2/
graphene interface in combination with photoexcitation, gas 
exposure, and gate modulation, thus setting an invaluable foun-
dation for designing future high-performance sensors.

2. Results and Discussion

Conventional nonsuspended pristine graphene transistors 
were fabricated by the combination of a peel-off technique and 
electron-beam (e-beam) lithography on a heavily doped silicon 
wafer substrate with a 300 nm thick layer of thermally grown 
silicon oxide (Figure S1, Supporting Information).[21] Raman 
spectroscopy was used to confirm that the pristine SLG used 
has the well-preserved structure of single-layer sp2 hybrid car-
bons (Figure S1c, Supporting Information).[48] To eliminate 
substrate-induced perturbations on the sensing and electronic 
properties of graphene,[49–51] we fabricated suspended SLG 
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Figure 1. a) Left: Schematic demonstration of a multifunctional TiO2/graphene hybrid tran-
sistor, where a suspended graphene flake is coated with TiO2 QDs; Right: The exposure of 
TiO2 QDs to light and ambient gases can affect the conductance of subjacent graphene.  
b) SEM image of a typical suspended graphene device with TiO2/graphene in pink color and 
gold electrodes in yellow color. c) High-resolution TEM image of a 5 nm thick TiO2 QD film 
with the corresponding TiO2 lattice parameters marked out, drutile (101) = 2.48 Å and danatase 
(004) = 2.38 Å. d) AFM image of a 5 nm thick TiO2 film on graphene.
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(Figure 1b) by wet chemical etching through a window 
precursor patterned by another e-beam lithographic step (see 
the Experimental Section for details). Before resist lift-off, 
we deposited a 5 nm thick TiO2 thin film on the graphene sur-
face by e-beam thermal evaporation. High-resolution X-ray pho-
toelectron spectroscopy (XPS) revealed characteristic Ti 2p and 
O 1s peaks (Figure S2, Supporting Information), indicating the 
successful assembly of TiO2 on SLG. High-resolution transmis-
sion electron microscopy (TEM) and atomic force microscopy 
(AFM) investigations indicated that these thin films were com-
posed of numerous anatase or rutile TiO2 nanoparticles with a 
diameter of less than 5 nm[52,53] (Figure 1c,d). Of these two crys-
talline forms of TiO2, rutile is the most stable phase, but both 
pure anatase and anatase mixed with rutile possess superior 
optoelectronic and photochemical properties;[41,54] therefore, 
the observation of these phases is a harbinger of the useful 
optoelectronic properties described below. To rule out potential 
artifacts from Schottky barrier modification between TiO2 and 
metal electrodes, we defined TiO2 thin films to separate them 
from metal electrodes (Figure S1, Supporting Information). In 
a typical SLG device after removing resist (Figure 1b), the gra-
phene layer was suspended from the source–drain leads, which 
ran across the sample and at the same time provided structural 
support for graphene.

To conduct reliable measurements, we designed and pro-
duced a sealed black box with a quartz window for light stim-
ulation, three channels for gas flow, and multiple connectors 
for electrical characterization (Figure 2). The black box has a 
small chamber to allow rapid gas exchange, which is crucial to 
perform precise sensitivity measurements. Using this custom-
made testing platform, we were able to simultaneously expose 
the devices being tested to two or more external stimuli, such 
as light and gas. The devices were incorporated into the black 
box through a simple wire-bonding method (Figure 2b). Before 
sensing measurements, we purged the black box with a stream 
of N2 gas to remove any trace of air or O2 from the chamber.

The responses of the devices to different conditions of UV 
light and gases were first studied by measuring their gate-
dependent characteristics (Figure 3a). For the device operated in 
the dark under an inert N2 atmosphere, typical ambipolar char-
acteristics of pristine graphene with the Dirac point at ≈40 V 
were observed, which implies slight p-doping of graphene. This 

mainly originates from the p-type chemical doping effect of 
TiO2 QDs assembled on graphene,[21] which was further con-
firmed by a theoretical calculation (Figure S3, Supporting 
Information). Interestingly, when the device was exposed to 
UV light (λ = 254 nm, ≈50 μW cm−2), the Dirac point of the 
gate-dependent curves showed a marked left shift to ≈0 V 
(Figure 3a). This shift is attributed to the electron doping effect 
of photoexcited TiO2 QDs to graphene at the TiO2/graphene 
interface (Figure 3b). The left inset of Figure 3c shows that 
when photoinduced free electrons are injected into p-type 
graphene, the Fermi level of graphene rises. Through a first-
order exponential fitting, the change of the Dirac point shift as 
a function of UV light exposure time was calculated, giving a 
response time (τ) of ≈44.0 s (Figure S4a, Supporting Informa-
tion, and Figure 3c), which is defined as the time needed to 
reach 63.2% of the final state.

When the UV light was switched off, the device reverted 
back to its initial state with a recovery time (τ) of ≈334.9 s 
(Figure S4b, Supporting Information, and Figure 3c). This 
means that trapped electrons in graphene transferred back to 
the TiO2 QDs, thus lowering the Fermi level of graphene (right 
inset of Figure 3c). Control experiments using suspended gra-
phene devices lacking TiO2 QDs showed no obvious change in 
either Dirac point or drain current under UV light (Figure S5, 
Supporting Information). This confirms that the photoactivity 
of the TiO2 QDs is responsible for the photoswitching effect 
observed above. Therefore, it is concluded that by switching 
UV light on and off, we are able to reversibly control the charge 
trapping/detrapping processes at the TiO2/graphene interface.

To understand the underlying switching mechanism of the 
TiO2/graphene devices, their responses to UV light switching 
under an inert N2 atmosphere at different gate voltages (VG) 
were studied. For an n-type channel (VG ≥ 20 V) with elec-
tron carriers, a considerable increase of electron current was 
observed upon UV light exposure, and reversible photos-
witching occurred upon switching UV light on and off (top 
of Figure 3d and Figure S6, Supporting Information). These 
responses indicate that a reversible electron trapping and 
detrapping process occurs at the TiO2/graphene interface. In 
contrast, for a p-type channel (VG ≤ 10 V) with hole carriers, 
a large reversible decrease of hole current occurred during UV 
light irradiation (bottom of Figure 3d and Figure S7, Supporting 

Information). In addition, the changes of 
both electron and hole currents are gate-inde-
pendent (Table S5 and Figure S9, Supporting 
Information). This observation is different 
from the case by directly photoexciting the 
graphene layer, where the changed energy 
level of graphene can affect the intrinsic 
photoinduced electron–hole generation pro-
cesses in graphene.[55] These results reveal 
a mirror-image symmetrical photoswitching 
effect in a single ambipolar device, which is 
rare.

To investigate the states of trapped elec-
trons at the photoexcited TiO2/graphene 
interface, the recovery of the photoexcited 
devices to their initial state was analyzed. 
The back-conversion processes fitted a 
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Figure 2. a) Schematic design drawing for light and gas sensing measurements with the hybrid 
transistor. b) Optical image of the home-made measurement system with the device connected 
by a wire-bonding method (inset).
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second-order exponential relationship for both n- and p-type 
systems, showing that the release of photoinduced trapped elec-
trons from the TiO2/graphene interface involves distinct rapid 
and slow processes. For an n-type channel with VG > 20 V, the 
fast process had a response time (τ) of about ≈30 s and dis-
played little variation as a function of VG; τ of the slow pro-
cess shortened with increasing VG, ranging from ≈34 to ≈229 s 
(Figure 4a and Table S1, Supporting Information). Based on 
these results, it is considered that some of the trapped electrons 
on graphene are strongly coupled with the remaining holes in 
the TiO2 QDs, thus leading to their rapid recombination with 
holes in a bias-independent process, as shown in the inset 
of Figure 4a. The remaining trapped electrons are dispersed 
in graphene with weak coupling with holes in the TiO2 QDs. 
Because they are confined in the graphene layer by a gate elec-
tric field, these electrons are released to the TiO2 QDs more 
slowly under a stronger gate electric field. Similarly, for the 
p-type channel with VG < 10 V, a gate-independent fast recom-
bination process with a response time of about ≈30 s, which 
results from release of trapped electrons that are strongly cou-
pled with holes in the TiO2 QDs, and a gate-dependent slow 
process with τ from ≈318 to ≈1187 s, were observed (Figure 4b 
and Table S2, Supporting Information). In comparison with the 
case in the n-type system, the latter value is much bigger. This 
is because with increasingly negative VG, more positive charges 
will accumulate in the graphene layer and retard the release of 

trapped electrons from graphene to the TiO2 QDs. Such gate-
dependent effects on trapped electrons also exist in the elec-
tron injection processes (Table S3, Table S4, and Figure S8, 
Supporting Information).[56] As a consequence, these two types 
of trapped electrons behave differently at the TiO2/graphene 
interface, thus rendering the TiO2-decorated graphene with 
high chemical environment sensitivity in the following studies. 
In addition, both p-type and n-type systems displayed the  
high photodetecting performance, such as responsivity (R) of 
1.1 × 105 A W−1 (p-type) and 7.9 × 104 A W−1 (n-type), quantum 
efficiency (η) of 5.7 × 107% (p-type) and 4.0 × 107% (n-type), 
and photogain (G) of 2.3 × 109 (p-type) and 4.4 × 108 (n-type).

In combination with photoexcitation that helped to populate 
carrier traps at the TiO2/graphene interface, these functional 
devices were also very sensitive to chemical environment. When 
a photoexcited TiO2/graphene device was exposed to oxidative 
gas molecules, such as O2, the gate-dependent curves displayed 
a reversible right shift of the Dirac point, which reached ≈20 V 
(Figure 3a blue). The change in Fermi energy of SLG can be 
calculated from the magnitude of the Dirac point shift by using 
Equation: ∆EF

SLG = Sign(∆VG)h– νF(απ|∆VG |)1/2, where α is gate 
capacitance (7.1 × 1010 cm−2 V−1) and νF is the Fermi velocity 
of the carriers (1 × 106 m s−1). Therefore, O2 adsorption on 
photoexcited TiO2 QDs shifts the Fermi level of graphene to 
higher energy by ≈0.136 eV. This should be attributed to the 
electron-withdrawing effect of O2, which leads to hole doping in 
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Figure 3. a) Gate-dependent characteristics of a typical TiO2/graphene device under different conditions. Black: in the dark with an inert N2 atmos-
phere; Red: under UV light illumination with an inert N2 atmosphere; Blue: under UV light illumination and upon exposure to O2; Green: under UV 
light illumination and upon exposure to NH3. VD = 100 μV. b) Schematic diagram of the working principle under UV light illumination, showing that 
the photogenerated electrons can be transferred from TiO2 QDs to the graphene channel. c) Dynamic processes of the Dirac point shifts for the device 
exposed to UV light (red) and further stored in the dark (blue) under an inert N2 atmosphere. d) ID–time plots for a representative device under an 
inert N2 atmosphere with alternate treatments of UV light (red) and in the dark (azure) at gate biases of 45 V (top) and 0 V (bottom), which lead to 
the n-type and p-type graphene conducting channels, respectively. VD = 100 μV.
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the system and reduces trapped electrons at the TiO2/graphene 
interface. In contrast, for a photoexcited device upon exposure 
to reductive gas molecules, such as NH3, the gate-dependent 
curves exhibited a further reversible left shift of the Dirac point 
to ≈−30 V (Figure 3a green), which led to the shift of the gra-
phene Fermi level to lower energy by ≈0.168 eV. This is caused 
by the electron-donating effect of NH3, which increases the con-
centration of trapped electrons at the TiO2/graphene interface.

For O2 sensing in the presence of UV light, the reversible 
hole doping effect of O2 molecules can be detected in plots of 
current as a function of time for the device upon alternating 
exposure to O2 and inert N2 gases. A large reversible decrease of 
electron current upon O2 exposure for the n-type channel and 
an opposite increase of hole current for the p-type channel were 
observed for the TiO2/graphene system (Figure 5a), thus rep-
resenting another mirror-image symmetrical response. Control 
experiments in the dark using the same device indicated that 
it had negligible response to O2 gas (Figure S10, Supporting 
Information), demonstrating that UV light is a prerequisite for 

gas detection. Therefore, it can be inferred that the electrical 
response of the photoexcited TiO2/graphene hybrid devices 
results from O2 molecules adsorbed at the photoinduced elec-
tron sites on the TiO2 QDs.[57] Because of the strong oxidability 
of O2 molecules, the adsorbed O2 can capture electrons from 
the TiO2/graphene system and then reduce the photoinduced 
trapped electrons at the TiO2/graphene interface (inset of 
Figure 5b), thus leading to a decrease of electron current and 
increase of hole current in the same device. This observation is 
also corroborated by the calculated electronic density of states 
(E-DoS) spectra of both TiO2/graphene and O2/TiO2/graphene 
systems (Figure 5b), which confirm that O2 adsorption causes 
electron loss in the graphene channel and shifts the Dirac 
point of graphene to higher energy by ≈0.68 eV. More specifi-
cally, in the model O2/TiO2/graphene system, each adsorbed O2 
molecule can withdraw 0.56 electrons from the TiO2/graphene 
system, 0.44 electrons from graphene, and 0.12 electrons from 
each (TiO2)3 QD, thus resulting in O2 having a hole doping 
effect on the system.

The dynamic processes during O2 sensing and subsequent 
N2 purging of a photoexcited device were analyzed by applying 
a first-order exponential fitting to the corresponding ID–time 
plots in Figure 5a according to ID = A + Be−(t−t0)/τ. For both 
n- and p-type operations (Table 1), the short τ for O2 exposure 
(≈14.0 s for n-type operation and ≈29.8 s for p-type operation) 
and long recovery time for subsequent N2 purging (≈493.9 s 
for n-type and ≈182.2 s for p-type operation) indicate that the 
O2 adsorption rate is much faster than that of O2 desorption. 
Furthermore, the O2 adsorption rate under n-type operation is 
faster than that under p-type operation, and the O2 desorption 
rate under n-type operation is slower than that under p-type. 
These results indicate that the O2 adsorption in an n-type 
system is stronger than that in a p-type one, which can be logi-
cally attributed to the enhanced affinity of the n-type channel 
with more gate-induced negative charges for O2 adsorption, and 
the weakened affinity for O2 adsorption of the p-type channel 
with more gate-induced positive charges.

With such controllable O2 adsorption strength on the pho-
toexcited TiO2 QDs, the O2 sensitivity of both n- and p-type 
systems was investigated. After the TiO2/graphene device was 
stabilized under UV light irradiation in N2 under either n- or 
p-type operation, the concentration of O2 gas exposed to the 
photoexcited device was gradually increased (Figure 5c,d). Fol-
lowing each O2 exposure, the device was thoroughly purged 
with N2 to recover its initial state. For both n- and p-type sys-
tems, linear electrical responses to O2 gas were found over 
nearly the full concentration range (40 ppm–100% for the 
n-type system and 0.5%–100% for the p-type), as illustrated in 
the insets of Figure 5c,d. Based on the change of current upon 
O2 exposure, the ratios of the current changes (∆ID%) as a func-
tion of O2 concentration (VO2%) were fitted with the equation  
ln(∆ID%) = a + bln(VO2%), where a and b are intercept and slope 
of the fitted line. A slope of ≈0.235 was obtained for the n-type 
system with strong O2 adsorption. This value is lower than that 
for the p-type system (≈0.902) with weak O2 absorption. This 
suggests that for the same change in O2 concentration, a larger 
variation of device current will occur for the p-type system, 
which in turn helps to enhance the sensitivity of the devices 
to O2 at a high concentration range. Using three times the 
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Figure 4. Dynamic simulations for a photoexcited device in the electron 
detrapping process, which fit a second-order exponential relationship 
[a) at VG ≥ 20 V for the n-type channel; b) at VG ≤ 10 V for the p-type 
channel]. Insets show two types of distinct trapped electrons, which have 
different interactions with the remaining holes in TiO2 QDs.
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standard deviation of the initial conductance as the minimum 
detection limit (MDL), MDLs of ≈0.1% O2 for the p-type system 
and 10 ppm O2 for the n-type system were conservatively esti-
mated, which lead to the conductance changes that are larger 
than the noise level (≈0.4 nA). Therefore, a lower O2 detection 
limit was realized for the n-type system than the p-type one, 
which should be attributed to the strong O2 adsorption of the 
n-type system. These values are higher than or comparable 
with those obtained for high-temperature metal–oxide semi-
conductor sensor platforms.[58] Because of the controllable O2 
absorption strength of the developed TiO2/graphene devices, 
both high sensitivity and low detection limit for O2 gas sensing 
can be realized.

For NH3 sensing in the photoexcited TiO2/graphene system, 
because of the electron-donating effect of NH3, a reversible 
increase of electron current for the n-type system and decrease 
of hole current for the p-type channel were realized upon NH3 
exposure (Figure 6a). These changes are opposite to the case 
of O2 sensing. Therefore, an inverse mirror-image symmetrical 
response to NH3 molecules was obtained for the TiO2/gra-
phene device compared with that for O2 sensing. In addition, in 
the E-DoS spectrum of a TiO2/graphene system with NH3 mol-
ecules adsorbed on TiO2, the Dirac point of graphene shifted 

to lower energy by ≈0.07 eV (Figure 6b). This indicates that the 
NH3 adsorbed on TiO2 has an electron doping effect. In the 
model NH3/TiO2/graphene system, an adsorbed NH3 molecule 
could donate 0.13 electrons to the TiO2/graphene system; that 
is, graphene accepts 0.25 electrons with 0.12 electrons donated 
from each (TiO2)3 QD. Therefore, it is reasonable to conclude 
that the response of the photoexcited TiO2/graphene device 
should be attributed to NH3 adsorption on the photoinduced 
hole sites of the TiO2 QDs (inset of Figure 6b).

The dynamic processes of NH3 sensing and subsequent N2 
purging in the photoexcited TiO2/graphene system were also 
found to obey a first-order exponential relationship. The fitted 
dynamic parameters (Table 2) indicated that the average NH3 
adsorption rate of the n-type system (≈140.0 s) was slower than 
that of the p-type system (≈15.4 s), while the desorption rate 
under n-type operation (≈248.9 s) was faster than that under 
p-type (≈350.1 s). These observations are reasonable because 
NH3 adsorption in the TiO2/graphene system can be effectively 
controlled with p-type positive charges enhancing NH3 adsorp-
tion and n-type negative charges weakening NH3 adsorption, 
which is opposite to the case of O2 detection. Control experi-
ments using a TiO2/graphene device in the dark and a graphene 
device without TiO2 QDs under photoexcitation demonstrated 
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Figure 5. a) ID–time plots for a photoexcited TiO2/graphene device upon alternate exposure to O2 (purple) and inert N2 gases (cyan) at gate biases of 
45 V (top, n-type) and −40 V (bottom, p-type). VD = 100 μV. b) E-DoS spectra for the TiO2/graphene system with and without absorbed O2 molecules 
on TiO2 QDs. Inset shows the p-doping effect of O2 absorption in the O2/TiO2/graphene system. O2 concentration-dependent spectra for the hybrid 
device with c) the n-type channel (VG = 45 V) and d) the p-type channel (VG = −40 V) under UV irradiation. Insets show the linear fitting of the device 
response to oxygen concentration: Left: ln(∆ID%) = −0.833 + 0.235ln(VO2%) (R2 = 0.9944); Right: ln(∆ID%) = −1.492 + 0.902ln(VO2%) (R2 = 0.9946), 
respectively. VD = 100 μV.

Table 1. Response lifetimes (τ) for the photoexcited TiO2/graphene system upon alternate exposure to O2 and N2 gases.

τ [s] τ1-O2 τ1-N2 τ2-O2 τ2-N2 τ3-O2 τ3-N2 τavg-O2 τavg-N2

n-type 13.99 415.5 15.99 583.3 12.04 482.9 14.01 ± 1.61 493.9 ± 68.9

p-type 31.05 250.9 29.15 162.5 29.05 133.2 29.75 ± 0.92 182.2 ± 50.0
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that both devices could reversibly respond to NH3 gas and 
recover in N2 atmosphere with a similar mirror-image symmet-
rical relationship (Figures S11 and S12, Supporting Informa-
tion). These phenomena result from the intrinsic adsorption of 
NH3 molecules on graphene and/or TiO2 QDs.[14,59] However, 
comparing the dynamic parameters of the control and TiO2/gra-
phene systems (Table 2 and Table S6, Supporting Information) 
reveals that UV light excitation of TiO2 QDs can speed up both 
the adsorption and desorption processes of NH3 in the TiO2/
graphene system, and thus is required to lower the detection 
limit and enhance the response rate of NH3 sensing. To bal-
ance the speeds of reversible adsorption/desorption responses, 
we then performed concentration-dependent NH3 detection 

experiments using an n-type photoexcited TiO2/graphene 
device by alternately introducing NH3 gas with sequentially 
increasing concentration from 10 ppm to 100% and thoroughly 
purging with N2 gas (Figure 6c). A linear electrical response to 
NH3 concentration was found over nearly the full concentration 
range, with an equation of ln (∆ID%) = −0.697 + 0.346ln(VNH3%) 
(inset of Figure 6c). Correspondingly, an ultralow MDL of 
≈5 ppm NH3 was estimated for the device under n-type opera-
tion, which is comparable with that of state-of-the-art organic 
semiconductor detection systems.[60]

Another superior feature of our TiO2/graphene system is 
its long-term operational stability because no obvious device 
degradation occurred during both O2 and NH3 detection for 
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Figure 6. a) ID–time plots for a photoexcited TiO2/graphene device upon alternate exposure to NH3 (blue) and inert N2 (cyan) gases at gate 
biases of 45 V (top, n-type) and −40 V (bottom, p-type). VD = 100 μV. b) E-DoS for a TiO2/graphene system with and without absorbed NH3 mol-
ecules on TiO2 QDs. Inset shows the n-doping effect of NH3 absorption in the TiO2/graphene system. c) NH3 concentration-dependent spec-
trum for a photoexcited device with the n-type channel (VG = 45 V). Inset shows the linear fitting of the device response to NH3 concentration:  
ln (∆ID%) = −0.697 + 0.346 ln(VNH3%) (R2 = 0.9946). VD = 100 μV. d) Schematic representation of a full mirror-image symmetrical sensing pattern of the 
TiO2/graphene system under different operations. The central section shows twofold mirror-image symmetrical operations: dark (dark tone)—UV light 
(brilliant hue) and n-type gating (orange)—p-type gating (blue). The outer section shows fourfold mirror-image symmetrical operations in combina-
tion with photoexcitation: n-type gating (black solid line)—p-type gating (black dashed line), O2 treatment (+O2, purple solid line)—no O2 treatment 
(−O2, purple dashed line), and NH3 treatment (+NH3, blue solid line)—no NH3 treatment (−NH3, blue dashed line). Among these operations, in 
general the device with the current increase is marked with “1” and the device with the current decrease is marked with “0.” Specifically, in the case 
of the operations without both O2 and NH3 treatments, the device current keeps constant. In comparison with their surrounding cases, we mark the 
n-type device (n-type-O2-NH3) with “0” and the p-type device (p-type-O2-NH3) with “1,” respectively.

Table 2. Response lifetimes (τ) for the photoexcited TiO2/graphene system upon alternate exposure to NH3 and N2 gases.

τ [s] τ1-NH3 τ1-N2 τ2- NH3 τ2-N2 τ3- NH3 τ3-N2 τavg- NH3 τavg-N2

n-type 186.2 241.7 134.3 238.6 99.3 266.4 140.0 ± 35.7 248.9 ± 12.5

p-type 15.69 317.8 10.99 394.4 19.56 338.2 15.41 ± 3.50 350.1 ± 32.4
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≈1000 continuous cycles with only a slight increase of the N2 
purging time. This is because both TiO2 and graphene are 
stable, and very low operating voltages (100 μV) were required 
compared with those of organic semiconductor detection 
platforms.

As illustrated above, trapped electrons can enhance electron 
current and lower hole current in ambipolar graphene. With UV 
light, which induces reversible electron trapping and detrapping 
at the TiO2/graphene interface, as one operating parameter and 
gate bias, which produces electron carriers in an n-type channel 
or hole carriers in a p-type channel, as another, a mirror-image 
symmetrical current response was realized (Figure 3d). Such 
symmetry can endow the system with logic capability, such as 
the basic addition function of half-adder and the basic subtrac-
tion function of half-subtractor.[21] More interestingly, for the 
photoexcited TiO2/graphene system with trapped electrons 
at the TiO2/graphene interface, the adsorption of electron-
donating molecules increases interfacial electron concentration 
while adsorption of electron-withdrawing molecules decreases 
interfacial electron concentration. Using NH3 adsorption/des-
orption as one operating parameter and gate voltage as another, 
a different mirror-image symmetrical response was realized in 
the same device (Figure 6a). This kind of symmetrical response 
is reproducible because it was also observed for other reducing 
molecules like H2 (Figure S13, Supporting Information). Simi-
larly, by using another two operating parameters, O2 adsorp-
tion/desorption and gate voltage, an opposite mirror-image 
symmetrical response was achieved (Figure 5a) through alter-
nating exposure to pure O2 and mixed O2+NH3 (Figure S14, 
Supporting Information). As shown in energy band diagrams 
of the devices at different conditions (Figure S15, Supporting 
Information), by comprehensively considering all these oper-
ating parameters, including gate control, photoexcitation, and 
O2/NH3 treatment, higher-level symmetrical responses can be 
designed. For example, Figure 6d depicts twofold mirror-image 
symmetry controlled by photoexcitation and gating in the 
center and fourfold mirror-image symmetry controlled by gas 
exposure (O2 and NH3) and gating at the outer section. Overall, 
our suspended TiO2/graphene device behaves as an all-mirror-
image symmetrical sensing platform. For example, using 
n-type operation +O2−NH3 as operating parameters, the device 
current decreases (Figure 5a). Conversely, in the case of n-type 
operation and +O2+NH3 exposure, the device current increases 
(Figure S14, Supporting Information), forming a mirror-image 
symmetry based on Mirror 2. In another example, the device 
current decreases in the case of p-type operation and exposure 
to −O2+NH3 (Figure 6a), and increases in the case of n-type 
operation and exposure to +O2+NH3 (Figure S14, Supporting 
Information), forming another type of mirror-image symmetry 
based on Mirror 4.

3. Conclusions

We used suspended pristine graphene as a local probe to estab-
lish a mechanistic understanding of the interfacial charge 
trapping/detrapping processes in a TiO2/graphene system 
under multiple external stimuli. Through combination of 
photoexcitation and gate regulation, we identified two types of 

photoinduced electrons trapped at the TiO2/graphene interface, 
which have different affinities with the holes remaining on the 
TiO2 QDs, thus successfully realizing rational control of both 
the type and concentration of charge carriers in the conductive 
channel. Such control was achieved because these functional 
hybrid materials are very sensitive to chemical environment. 
Upon exposure of these hybrid materials to different gases, 
such as O2 as an electron acceptor and NH3 or H2 as an elec-
tron donor, in the presence of UV light to populate the TiO2/
graphene interface with trapped electrons, all-mirror-image 
sensing with controllable fast response rate, high stability, and 
ultralow detection limit in a single graphene device was fully 
demonstrated. In conjunction with the sensing mechanistic 
understanding, these remarkable results, including the ease of 
device fabrication, the reproducibility, the long-term stability, 
and the achievement of fast response rates and high gaseous 
sensitivity at room temperature and ambient pressure, strongly 
support that graphene-based hybrid materials offer a promising 
platform for developing low-cost, portable, and sensitive envi-
ronmental/chemical sensors and other optoelectronic devices 
for a wide variety of practical applications in civilian and mili-
tary areas.

4. Experimental Section

Device Fabrication: Pristine SLG was obtained by a peel-off technique 
on silicon wafers with a 300 nm thick SiO2 dielectric layer. After initial 
optical and Raman characterization of graphene, e-beam lithography and 
further thermal evaporation were used to pattern metal electrodes (8 nm 
Cr/100 nm Au) on the graphene flake. A 50 nm thick SiO2 passivation 
layer was deposited on the surface of the metal electrodes by e-beam 
thermal evaporation. After the initial electrical characterization of the 
pristine graphene transistors, an exposed window defined on the SLG 
between metal electrodes was opened by e-beam lithography with all 
other parts of the device coated with a layer of polymethylmethacrylate 
(PMMA) (Figure S1, Supporting Information). The device was immersed 
in HF-NH4F solution for 45 s to etch the SiO2 layer below SLG, thus 
forming suspended SLG. Finally, through the same window, a 5 nm thick 
TiO2 thin film was deposited on the surface of the SLG by e-beam thermal 
evaporation before PMMA lift-off. Control pristine graphene devices were 
fabricated by the same process without the evaporation of TiO2 thin films.

Device Characterization: All optical microscopy images were obtained 
using a Nikon Eclipse LV100 POL Microscope with CCD imaging. 
Scanning electron microscope (SEM) images of the TiO2/graphene 
devices were taken by a field-emission scanning electron microscope 
(Hitachi, S4800). High-resolution TEM characterization of TiO2 QDs 
was carried out by a high-resolution transmission electron microscope 
(FEI, Tecnai F30). AFM measurements of TiO2 films on graphene were 
carried out by tapping-mode AFM (Digital Instruments Nanoscope IIIa 
controller and multimode SPM). XPS measurements of the samples 
with a 5 nm thick TiO2 film on graphene were performed using an 
ESCALab220i-XL electron spectrometer (VG Scientific) with 300 W Al 
Kα radiation under 3 × 10−9 mbar base pressure. Binding energies were 
calibrated by the C 1s line at 284.8 eV. Raman spectra of graphene were 
collected using a micro-Raman spectrometer (Renishaw 1000) at an 
excitation wavelength of 632.8 nm.

Electrical Measurement: To carry out electrical measurements with 
UV light irradiation and gas injection, a novel sealed dark chamber 
(Figure 2) containing a quartz window to introduce UV light, three 
independent controllable channels for gas flow, and multiple micro-
connecters for electrical characterization was designed and constructed. 
A wire-bonding method was used to connect the device microelectrodes 
to a test holder (inset of Figure 2b), which was further incorporated 
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into the electrical testing system. A handheld UV lamp (λ = 254 nm, 
≈50 μW cm−2) was used to irradiate UV light through the quartz window. 
High-purity N2 (99.99%), high-purity O2 (99.99%), high-purity NH3 
gas (99.99%), and high-purity H2 gas (99.99%) were used as sensing 
gases. Before gas injection, sufficient pure N2 gas was purged into the 
sealed chamber to completely remove the residual air or other gases in 
the system. The concentrations of mixed gases were precisely controlled 
by introducing the appropriate amounts of target gases through the 
corresponding flow meters. Device characterization was performed 
under UV light irradiation and gas treatment at room temperature with a 
Karl Suss PM5 manual probe station and Agilent 4155C semiconductor 
characterization system. The responsivity (R), quantum efficiency 
(η), and photogain (G) factors of the photodetectors are defined by 
R = Iph/Pin, η = (Iph × hν)/(Pin × q), and G = τ × μ × V/l2, respectively, 
where Iph is the photoinduced current, Pin is the input power falling on 
the TiO2 active area of the photodetector, h is the Planck’s constant, ν 
is the frequency of the incident photon, q is the electronic charge, τ is 
the lifetime of the photogenerated carriers, μ is the mobility of graphene 
layer, and l is the spanning length of the TiO2 active area.[61]

Theoretical Calculation: The electronic structures of pristine graphene, 
TiO2/graphene, O2/TiO2/graphene, and NH3/TiO2/graphene systems 
were calculated by the first-principles spin polarized density functional 
theory. The structure of the simulated TiO2/graphene system is shown in  
Figure S3a,b (Supporting Information). The periodically repeating graphene 
unit contained 50 [a (5 × 5) supercell] carbon atoms, and on the middle of 
each graphene unit was a TiO2 cluster with three Ti atoms and six O atoms. 
For O2/TiO2/graphene or NH3/TiO2/graphene systems, the two O atoms of 
O2 or N atom of NH3, respectively, were bonded to one Ti atom site in each 
unit cell. The geometries of the systems were optimized with the Vienna 
ab initio simulation package using the projector augmented wave method 
to model the atomic cores, and the Perdew–Burke–Ernzerhof exchange–
correlation functional with a plane wave basis set. The energy cut-off and 
convergence criterion of the total energy were set as 400 and 1 × 10−4 eV, 
respectively. The reciprocal space was represented by a (5 × 5) Γ-centered 
k-grid. Grimme’s method was used to incorporate van der Waal’s 
interactions. The geometries of the systems were fully relaxed without any 
symmetry constraints and the convergence of each force component on 
atoms was set as 0.02 eV Å−1. The Bader charge analysis scheme was used 
to reveal the charge state on atoms. Because the TiO2 QD was a closed 
shell system, it bound to the graphene through a weak physical interaction, 
and the distance between the TiO2 and graphene was ≈3 Å. As a result, 
the Dirac point character of the graphene sheet was preserved upon TiO2 
QD adsorption. For the electronic density of states calculation, a Gaussian 
broadening width of 0.2 eV was applied. The position of the Fermi level in 
all E-DoS spectra was shifted to 0 eV.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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