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A B S T R A C T   

This work demonstrates a graphene/AlGaN/GaN sensing device with two-dimensional electron gas (2DEG) to-
ward nitrogen dioxide (NO2), tetrahydrofuran, and acetone detection under UV light irradiation. We propose 
combining measurements of the DC characteristics with a fluctuation-enhanced sensing method to provide 
insight into the gas detection mechanisms in the synergistic structure of highly stable GaN and gas-sensitive 
graphene. Both DC and low-frequency noise studies reveal the impact of UV irradiation (275 nm) on the GaN- 
based field-effect transistor (FET). Gas detection improves under UV light with higher differentiability be-
tween selected concentrations of inorganic (NO2) gas and the possibility of discrimination between weakly 
adsorbing organic species (tetrahydrofuran and acetone). Time-domain experiments confirm the stability and 
reversibility of sensor (short-time and long-time) responses and reduced time drift after employing UV light. 
Features observed in the 1/f noise spectra may indicate the high impact of the irradiation on the trapping states 
in the GaN-based heterostructure, which further modulates the fluctuations of the channel carriers in our device. 
Our findings broaden the view on AlGaN/GaN heterostructures modulated with a graphene gate for gas sensing 
purposes, including strongly binding inorganic gas and weakly adsorbing organic species.   

1. Introduction 

Gallium nitride (GaN), a wide bandgap material (~3.4 eV) with high 
mobility and harsh-environment endurance, offers properties desired for 
high-power and high-temperature applications and is frequently used in 
optoelectronics (e.g., LED fabrication) and high-frequency electronics (e. 
g., RF switches, power devices) [1–4]. Its attractive electronic proper-
ties, non-toxicity, and thermal and chemical stability make it also a 
potential candidate for gas sensing devices. GaN nanoparticles, nano-
wires, nanotubes, and nanonetworks have been repeatedly demon-
strated as gas-sensitive structures over the last decade [5]. GaN 
nanosheets were studied by first-principle approaches toward small 
molecule adsorption, revealing the great feasibility of GaN as a highly 
sensitive sensor [6]. Gas sensors based on GaN were experimentally 
reported to detect H2, O2, NO2, CO, CH4, and H2S [7]. As chemical 
sensors, GaN platforms were used to sense polar liquids, including 
ethanol, and as ion-selective field-effect transistors (ISFETs). Moreover, 

GaN and aluminum gallium nitride (AlGaN) combinations present 
attractive transport properties and surface sensitivity toward molecular 
detection [8]. Their heterostructures incorporated in field-effect tran-
sistor (FET) devices exhibit two-dimensional electron gas (2DEG) at the 
AlGaN/GaN interface due to the strong polarization effect, which can be 
highly sensitive toward surface processes [9,10]. 

Lately, the combination of GaN nanostructures or AlGaN/GaN het-
erostructures with graphene for more effective gas sensing has drawn 
attention. As already known, graphene possesses numerous qualities 
desired for gas-sensitive materials, such as excellent transport proper-
ties, a high surface-to-volume ratio, and a highly active surface of 
exceptional sensitivity toward molecular processes [11–14]. Hybrids of 
graphene and GaN-based structures could result in the synergistic effect 
of combining the high sensitivity observed for graphene-based devices 
with the chemical, thermal and mechanical stability of GaN. Following 
this concept, J. Shin et al. proposed a light-assisted NO2 sensor 
comprised of graphene and GaN nanowires, in which the GaN operates 
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as a light-absorbing medium while the graphene acts as a channel for the 
transport of charge carriers [15]. The authors confirmed that only the 
combination of both materials was selectively responsive toward NO2, 
whereas separate graphene or GaN nanowire structures produced 
inadequate responses. Z. Cui et al. reported first-principles calculations 
for NO2, NO, NH3, and CO adsorption on GaN modified with pristine or 
defective graphene (g-GaN systems) [16]. Computations for the defec-
tive graphene and GaN combination revealed higher adsorption en-
ergies, confirming that defects act as additional adsorption centers, 
leading to higher surface interactions with target molecules. Earlier 
experimental results also proved higher sensitivity toward gaseous 
species of defective graphene and are already reviewed in other works 
[17,18]. Another example of combining an AlGaN/GaN heterojunction 
with reduced graphene oxide (rGO) can be found in the work of A. Bag 
et al. [19]. The authors reported a diode gas sensor for NO2, SO2, and 
NH3 detection, in which the 2D rGO layer is so thin that any surface 
interactions with gas molecules may not only influence the Fermi level 
of the rGO but also interact with the extremely sensitive 2DEG at the 
AlGaN/GaN interface. 

Although low-frequency noise measurements of AlGaN/GaN have 
been conducted for at least a decade, there is still a deficit of noise 
studies on UV-irradiated structures, especially from the sensing appli-
cations point of view. A recent report on AlGaN/GaN high-electron- 
mobility transistor (HEMT) reveals the dominance of 1/f noise in the 
material that follows the carrier number fluctuations model [20]. In 
general, the model explains resistance fluctuations in the structure as 
originating mainly from the carrier concentration fluctuations caused by 
trapping and de-trapping processes at the surface. For AlGaN/GaN 
transistors, channel carriers (electrons from 2DEG) can interact with the 
trap states formed in the AlGaN barrier and GaN bulk layers. It was 
suggested that 1/f noise originates from trapping processes in AlGaN. 
However, some plateau regions in the spectra may appear due to 
generation-recombination (GR) centers in the GaN layer for HEMTs with 
larger channel areas. Another report presents the results of noise studies 
of UV-enhanced AlGaN/GaN HEMT that also follows the carrier number 
fluctuation model [21]. In the work, the authors suggest that irradiation 
with UV light of 365 nm affects trapping states in the GaN buffer leading 
to the noise originating mainly from the defects in the GaN. The elec-
trical and noise properties of AlGaN/GaN HEMTs with graphene gate 
were studied by M. Dub et al. [22]. AlGaN/GaN HEMTs with graphene 
gate demonstrated good current-voltage characteristics and noise of the 
same order of magnitude as transistors with regular Ni/Au Schottky 
gate. Moreover, combining DC characteristics with UV light illumination 
and the fluctuation-enhanced sensing (FES) method for graphe-
ne/AlGaN/GaN devices constitutes an intriguing scientific subject. 

Herein, we present an AlGaN/GaN FET device with graphene acting 
as a gate for nitrogen dioxide (NO2), tetrahydrofuran (C4H8O), and 
acetone (C3H6O) sensing, confirming the ability of the structure to 
detect both inorganic and organic species. Graphene is used for detect-
ing the mentioned vapors [14,23], but other materials and methods are 
also used for this aim [24–26]. The proposed methods utilize resistance 
measurements because of their simplicity or optical methods requiring 
more complicated measurement setups. Graphene or other 
two-dimensional materials are highly desirable for gas detection 
because they can reach high sensitivity at simple measurements when 
detecting volatile organic compounds and some toxic gases emitted by 
living organisms (e.g., NOx) [27]. The design of the sensors was initially 
dedicated to high-frequency applications, and the same device config-
uration was already reported to act as an RF switch at 70 GHz [28]. We 
intend to confirm the possibility of utilizing the same hybrid structure of 
graphene/AlGaN/GaN for UV-enhanced gas sensing implemented with 
DC characteristics and low-frequency noise measurements. First, we 
demonstrate the strong influence of UV irradiation on the FET transfer 
curves regarding various ambient gases. Next, we present gas sensing 
results in the time domain and confirm the repeatability of the sensor. 
Lastly, we show the results of low-frequency noise studies and discuss 

the impact of UV light and different gases on the properties of graphe-
ne/AlGaN/GaN FET. 

2. Experimental section 

2.1. Graphene/AlGaN/GaN sensors fabrication 

AlGaN/GaN heterostructures were grown using Metalorganic Vapor 
Phase Epitaxy (MOVPE) on a commercially available semiisolating sil-
icon carbide (SiC) substrate. The layered AlGaN/GaN heterostructure 
consisted of an aluminum nitride (AlN) nucleation layer (38 nm) below 
the GaN buffer of high resistivity (HR GaN, 2.3 µm), and an uninten-
tionally doped GaN layer (UID GaN, 0.7 µm). Next, a top barrier was 
epitaxially formed consisting of the following layers: 1.2 nm of Alx-

Ga1− xN (x = 0.66); 5 nm of AlxGa1− xN (UID, x = 0.28); 10 nm of AlGaN: 
Si; and 2 nm of unintentionally doped AlGaN. Finally, the GaN cap 
covered the heterostructure. 

Drain and source electrodes and all metallic pads were thermally 
evaporated and formed by Ti/Al/Ni/Au of 15 nm/100 nm/40 nm/50 
nm thicknesses. Afterward, rapid thermal annealing at 780 ◦C for 1 min 
in a nitrogen atmosphere was used for all ohmic contacts to minimize 
the ohmic contact resistance. After the annealing, the typical value of 
the contact resistance was ~1 Ω⋅mm. 

The graphene gate was deposited in the last step of the sensors 
fabrication. We used commercial chemical vapor deposition (CVD) 
graphene grown on copper foil (Graphenea, San Sebastián, Spain) for 
our GaN-based sensing device. The high-speed electrochemical delam-
ination technique [29] was employed to transfer PMMA-coated gra-
phene onto the AlGaN/GaN structure. Afterward, the sample was heated 
at 130 ◦C for 24 h and then rinsed in acetone to remove the PMMA layer. 
Finally, the graphene layer was selectively patterned employing laser 
lithography and etched by reactive ion etching in an oxygen plasma. The 
patterning made it possible to deposit the graphene between the source 
and drain contacts with extensions to the side gate pads. The dimensions 
of the graphene were 10 µm by 60 µm, providing an effective sensing 
area of 600 µm2. More details on the properties of the graphene 
(deposited according to the same procedure), including characterization 
with Raman spectroscopy, can be found elsewhere [28]. 

2.2. DC characteristics and noise measurements 

DC characteristics and low-frequency noise measurements were 
performed in a probe station using titanium needles to connect the 
graphene/AlGaN/GaN sensor’s electrodes with the measuring and 
biasing units. A Keithley-4200A-SCS parameter analyzer with two me-
dium power source-measure units (type 4201-SMU) was used for the 
transfer curve measurements and time-domain studies. All drain-source 
current vs gate voltage curves (IDS vs VG) were collected in the VG range 
from − 5–0 V with a 2 s hold time, and the drain-source voltage (VDS) 
bias was set to 0.1 V. Time-domain studies were performed at VG = − 3 V 
for dark conditions, and VG = − 4 V for the UV-irradiated sensor with VDS 
set to 0.1 V in both cases. 

The sensor was connected to a low-noise preamplifier and current 
source for noise measurements. The input current was set to 0.553 mA, 
which resulted in voltage across the sensor VDS of 0.6–0.8 V depending 
on ambient conditions. Input current IDS between 0.241 mA and 1.140 
mA made it possible to measure the 1/f noise originating solely from the 
material without interferences from the system’s inherent noise. At the 
same time, lower IDS currents limited the local heating of the sensor, so 
the moderate current value of 0.553 mA was chosen for all noise studies. 
VG was set to − 3 V and − 4 V for dark and UV-enhanced conditions, 
respectively, during the noise measurements to correspond to the pa-
rameters used in the time-domain studies of IDS. We measured the power 
spectral density of the voltage fluctuations across the sensor biased by 
the IDS current utilizing a data acquisition board (National Instruments, 
model NI USB-4431) and a custom-written LabVIEW program (National 
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Instruments). We kept the sensor inside a metal shielding box (stainless 
steel and cobalt foil) to limit external electromagnetic interference 
during all measurements. The UV-enhanced experiments were per-
formed with a UV LED of maximum optical power at 275 nm (ProLight 
Opto, type PB2D–1CLA-TC). UV LED was positioned about 1 cm from 
the sensor’s surface, yielding an optical power density of 1.1–1.6 mW/ 
cm2. 

2.3. Gas-sensing experiments 

Before the gas sensing experiments, we performed the cleaning 
procedure by slow heating (at a speed of ~2 ◦C/min) and annealing the 
sensor at ~300 ◦C for 30 min under vacuum conditions (pressure be-
tween 1 ×10− 7–1.5 ×10− 7 mbar). Next, the sensor was left in the vac-
uum chamber until it naturally cooled down to room temperature. It is 
worth noting that the cleaning procedure was employed only once, and 
the device did not require additional refreshing between the gas sensing 
experiments, offering a high responsivity despite its storage in labora-
tory air conditions between consecutive sets of studies within at least 
two weeks of the measurements. The cleaned sample was put into the 
metal chamber, which provided electromagnetic shielding. The selected 
gases were transported to the chamber by a metal pipe placed within 0.5 
cm from the sample and connected to the gas distribution system. The 
sensor’s response toward nitrogen dioxide, tetrahydrofuran, and 
acetone was measured. Our primary goal in selecting the ambient at-
mosphere was to use reducing and oxidizing gases to show the sensor 
response for two main types of gases. We used the calibration gas of 
oxidizing NO2 diluted in nitrogen (N2) as the carrier gas. To obtain 
different concentrations of NO2, we mixed it with pure N2 at specific 
proportions while keeping a constant overall gas flow of 50 mL/min. Our 
laboratory possibilities limited the applied concentrations. With the 
available gas distribution system, concentrations up to 0.2 ppm of NO2 
could be obtained, but the lowest concentrations needed to be more 
accurate because of gas flow meter accuracy. For reducing gases, organic 
vapors were produced by transferring 50 mL/min of N2 through a glass 
bubbler with either tetrahydrofuran or acetone solution. In this case, the 
concentration of the produced organic vapors strictly depends on the 
dynamic N2 flow and vapor pressure of the solvent. The estimated 
concentrations for tetrahydrofuran and acetone were ~100 ppm and 
~110 ppm, respectively. The constant overall gas flow was regulated by 
mass flow controllers (Analyt-MTC, model GFC17). Measurements at 
varied relative humidity required adjusting the flow of synthetic air 

through a container with water in 50–200 mL/min range. The DC 
characteristics and noise spectra were collected after the sensor was 
subjected to the selected gas for 20 min in dark or UV-enhanced con-
ditions. Before introducing the target gases, UV irradiation was set for 
~20 min in a reference atmosphere (laboratory air or N2). The time- 
domain curves were checked by introducing the target gas for 10 min 
and then another 10 min of sensor recovery in N2 for five repetitions. All 
experiments were conducted at room temperature (RT ~23 ◦C) and 
ambient pressure (~1 bar). 

3. Results and discussion 

The graphene/AlGaN/GaN used in our sensing experiments works as 
a FET with graphene exposed to the surrounding atmosphere acting as 
the third electrode, enabling gate voltage tuning as depicted in Fig. 1. 
Fig. 1a illustrates a cross-section of the investigated sensor with gra-
phene of an area reaching 600 µm2. Fig. 1b and c represent optical im-
ages in which the small area of graphene is presented with a red dashed 
contour. The principle of operation of our sensor relies on the surface 
reactions on the graphene layer, which also modulates the two- 
dimensional electron gas (2DEG) layer at the AlGaN/GaN interface. In 
such device configuration, the properties of the graphene are changed 
with the bias voltage applied between the gate, and the 2DEG channel, 
so the bias can modulate both layers. Such interesting dependencies 
between layers in the whole sensor structure could result in unique re-
sponses toward different gases present in the ambiance. 

Since UV irradiation was previously proved to improve the perfor-
mance of graphene-based sensors [30,31], we applied a UV LED 
(275 nm) at selected polarization currents (IP) to see how it affects the 
IDS–VG curves of a graphene/AlGaN/GaN sensor. Both the GaN buffer 
and AlGaN barrier layer should effectively absorb UV light of the 
selected wavelength, as its quantum energy exceeds the band gap of 
these materials. Additionally, we previously confirmed that CVD-grown 
p-doped graphene noticeably responds to UV light (275 nm), so a high 
irradiation effect on the FET properties is expected [32]. Fig. 2 dem-
onstrates the DC characteristics collected in laboratory air for the device 
irradiated with a UV LED polarization current IP between 3 mA and 
100 mA. The maximum IP corresponds to the LED working at its optimal 
parameters (100% radiant flux). First, one can notice that the threshold 
voltage (Vth) shifts significantly toward negative VG values for the 
irradiated sensor. Second, we observe much higher currents in the 
transistor OFF state under irradiation. Fig. S1 in the supplementary 

Fig. 1. (a) Schematic representation of investigated structure consisting of AlGaN/GaN layers with graphene gate, (b) real optical image of the exemplary sensor with 
(c) higher magnification of the graphene monolayer region. Red dashed contour indicates graphene layer (length = 60 µm, width = 10 µm) placement between the 
source (S) and drain (D) contacts and connection to the gate pads (G). 
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material depicts the change of Vth estimated from the linear extrapola-
tion of the IDS–VG characteristics. For instance, the threshold voltage was 
estimated as − 3.45 V in the dark and − 4.39 V for IP = 100 mA. 
Generally, the stronger the irradiation and the absorption by the sensing 
layers, the more significant is the shift. An ON/OFF ratio of around six 
orders of magnitude was observed previously for these devices under 
dark conditions and is confirmed by our results [28]. At the same time, 
the ON/OFF ratio is significantly reduced with UV LED polarized with 
higher currents. UV light promotes free charge carrier generation, 
resulting in photocurrent induced in the FET channel. It increases the 
overall IDS level, which is distinctly visible for VG values below − 4 V. As 
mentioned above, the UV light wavelength used in our experiments 
(275 nm) carries sufficient energy (~4.51 eV) to be absorbed by both 
the GaN buffer layer and AlGaN barrier layer, so the generation of 
electron-hole pairs may proceed in both of those regions. The 
photo-generated electrons increase the charge concentration in 2DEG, 
thus increasing the drain current and absolute value of the threshold 
voltage. An additional shift of the threshold voltage may result from the 
photo-induced holes accumulation in the GaN buffer, as V. Nagarajan 
et al. described for AlGaN/GaN HEMTs [21]. While the low ON/OFF 
ratio may constitute a shortcoming in some applications, we opted for 

choosing the highest UV LED polarization current (100 mA) for all 
further sensing measurements, as it shifts the DC characteristic most 
significantly. Thus, the most visible changes may be expected during gas 
detection. Additionally, we compared sensor IDS-VG characteristics for 
laboratory air and inert ambiance of nitrogen to test the influence of 
humidity present in the open air conditions. Fig. 3a confirms that the 
impact of humidity is negligible and does not affect sensor transfer 
characteristic, which is of great benefit for using such sensors in 
real-environment conditions. 

We started the sensing experiments with NO2, one of the gases that is 
extremely harmful to humans and the environment, even at relatively 
low concentrations. Hence, its detection becomes crucial from a prac-
tical point of view. Moreover, it is one of the main representatives of the 
inorganic species for gas detection, characterized by relatively high 
adsorption energies on different materials. For instance, the adsorption 
energy of ~1 eV was calculated between NO2 and a GaN nanotube [33]. 
Moreover, the adsorption energy and charge transfer indicated the 
physisorption of NO2 molecules on the GaN surface. For graphene, 
computational methods showed that small molecules exhibit phys-
isorption with relatively low adsorption energies [34]. However, the 
highest values were obtained for NO2 compared to H2O, NH3, CO, and 
NO. Fig. 4 presents the results of introducing NO2 at selected concen-
trations (5–20 ppm) to the sensor, performed in the dark and during UV 
irradiation. The concentration of 0 ppm presented by the black curves 
refers to the pure N2 atmosphere considered a reference in our studies. 
N2 was used as a carrier gas in all experiments, but we compared it to the 
sensor response in the synthetic air (dry synthetic air: pure oxygen 20% 
and pure nitrogen 80%), which was highly similar to that obtained for 
the inert ambiance and did not influence FET threshold voltage or 
saturation point (Fig. 3b). The insets in Fig. 4a confirm that the changes 
in IDS are more pronounced for the UV-enhanced sensor and gradually 
shift toward zero VG for higher NO2 concentrations. Fig. 4b depicts the 
negative linear dependence between IDS and the target gas concentra-
tion. The results in Fig. 4b show that the device’s sensitivity can be 
optimized by using light-enhanced conditions and adjusting gate voltage 
bias. Thus, for VG = − 4 V, a lower DL of 2.47 ppm is observed than for 
VG = − 4.25 V (3.42 ppm) for detection under UV irradiation. Since 
greater relative changes of drain-source current are observed for the 
UV-irradiated sensor, the structure is considered to exhibit higher gas 
sensitivity under light enhancement with lower detection limits (DL). 
The lower DL was observed at NO2 concentrations between 0.2 and 
2 ppm (Fig. S4 in supplementary materials). Still, the results exhibited 
limited repeatability due to long-time sensor response (drift) and accu-
racy of the gas distribution system. The changes of IDS versus NO2 gas 

Fig. 2. Drain-source current IDS as a function of gate voltage VG under labo-
ratory air conditions and for UV LED (275 nm) polarization currents (IP) be-
tween 3 mA and 100 mA. 

Fig. 3. Comparison of drain-source current IDS as a function of gate voltage VG applied to the graphene in the dark for nitrogen and (a) laboratory air or (b) synthetic 
air yielding highly similar characteristics. The level of relative humidity varied between 30% and 50% for the regular indoor environment conditions. As the IDS-VG 
curves in (a) and (b) were collected on consecutive days, the minor difference between curves’ shape is observed due to the difference in contact between the Ti 
needles and sensor’s electrodes. 
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concentration (Fig. 4b) consider the response observed during the first 
cycle of switching on NO2 flow. It includes two components: the fast 
response of the sensor to NO2 taking place within tens of seconds, and 
partially the long-term drift response taking about 3–4 h in total (Fig. 5). 
Both components, considered in Fig. 4b, are of similar intensities of a 
few percent only. We observed that the sensor responded reproducibly 
on the next experimental day after staying in laboratory air during the 
night, sufficient to secure its full recovery. Similar observations were 
presented in the work of A. Bag et al. for a diode sensor based on a rGO 
and AlGaN/GaN structure [19]. The authors demonstrated that the 
sensor response vs NO2 concentration follows the Langmuir isotherm 
equation, which can be simplified to the linear dependence for the 
low-concentration range. Their findings confirm that the sensitivity 
decreases with the concentration growth since the surface saturates with 
gas species, so the response also becomes saturated. Since the response 
of the graphene/AlGaN/GaN sensor is linear in the selected NO2 con-
centration range, we suppose that the saturation level is higher than 
20 ppm in the case of our sensor. 

Charge transfer is one of the possible interactions that govern the 
detection process for graphene-based sensors. NO2 is regarded as a 
strong oxidizing species that decreases the resistance of p-type semi-
conductors. The CVD-grown graphene used as a gate in our device is 
characterized by p-type conductivity, so the adsorption of oxidizing 

molecules should increase the concentration of major carriers (holes) in 
the electrode layer. This effect can be amplified under UV light, pre-
sumably owing to the extra electron-hole pairs generated during irra-
diation and more free charge carriers participating in the surface 
processes. This way, the ambiance can also influence the gate voltage 
bias. An alternative explanation is that oxidizing NO2 creates negatively 
charged centers in graphene during adsorption, which causes a shift in 
the threshold voltage. Moreover, our results show that UV light en-
hances this effect. Additional irradiation may create even more 
adsorption centers for NO2 by generating electron-hole pairs in the 
structure. Photo-induced holes are most probably immediately 
captured, whereas electrons may remain in the channel. Centers that 
capture holes become positively charged, facilitating NO2 adsorption. 
Our results on NO2 detection show a subtle shift in the threshold voltage 
of the AlGaN/GaN transistor toward positive gate voltages for higher gas 
concentrations. N. Harada et al. demonstrated that the exposure of the 
graphene gate to gas molecules causes a change in the graphene work 
function and, consequently, shifts the threshold voltage of silicon tran-
sistors [35]. Authors suggest that graphene gate modification by 
different ambiances can be used for gas sensing purposes, but intentional 
doping can also tune the FET properties, providing a twofold effect. In 
the case of the graphene/AlGaN/GaN sensor, we confirm that 
GaN-based transistor properties can be modified in a similar manner. 

Fig. 5 depicts IDS changes in the time domain for five repetitive cycles 
of introducing 5 ppm of NO2 in the dark and under UV irradiation. As 
can be seen, the graphene/AlGaN/GaN sensor exhibits short-time cur-
rent drift during the measurements, mostly visible for the first cycle of 
gas detection. However, UV irradiation contributes to a more pro-
nounced and stable response in each cycle. Again, we see that the sensor 
response (represented by drain-source current changes) decreases for 
the detection of 5 ppm of NO2, which means the overall sensor resis-
tance increases. Since the graphene layer acts as a gate and not a 
channel, as in most reported graphene-based FET sensors [32,36–38], 
the ultimate effect of the NO2 gas is expected to be different in our de-
vice. Indeed, for graphene-based sensors characterized by p-type con-
ductivity, NO2 molecules tend to increase the concentration of holes, 
leading to a resistance decrease [39,40]. In the case of our graphe-
ne/AlGaN/GaN device, the opposite result suggests that the change of 
the fixed charge after gas adsorption on the structure may modulate 
2DEG leading to lower channel conductivity and a decrease in IDS. 
Additionally, the adsorption of molecules can occur at the GaN surface, 
resulting in a more complex detection mechanism. 

As organic molecules are usually more challenging to detect due to 
their low adsorption energies, we chose tetrahydrofuran and acetone as 
two common solvents for gas sensing. We produced organic vapors ac-
cording to the description provided in Experimental Section, with 

Fig. 4. (a) Drain-source current IDS as a function of gate voltage VG for different concentrations of NO2 in the dark (solid curves) and under UV (275 nm) irradiation 
(dashed curves), and (b) drain-source current IDS as a function of NO2 concentration in the dark and under UV (275 nm) irradiation showing the linearity of the 
response. VG was − 3 V for the dark and − 4 V or − 4.25 V for the irradiated sensor. 

Fig. 5. Drain-source current IDS in the time domain for five repeated cycles of 
introducing NO2 (5 ppm). The gate voltage was set to − 3 V and − 4 V for dark 
and UV-enhanced conditions. Dashed lines indicate the moment when the 
target gas was introduced to the sensor. 
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concentrations relying on the constant carrier gas flow. Fig. 6 presents 
the IDS–VG curves for tetrahydrofuran and acetone in the dark and under 
UV light. Again, we notice a much higher effect of the gas when the 
sensor is exposed to gases during UV irradiation. Even though both 
organic vapors are comprised of the same elements (C, H, O), they differ 
in their structural configuration and basic properties such as polarity 
and electrical permittivity (exact values can be found in Table S1 for 
comparison). Thus, their chemical nature could explain the minor dif-
ferences in their affinity for the graphene gate or GaN layers and the 
overall influence on the sensor properties. 

Similarly to NO2, we performed time-domain studies for five cycles 
of tetrahydrofuran (Fig. 7a) or acetone (Fig. 7b) introduction. Once 
again, we observed highly repetitive and stable responses for UV light 
enhancement. The summary of the graphene/AlGaN/GaN sensor re-
sponses (defined as relative changes of IDS in each detection cycle) can 
be found in Fig. S2. Our results suggest that UV light accelerates the 
adsorption and desorption processes and promotes reaching surface 
equilibrium and stability faster. Moreover, UV irradiation increases the 
IDS current, which is easier to measure. The simultaneous adsorption and 
partial desorption occurring at the active surface are supposed to reach 
equilibrium faster for weakly binding species, thus producing immediate 
responses. At the same time, the UV light reduces the time drift and 
improves the desorption since the sensor recovers to its baseline 
completely after 10 min in N2 for each cycle. The more negligible drift 
and faster recovery than in the case of NO2 can be explained by the 
presumably higher adsorption energy of NO2 than tetrahydrofuran or 
acetone and, thus, weaker desorption. Theoretical studies of the inter-
action of NO2 with the graphene surface showed the high importance of 
defects during adsorption. On the one hand, it may significantly affect 
sensor sensitivities, but on the other hand, it may require additional 
force or time for the recovery process [41]. If NO2 molecules bind 
strongly to the sensor surface, their incomplete desorption in each cycle 
gradually shifts the FET sensor properties, resulting in the constant drift 
visible in the time-domain studies. 

The gas-sensing mechanisms can be explained by comparing the 
presented experimental results with the characteristics observed for the 
graphene back-gated FET, when the graphene-made channel was situ-
ated above the Si/SiO2 layer [42]. We observed an intense response to 
tetrahydrofuran gas under UV light for such a sensor. Fourier transform 
infrared (FTIR) spectra measurements revealed two adsorption bands 
signaling charge redistribution in the adsorbed tetrahydrofuran ring 
structure, resulting in DC characteristic shift for this gas only. We did not 
observe such a DC characteristic shift in the graphene/AlGaN/GaN 

structure. We suppose that the energy of the adsorption process is lower 
than in the graphene back-gated FET placed on the Si/SiO2 layer and 
does not induce charge redistribution in the ring of adsorbed molecules 
[42]. We are conscious that it requires more in-depth studies, but this is 
a rational explanation for the observed gas-sensing differences between 
the considered sensors. The same mechanism explains slower sensor 
aging because of the weaker bonding of water molecules from labora-
tory air. Different substrates for the graphene layer will result in gas 
sensing alterations that open up new possibilities for modifying the 
properties of graphene sensors. 

Additional experiments with relative humidity variations toward 
sensor baseline resistance and response to a target gas were conducted to 
study sensor stability further. Fig. 8 demonstrates relative humidity 
(RH) variation toward sensor baseline resistance (nitrogen only) and in 
the presence of acetone (110 ppm) diluted in nitrogen. Interestingly, the 
baseline remains stable regardless of RH under UV light, but responses to 
acetone vary for different RH. For dark conditions, the baseline is 
affected by RH similarly for nitrogen and acetone. Because of severe 
time drift of sensor response at the ambient atmosphere of NO2 we could 
not identify an impact of RH on the measurement results unanimously. 
Further studies in a more precise gas distribution system are required for 
NO2 gas. 

Table 1 presents the results of long-term responsivity measurements 
toward three gases of selected concentrations for dark and UV-enhanced 
conditions. These measurements were conducted after nine months of 
the sensor’s storage in laboratory air conditions. During this time, the 
sensor baseline resistance changed from 14.0 kΩ (the value taken from 
the last measured I-V characteristics before more extended storage) to 
15.8 kΩ at VG = − 3 V (in the dark). Under UV light, the baseline resis-
tance shifted from 2.67 kΩ to 1.66 kΩ at VG = − 4 V. The responses for 
dark conditions remained at the low level of a few %, whereas the re-
sponses for UV light conditions were reduced a few times compared to 
the as-cleaned sensor. The highest resistive response remained for 
acetone vapor, which was earlier demonstrated to produce the most 
stable time response (Fig. 7b). The results suggest that long-term sta-
bility can be improved by repeating the cleaning procedure to regain 
sensor performance. However, selected gases still impact sensor I-V 
characteristics after nine months of storage. 

Additionally, we propose low-frequency noise studies complemen-
tary to DC characteristics measurements for gas sensing purposes. We 
started with noise measurements for selected concentrations of NO2 in 
the dark and under UV irradiation (Fig. 9). Similar to the DC charac-
teristics, we observed comparable noise responses in laboratory air and 
the inert atmosphere. Therefore, in our discussion, we compare all of the 
results obtained for target gases to the nitrogen case as a reference. In 
Fig. 9, we demonstrate 1/f noise spectra observed for different con-
centrations of NO2, which are modulated mainly by UV light. 1/f noise 
has already been observed in AlGaN/GaN transistors before [20], but 
the case of UV irradiation was investigated less precisely, especially for 
gas detection applications. Our results show that sensor irradiation in-
creases the noise level by around one order of magnitude. We see only 
minor changes in the noise responses for different gas concentrations 
(mostly for f ~1 Hz), making it challenging to discriminate between the 
exact amount of NO2 traces with only flicker noise measurements either 
for dark or UV-enhanced conditions. 

After completing noise measurements for tetrahydrofuran and 
acetone, we obtained the same dominating UV light effect as in the case 
of NO2 (Fig. 10). Again, we observed a change in the spectrum’s shape 
after irradiation, but in this case, both organic gases decreased the noise 
level differently. For tetrahydrofuran, the noise level was reduced by 
~40% for the lowest frequencies recorded, but the changes were much 
less visible for acetone. At the same time, we would like to notice highly- 
repeatable spectra for the reference ambient conditions and the stability 
of the sensor responses toward both inorganic and organic vapors. 

To check the possibility of discrimination amongst various gases, we 
multiplied the noise spectrum by the frequency for the UV light case, as 

Fig. 6. Drain-source current IDS as a function of gate voltage VG for tetrahy-
drofuran and acetone in the dark and under UV (275 nm) irradiation. 
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illustrated in Fig. 11. We chose only one representative concentration of 
NO2 (20 ppm) as highly similar results were obtained for the lower 
concentrations of the same gas. As can be seen, the spectra vary mainly 
in the noise level, but the main shape is preserved, confirming the 
dominating effect of UV irradiation on voltage fluctuations. The local 
maximum occurs at about 11 Hz, 12 Hz, 13 Hz, and 12 Hz for N2, 
acetone, tetrahydrofuran, and 20 ppm of NO2, respectively, meaning 
that only minor shifts are introduced with different ambiances. Addi-
tionally, Fig. S3 in supplementary materials depicts the reproducibility 
of the spectra collected for nitrogen during three consecutive days of 
studies. The local maximum point occurs at ~11 Hz. However, the noise 

level varies between 1.5 × 10− 8–2.0 × 10− 8 for three spectra with a 
mean value of 1.76 × 10− 8 and a standard deviation of 3.19 × 10− 9. 
Nevertheless, the bulge appearing on all spectra when the sensor is 
exposed to UV light may imply the influence of irradiation on trapping 
states in layers surrounding the 2DEG channel, as was previously re-
ported by V. Nagarajan et al. [21]. In the case of our studies, UV light of 
275 nm is used for sensor enhancement, so both the GaN and AlGaN 
layers can absorb it owing to their band gap energies. Therefore, the 
fluctuations of channel carriers at the interface of the AlGaN/GaN het-
erostructures can be altered, and deviations from the uniformity of the 
distribution of the trap states induced by UV light are visible by a local 
maximum on all UV-enhanced spectra. 

4. Conclusions 

We demonstrated a graphene/AlGaN/GaN structure for nitrogen 
dioxide, tetrahydrofuran, and acetone sensing implemented with two 
complementary methods of DC and low-frequency noise studies. The 
graphene layer acting as a gate enables gate voltage tuning also by target 
molecules in the ambiance that can interact with the active layer and 
affect the electronic properties of graphene. This way, we obtain a 
change in FET channel conductivity in a few ways. The ultimate result is 
the synergistic effect of the interaction of both the gate and channel 
carriers with the ambiance. 

UV-enhanced measurements revealed sensor sensitivity to the irra-
diation itself. Indeed, the GaN layers can effectively absorb UV light of 
275 nm, but the irradiation interacts with the graphene surface as well. 

Fig. 7. Drain-source current IDS in the time domain for five repeated cycles of introducing (a) tetrahydrofuran and (b) acetone. The gate voltage was set to − 3 V and 
− 4 V for dark and UV-enhanced conditions, respectively. Dashed lines indicate the moment when the target gas was introduced to the sensor. 

Fig. 8. Changes of sensor resistance RS versus relative humidity (RH) at dark and UV irradiation, and at ambient atmosphere of: (a) nitrogen, (b) acetone diluted in 
nitrogen (110 ppm). 

Table 1 
Long-term responsivity of graphene/AlGaN/GaN sensor response toward 
selected gases. The response was calculated as the absolute value of (RS–R0)/R0, 
where RS is sensor resistance in the atmosphere of the target gas, and R0 is sensor 
baseline resistance (in the reference, nitrogen atmosphere). Resistance values 
were taken at VG = − 3 V for dark and VG = − 4 V for UV-enhanced conditions.  

Target gas Response 

As cleaned (%) After nine months (%) 

Nitrogen dioxide (5 ppm) – dark  2.69  4.69 
Nitrogen dioxide (5 ppm) – UV  18.40  2.23 
Tetrahydrofuran (100 ppm) – dark  9.08  5.05 
Tetrahydrofuran (100 ppm) – UV  8.38  3.27 
Acetone (110 ppm) – dark  7.55  3.71 
Acetone (110 ppm) – UV  53.60  14.60  
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This effect can be an improving factor for accelerated and more stable 
sensor responses. Additionally, highly similar characteristics obtained 
for inert ambiance, dry synthetic air, and humid laboratory air indicate 
the possibility of utilizing graphene/AlGaN/GaN sensor in real- 
environment conditions, confirmed additionally by study of selected 
variations of RH toward sensor baseline and response to acetone. For 
NO2, discrimination between different concentrations is possible under 
UV light with DC characteristics, as the responses are linear within the 
selected concentration range. For organic vapors, UV light improves the 
selectivity between two solvents (tetrahydrofuran and acetone), making 
even low responses possible to detect and repeatable. The differences in 
sensitivity toward the three investigated gases may stem from their 
various physicochemical properties, such as much higher adsorption 
energies of inorganic species or differences in structural configurations 
and polarities between organic vapors. However, we want to note that 
other characterization methods could be applied to better understand 
the possible gas sensing mechanisms. 

In the case of low-frequency noise measurements, we observed the 
high impact of UV light on the 1/f noise spectra. We assume that the 
generation of free charge carriers near the 2DEG channel and the in-
fluence on the trap states in the AlGaN/GaN absorbing layers may 
trigger specific fluctuations resulting in a visible bulge at 11–13 Hz. 
Although we showed that different ambient conditions have a minor 
effect on the flicker noise, in combination with DC measurements, it not 
only supports the sensing operation but also sheds light on the possible 
processes that govern and dominate the detection of gas molecules by 
the hybrid structure of the graphene/AlGaN/GaN sensor. Overall, we 

Fig. 9. Power spectral density of voltage fluctuations SV normalized to sensor DC voltage squared VS
2 for different concentrations of NO2 (a) in the dark and (b) under 

UV (275 nm) irradiation. 

Fig. 10. Power spectral density of voltage fluctuations SV(f) normalized to sensor DC voltage squared VS
2 for (a) tetrahydrofuran and (b) acetone in the dark (solid 

curve) and under 275 nm UV irradiation (dashed curve). 

Fig. 11. Comparison of multiplication product of power spectral density of 
voltage fluctuations SV(f) normalized to sensor DC voltage squared VS

2 and 
frequency f for different vapors. Dashed curves demonstrate experimental data, 
and solid lines indicate polynomial fitted curves. Vertical dashed lines mark the 
maximum noise values for fitted functions. Characteristic frequencies occur at 
about 11 Hz, 12 Hz, 13 Hz, and 12 Hz for nitrogen, acetone, tetrahydrofuran, 
and 20 ppm of nitrogen dioxide, respectively. 
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believe that UV-enhanced graphene/AlGaN/GaN FET sensors shed light 
on promising effects of UV irradiation for gas-sensing and can result in a 
new way of developing better gas sensors. A thorough review of carbon- 
based gas sensors reported elsewhere confirms that their detection be-
gins from about 0.1 ppm of NO2 [43]. The repeatable detection limit of 
NO2 in the studied sensor reached about 2.5 ppm. We observed even one 
order lower detection limit for this sensor, but its repeatability was much 
lower. These results suggest that the investigated structure is a strong 
candidate for NO2 gas sensor compared to the other reported 
carbon-based systems. 
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