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Multifunctional two-dimensional glassy graphene
devices for vis-NIR photodetection and volatile

organic compound sensing

Xiao Li"*', Xiao Dai’’, Hao Xu"”’, Kai Shen', Jian Guo, Caihong Li’, Guifu Zou”,
Kwang-Leong Choy” , Ivan P. Parkin®, Zhengxiao Guo™®’, Huiyun Liu' and Jiang Wu'?

ABSTRACT Multifunctional devices are of great interest for
integration and miniaturization on the same platform, but
simple addition of functionalities would lead to excessively
large devices. Here, the photodetection and chemical sensing
device is developed based on two-dimensional (2D) glassy-
graphene that meets similar property requirements for the two
functionalities. An appropriate bandgap arising from the
distorted lattice structure enables glassy graphene to exhibit
comparable or even improved photodetection and chemical
sensing capability, compared with pristine graphene. Due to
strong interactions between glassy graphene and the ambient
atmosphere, the devices are less sensitive to photoinduced
desorption than the ones based on graphene. Consequently,
the few-layer glassy graphene device delivers positive photo-
response, with a responsivity of 0.22 A W' and specific de-
tectivity reaching ~10' Jones under 405 nm illumination.
Moreover, the intrinsic defects and strain in glassy graphene
can enhance the adsorption of analytes, leading to high che-
mical sensing performance. Specifically, the extracted signal-
to-noise-ratio of the glassy graphene device for detecting
acetone is 48, representing more than 50% improvement over
the device based on graphene. Additionally, bias-voltage- and
thickness-dependent volatile organic compound (VOC) sen-
sing features are identified, indicating the few-layer glassy
graphene is more sensitive. This study successfully demon-

strates the potential of glassy graphene for integrated photo-
detection and chemical sensing, providing a promising
solution for multifunctional applications further beyond.

Keywords: glassy graphene, multifunctional device, photo-
detection, volatile organic compounds, liquid sensing

INTRODUCTION

An ever-increasing demand for system integration and
miniaturization drives the development of multi-
functional devices that can efficiently respond to different
physical and chemical signals [1,2]. Particularly of interest
are high-performance photodetectors and chemical sen-
sors. The former are widely applied in optical commu-
nication, imaging, spectroscopy, biosensing, night vision
and so on [3-6]. The latter are increasingly in demand in
many fields such as healthcare, environmental monitor-
ing and risk warning [7-9]. Both are critical for perso-
nalized medical-care, public safety, security and the
Internet of Things (IoT). Such applications pose more
stringent requirements for the functionalities of materials,
especially their optical and chemical properties. It is no-
ted that the requirements for high-performance photo-
detection and chemical sensing are similar, including an
appropriate bandgap. For example, metal oxide semi-
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conductors, especially ZnO nanostructures, have been
employed for high-performance UV photodetection and
gas sensing in a single device, due to attractive combi-
nation of electrical and optical properties such as direct
bandgap (~3.37eV), high exciton binding energy
(~60 meV), and high electron mobility [2,10-13]. How-
ever, multifunctional devices with both visible-to-near
infrared (vis-NIR) photodetection and volatile organic
compound (VOC) liquid sensing have yet to be achieved
thus far. Particularly, it has been demonstrated that liquid
VOC detection can be applied as a vital base for simple,
rapid and effective disease diagnosis [14,15], and the
identification of acetone in human blood, urine and sweat
samples has been regarded as a biomarker for diabetes
mellitus [14-18].

Besides metal oxide semiconductors, two-dimensional
(2D) materials hold great promise for novel multi-
functional devices owing to their outstanding electronic,
optoelectronic, mechanical and thermal properties
[12,19-21]. The photodetectors based on 2D materials
and their heterostructures have been widely reported
previously, exhibiting good performance [4,22-24]. Spe-
cially, ultrahigh carrier mobility of graphene is particu-
larly attractive for high-speed photodetection [25-27].
However, these photodetectors suffer from limited re-
sponsivity due to low light absorption as well as the
gapless electronic structure [28-30]. Attributed to its
good electrical conductivity and mechanical strength,
graphene has been used for chemical sensing with single
molecule resolution and low intrinsic noise [31]. Never-
theless, the gapless electronic structure, lack of dangling
bonds and challenges in large-scale synthesis hinder
pristine graphene from industrial considerations in the
field. On the other hand, an appropriate bandgap, good
electrical conductivity, a large surface-to-volume ratio
and strong affinity to analytes are all ideal properties for
photodetection and chemical sensing.

Alternatively, as an emerging graphene derivative, 2D
glassy graphene with a distorted lattice is dominated by
the Stone-Wales (SW) defects with twisted C-C bonds by
90° [32]. The detailed synthesis method, distorted lattice
structure, basic electrical and optical properties of glassy
graphene can be found in our previous reports [32,33].
Originating from its unique atomic structure, an intrinsic
bandgap is introduced, and the width of the gap increases
with the value of the defect ratio [33]. Especially, in a
glassy graphene model of 8 x 8 supercell with one SW
defect, a bandgap of 30 meV emerges at the Dirac point
[33]. The intrinsic energy bandgap can be expected to
boost responsivity and chemical sensing. It is well known
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that opening the bandgap is one of the solutions to im-
prove responsivity of photodetectors based on graphene.
Also, introducing defects or functional groups have been
utilized to enhance the chemical adsorption of graphene
[26,34,35]. The glassy graphene could shun the pressure
for complex growth and fabrication processes to open an
energy bandgap in graphene and related devices. Besides,
as reported, glassy graphene shares excellent electrical
conductivity, transparency, stability and flexibility with
graphene [33,36], and thus it is expected to be a desirable
candidate for multifunctional demonstrations. More im-
portantly, the facile and large-scale synthesis of glassy
graphene is essential for assembling device arrays and
low-cost mass production. Hence, glassy graphene sa-
tisfies the above requirements for performance enhance-
ment of both photodetection and chemical sensing in a
single structural platform.

Here, multifunctional glassy graphene devices with
high photodetection and VOC sensing performance are
reported. The glassy graphene with an intrinsic bandgap
results in strong light absorption, yielding high photo-
current in the vis-NIR range. Importantly, the devices are
less affected by the photoinduced desorption, demon-
strating a positive photoresponse (PPR), compared with
the negative photoresponse (NPR) observed in the pris-
tine graphene device of the same configuration. The re-
sponsivity and specific detectivity are obtained to be
022 AW ' and ~10" Jones under 405 nm illumination
for the glassy graphene device. In terms of liquid VOC
sensing, glassy graphene devices show real-time responses
to various volatile liquids. Attributed to the defects, glassy
graphene devices exhibit comparable or even superior
VOC detection capability, compared with graphene de-
vices. For instance, a glassy graphene device shows a
signal-to-noise-ratio (SNR) of 48, ~50% improvement
superior to the graphene device.

EXPERIMENTAL SECTION

Material synthesis and characterizations
Inch-size glassy graphene thin films were grown on
quartz by a simple and cost-effective polymer-assisted
deposition (PAD) method, and the detailed synthesis
process was presented in our reported work [32]. By
tuning of the glucose concentration in the precursor,
glassy graphene films with different thicknesses were
obtained. The monolayer graphene as a reference material
was purchased from XFNANO.

Atomic force microscopy (AFM) and current sensing
AFM (CS-AFM) were carried out on the 2-nm- and
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25-nm-thick glassy graphene films using a Keysight
5600LS with the contact mode in air, and those with other
thicknesses were characterized by a Bruker Dimension
Icon with the tapping mode in air. The crystalline
structure was examined under high-resolution transmis-
sion electron microscopy (HR-TEM) with an FEI Tecnai
F20 system. Optical microscopy images were obtained
using a Carl Zeiss Axioskop Microscope. X-ray photo-
electron spectroscopy (XPS) measurement was performed
by a Thermo Scientific Ka photoelectron spectrometer
using monochromatic Al Ka radiation. Higher-resolution
scans were recorded for the principal peaks of Au 4f,
Si 2p, Ni 2p, O 1s and C 1s at a pass energy of 50 eV. UV
photoelectron spectroscopy (UPS) was recorded on a
thermo theta probe spectrometer with a base pressure of 5
x 10 '* mbar using He (I) UV light with photon energy of
21.2 eV. Photoelectron kinetic energy was measured
using a hemispherical analyzer with angular acceptance
over a solid angle of 60°. Samples were biased at =9 V
relative to the spectrometer electron optics. The sessile
drop experiments were carried out to determine the
contact angles using Attension Theta Lite at room tem-
perature in ambient conditions. A charge-coupled device
(CCD) camera was used to take images of acetone dro-
plets (50 images per second), followed by an automatic
calculation of the static contact angles involving the
OneAttension Version 2.3 software. Raman spectroscopy
measurement was performed on a Renishaw micro-
Raman system using a 532-nm excitation laser and
1800 g mm ~ grating.

Device fabrications

The glassy graphene arrays with different channel thick-
nesses were fabricated by the standard photolithography
process. Ti/Au (10/100 nm) were deposited as electrodes
by electron-beam evaporation. To achieve optimum
performance, the control graphene devices were fabri-
cated using Ni rather than Ti as the contact material for
smaller contact resistance [37,38]. Ni/Au (10/100 nm)
contact pads were deposited by thermal evaporation for
graphene devices.

Device characterizations

Photodetection measurements

The photoresponse measurements were conducted using
Keithley 4200 in two-terminal configuration with the
channel length x width of 100 x 100 um”. Laser diodes
with wavelengths of 450, 520, 635, 780, 808 and 980 nm
were employed as the external illumination sources, with
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the corresponding power intensities of 4.9, 0.4, 4.1, 4.5,
9.9 and 4.3 mW cm , respectively. The power density of
the 405-nm laser diode was tunable from 1.23 to
27.4mW cm .

Chemical sensing measurements

For the VOC sensing measurements, the channel between
two contact pads of 100 x 100 um” was used as the sen-
sing channel. Acetone, isopropyl alcohol (IPA) or me-
thanol of 30 puL volume each was dropped individually by
a micropipette onto the devices, and channel current
values were measured continuously by the Keithley 4200
at ambient conditions. The devices were cleaned by
deionized (DI) water and blown by N, after each mea-
surement cycle to make sure the initial channel current I,
returning to the original level. The SNR values for sensing
acetone, IPA and methanol were calculated by the Matlab
software, and 0y, Was extracted from at least 20 con-
tinuous points. All measurements were conducted at
room temperature (25°C). The acetone was bought from
Honeywell with a density of 0.79 g cm °. The IPA and
methanol were purchased from BDH, with densities of
0.785 and 0.792 g cm °, respectively.

RESULTS AND DISCUSSION

As noted in Fig. la-c, AFM surface topographies show
good uniformity and smoothness of glassy graphene
(roughness < 1.04 nm). The thicknesses of the glassy
graphene films (see insets) extracted from the corre-
sponding AFM height profiles are 0.9, 1.5 and 2 nm, re-
spectively, indicating film synthesis with sub-nanometer
precision. The AFM images of multilayer glassy graphene
are displayed in Fig. Sla, b, about 5.4 and 25 nm thick,
respectively. Additionally, CS-AFM was performed on the
2- and 25-nm glassy graphene, respectively. The spatial
current maps in Fig. 1d and Fig. Slc, show the compact,
uniform and electrically conductive surfaces of glassy
graphene (the pink areas) for both thin and thick films.
The crystal structure of the synthesized glassy graphene
was examined by HR-TEM as shown in Fig. le, which
clearly reveals the distorted lattice of the few-layer glassy
graphene. Evidently, such structural difference at the
atomic level between glassy graphene and pristine gra-
phene can lead to dissimilar properties such as the pre-
sence of bandgap and lattice strain for the glassy
graphene, which are beneficial to photodetection and
VOC sensing [39,40]. Furthermore, digital camera images
of glassy graphene device arrays are given in Fig. 1f and
Fig. S2, respectively. Good transparency was observed for
few-layer glassy graphene (0.9, 1.5 and 2nm) devices

August 2021 | Vol.64 No.8



SCIENCE CHINA Materials

ARTICLES

d .e

Figure 1 Material characterization results for glassy-graphene and device array images. AFM images of surface morphology for (a) 0.9-nm, (b)
1.5-nm and (c) 2-nm glassy-graphene thin films, obtained at the channel edges. The scale bar is 1 um. The insets are the height profiles corresponding
to the film thicknesses. (d) CS-AFM image of 2-nm glassy-graphene, scanned at the same area as (c) and determined from the spatial current
mapping. The scale bar is 1 um, and the color bar denotes the increased current from blue to pink. (¢) HR-TEM image of the few-layer glassy-
graphene. The scale bar is 5 nm. (f) Digital photograph of 0.9-nm glassy-graphene device arrays on quartz, showing good transparency. The scale bar

is 2 mm.

(FGD), while the channels were clearly visible to the
naked eye for multilayer glassy graphene (25 nm) devices
(MGD).

Vis-NIR photodetection

The photoresponse behavior of the glassy graphene was
studied under visible light illumination using a lateral
photoconductor device configuration as shown in Fig. 2a.
The transmittance spectra of the glassy graphene films
with various thicknesses are shown in our previous work
[32,33], where the 0.9-nm-thick glassy graphene shows
transmittance of ~89%, and the 1.2-nm-thick glassy gra-
phene thin film exhibits transmittance of ~65%-70% in
the range of 350-850 nm. Initially, the photoresponsive
characteristics of the 1.5-nm glassy graphene photo-
detectors were identified under 405-nm illumination at
room temperature. The linear relationship in Fig. 2b in-
dicates the ohmic contact between Ti/Au and the glassy
graphene channel, and a good conductivity of 270 Sm
was identified. Fig. 2c shows the time-resolved photo-
response at 1V bias voltage, illustrating a reproducible
photo-switching behavior. The device responded to illu-
mination with an increasing photocurrent (Iph = 42 nA),
showing a PPR. Corresponding responsivity (R, defined
as R = I;,/P, where P denotes the incident optical power
[41]) of 0.22 AW ™' was achieved, comparable to con-
ventional monolayer graphene photodetectors without
further treatment [25,42,43]. The good responsivity per-
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formance could be attributed to the prolonged carrier
lifetime, which results from the structural defects of the
glassy graphene. Specific detectivity is defined as D* =
R(S/2el4,,)"° by assuming shot noise from the dark cur-
rent (I;,n) as the major contributor to the total noise,
where S is the effective area of the device and e is the
elementary charge [33,44]. D* of ~10' Jones can be es-
timated for 405 nm excitation. Considering the 1/f noise,
more accurate D* should be obtained. The slow response
speed could be attributed to the defects within glassy
graphene and the adsorbed molecules from air acting as
scattering centers, which are commonly observed in
photodetectors based on graphene and other 2D materials
[33,45]. The photogenerated electron-hole pairs were
produced, separated and collected by the electrodes under
light illumination to increase the current; however, a
slightly decreased peak-current trend (pink dotted line)
was observed under a few cycles of illumination as shown
in Fig. 2c. It was caused by relatively strong photoinduced
desorption on the glassy graphene surface. Similar to the
reported p-doping effect of graphene after exposure to air
[46,47], species such as water and oxygen molecules were
adsorbed on the surface of few-layer glassy graphene,
resulting in downward shift of the Fermi level towards the
valence band maximum (VBM). Upon laser irradiation,
some small molecules were desorbed from the surface,
leading to upward shift of the Fermi level towards the
conduction band minimum (CBM) and reducing the hole
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Figure 2 Photoresponsive performance results for few-layer glassy-graphene photodetectors, in comparison to monolayer graphene photodetectors.
(a) Schematic configuration of the glassy-graphene photodetector under illumination. (b) I-V characteristic curves of the glassy-graphene photo-
detector in dark and under 405 nm illumination, with a power density of 1.23 mW c¢m . (c) Photoresponse dynamics with laser on/off switching for
glassy-graphene photodetector (1.5 nm) as illuminated by 405 nm laser at 1.23 mW cm . The applied constant voltage is 1 V. (d) Photoresponse
dynamics of the monolayer graphene photodetector as illuminated by 405 nm, 27.4 mW cm . The applied constant voltage is 1 V.

concentration, thus decreasing the current of the glassy
graphene device [48]. As a result, current under illumi-
nation increased as the photogeneration of electron-hole
pairs dominated the process, along with the current peak
dropping with time.

For comparison, the performance of a pristine gra-
phene device of the same configuration was characterized
and presented in Fig. 2d. The Raman spectrum of
monolayer graphene is displayed in Fig. S3, according to
which the low defect density can be deduced. In contrast
to PPR in glassy graphene, an NPR was observed under
405 nm illumination at room temperature. The current
decreased under illumination as the photoinduced deso-
rption of small molecules dominated the process, and re-
absorption of small molecules was responsible for the
increased current at dark. The opposite photoresponse
performance of glassy graphene and graphene devices was
associated with the competition between the photo-
generation of electron-hole pairs and the photoinduced
desorption of small molecules [49]. According to previous
studies, SW defects enhanced the adsorption of the ana-
lyte and exhibited larger binding energy and smaller bond
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distance [48,50]. Therefore, SW defects in glassy graphene
acted as more stable binding sites with respect to the
perfect sites in pristine graphene for small molecules in
ambient air. As a result, the strong bonding between
adsorbed molecules and the C atoms on glassy graphene
surface reasonably led to much weaker photoinduced
desorption than that in the pristine counterpart. On the
other hand, photogeneration of electron-hole pairs in
glassy graphene with an intrinsic bandgap was more ef-
ficient compared with gapless graphene. Accordingly,
photogeneration and recombination of electron-hole
pairs dominated the photodetection process in glassy
graphene, whereas the photoinduced sorption was the
main contributor for photoresponse in pristine graphene.
As a result, PPR was reasonably observed in glassy gra-
phene photodetectors while NPR was obtained in the
graphene devices. The persistent photoresponse observed
in the graphene device can be attributed to the weak
photogeneration of electron-hole pairs and strong role of
molecular sorption mechanism. Moreover, in Fig. $4, the
shift of charge neutral point toward negative voltage
under 405 nm illumination and the bipolar behavior of
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photoconductivity observed in a graphene field-effect-
transistor (FET) further verified the above photoresponse
mechanisms. Detailed analysis can be found in the Sup-
plementary information.

To measure the characteristics of the glassy graphene
device operated under illumination at various wave-
lengths, the transient current dynamics under other
visible and near-infrared laser illuminations are displayed
in Fig. 3a, b, respectively. For all the wavelengths, the
results demonstrate PPR with acceptable reproducibility
of the photodetectors. The responsivities were calculated
as 10.7, 13, 2.4 and 22 mA W' for 450, 520, 635 and
780 nm illumination, respectively. Accordingly, D*
reaches ~4.8><108, 5.8><108, 1.1x10° and 10° Jones, re-
spectively, comparable to the reported graphene photo-
detectors [51,52]. As for the photoresponse upon NIR 808
and 980 nm illumination, the photocurrent is more dif-
ficult to reach complete saturation as illustrated in
Fig. 3b, which was also observed in previous photo-
detectors based on graphene oxide (GO) [52,53]. For the
glassy graphene device, weak absorption in NIR range
produces less photogenerated carriers. Given that the
number of the traps retains at a constant value in the
glassy graphene material, as a result, larger portion of

photogenerated carriers could be trapped and longer re-
sponse time is reasonably observed in the NIR range [53].
Additionally, the responsivity was calculated as 2.1 and
0.13mA W ' for 808 and 980 nm illumination, respec-
tively.

Moreover, to examine the photoresponse of the glassy
graphene device with larger thickness, power-dependent
photoresponse characterization was carried out for the
glassy graphene with the material thickness of 5.4 nm
under 405-nm laser illumination, as illustrated in Fig. 3c.
The decreasing trend of the peak intensity was also ob-
served. As the incident power density increased, the
photocurrent became larger accordingly, due to that more
photoinduced carriers were produced and collected. The
power-dependent photocurrent can be fitted by the
power law (I, o« jd ), where f3 is the exponent [54].  was
determined as 0.88, as shown in Fig. 3d. The responsivity
and specific detectivity under different power intensities
were calculated and plotted in Fig. 3e, where R and D*
values decreased with increasing light intensity. The peak
values of R and D* are 48.8 mA W ' and ~1.5 x 10° Jones
at a power density of 12.9 mW cm , respectively. For
further understanding of the photoresponse mechanisms,
the schematic band structures of the glassy graphene
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Figure 3 Photoresponse characteristics under additional vis-NIR illumination, power-dependent photoresponse performance and band structure of
the glassy-graphene photodetector. (a) Periodic transient photoresponses of the glassy-graphene photodetector (1.5 nm) under 450, 520, 635, and
780 nm illumination, respectively. The applied constant voltage is 1 V. (b) Photoresponse dynamics of another 1.5-nm glassy-graphene photodetector
from the array illuminated by 808- and 980-nm laser. The applied constant voltage is 1 V. (c) Power-dependent transient photoresponse of the glassy-
graphene photodetector (5.4 nm) with varied illumination power density at 405 nm, under 1V bias voltage. (d) The photocurrent versus power
density, fitted by the power function. (e) The responsivity and specific detectivity as a function of power density. (f) Band structure of the glassy-
graphene photodetector under bias voltage in dark (top image), and under illumination (bottom image).
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photodetector are illustrated in Fig. 3f. It schematically
shows the illumination OFF state (top image) and illu-
mination ON state (bottom image) with a bias voltage
applied on the photodetector. In Fig. S5, the work func-
tion of the 0.9-nm glassy graphene was calculated as
~3.2 eV from the UPS spectrum. Due to the work func-
tion mismatch between Ti and glassy graphene, the en-
ergy band was bent at the interface. Under a bias voltage,
some free carriers were collected by the two electrodes at
dark. When excited, the photogenerated electron-hole
pairs were separated by the built-in and external electric
field, thus reducing the electron-hole recombination rates
and increasing the charge carrier density dominantly [55].
Consequently, a larger number of charge carriers were
collected by the two electrodes, displaying an increased
photocurrent and PPR property.

Electrical behavior via contacting VOC liquids

Apart from the impressive photoresponsive performance,
2D glassy graphene also exhibits evident sensitivity and
reproducibility for sensing VOCs in liquid. It is noted
that the majority of liquid sensing studies reported the
results at the time of contacting with liquid and ignored
the subsequent variation in response, missing informa-
tion related to subsequent diffusion and volatilization,
especially for VOCs [56]. Nonetheless, the real-time
electrical behavior recording the change during the whole
process is significant for comprehensive sensing analysis
and comparison.

VOC solvents, including acetone, IPA and methanol,
were employed to contact with the glassy graphene de-
vices for sensing. All the following measurements were
conducted under ambient conditions, unless otherwise
stated. The sensitivity was quantitatively determined by
the current change ratio of (I — I;)/I, (%), in which I, is
the initial channel current and I is defined as the response
current after the VOC liquid contacts the glassy graphene
channels. Fig. 4a illustrates the dynamic current response
characteristics of a 0.9-nm FGD after contacting a 30-pL
acetone droplet at Vi, = 0.5 V. For each full monitoring
loop involved with droplet diffusion and volatilization at
room temperature, sensing response to a VOC droplet
could be divided into three stages. Once the acetone
droplet contacted the glassy graphene channel (indicated
by the red arrow in Fig. 4a), the FGD responded instantly
with 52.7% increase in channel current, within ~80 ms.
The channel current was then plunged to a lower value
and yet maintained a 28.6% increase in current. The in-
itial stage, Stage I, lasted for about 5s. Afterwards, the
channel current regained a slow and steady increase and
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saturated at 39.3% (Stage II). Given the overall upward
trend in the channel current, it was governed by acetone
absorption in Stages I and II. The introduced lattice strain
by SW defects has been reported to increase the bonding
energy [57,58], which is confirmed by the binding energy
for various gas chemicals resulting from SW defects larger
than that from sp’-bonded carbons [50]. Accordingly, it is
expected that the presence of SW defects in glassy gra-
phene and the resulting intrinsic lattice strain could en-
hance the bonding between acetone molecules and glassy
graphene, and thus improve acetone absorption. In the
last stage, with the acetone droplet dispersing and vola-
tilizing continuously in air, acetone desorption became
dominant and the channel current started to decrease.

The response of the 0.9-nm FGD to acetone was further
examined under a bias voltage varied from 0.01 to 1 V in
Fig. 4b. When V,;,; = 0.01 V, the device exhibited a no-
table sharp initial response but large noise, as compared
with Vi, = 0.5V (Fig. 4a). As Vi, increased, the cor-
responding saturated sensitivity value at Stage II (in-
dicated by the red dashed lines) rose steadily from 16.1%
to 67.7%, while the initial response reduced sharply from
~298.1% until it completely disappeared at Vi, = 1V.
This observation validated that the acetone detection
characteristics of the FGD were associated with bias
voltage, which was able to effectively control the initial
and saturated sensitivity. Additionally, a 2-nm FGD ex-
posed to 30 pL acetone solvent was studied, with the
dynamic response shown in Fig. 4c. Similar to the 0.9-nm
FGD, a sharp response was initially identified, followed
by the steady stage and decay stage. Afterwards, the re-
sponse current of the 2-nm FGD experienced irregular
rise/fall processes, differing from that of the 0.9-nm FGD.
This difference suggests the thickness of glassy graphene
induces dissimilar “acetone-philicity” and might affect
the acetone response characteristics. This assumption was
further verified by a 25-nm MGD as shown in Fig. 4d.
Acetone detection of the 25-nm MGD showed rather
different current characteristics, confirming thickness-
dependent properties of the glassy graphene.

To clarify the specific acetone-philic characteristics on
electrical response evolution, time-dependent sessile drop
measurements of acetone were carried out on glassy
graphene with different thicknesses, as shown in Fig. 4e.
Initially, the contact angle on 0.9-nm glassy graphene
showed a sharp reduction from ~25.4° to ~13.6° within
~69 ms, after which the contact angles changed gradually
with slight increments with time. It is noted that this time
for the sudden change was very close to the 80 ms
duration of the initial current spike of the FGD identified

August 2021 | Vol.64 No.8



SCIENCE CHINA Materials

ARTICLES

a 60579 rop b 300 # / 300
CH (0.9 nm), acetone | 0.9 FGD L
f v 05V I 80.4% . 79.8% 80.7% nm T
; ) as 67.7%175
s 40} | 39.3% _ -
;6 R AR 450
= = 28.5% \m
S ol : [ 25
— 40
. 0.05Vv 0.1V 0.2V 1V
. , . R . J " . ! \ sy L1725
0 20 40 60 80 100 0 50 150 200 250 300 400 450 500 550
Time (s) Time (s)
30
C 12 10.5% FGD (2 nm), acetone d 04} MGD (25 nm), acetone e
Vpe =02V
S o
= 2
= S 20}
< g
-04} £
S
o —25nm
. . ‘ 08l . . ‘ ol . . —I0.9 nm
0 30 60 90 120 0 25 50 75 100 0 5 10 15 20
Time (s) Time (s) Time (s)
f t=2.5s, 6=16.47° t=9's, 6=20.21° t=20 s,0=27.66°
- —. : “ l'f l N - - “
g t=2.5 5,6=20.85° =9 5,6=19.28° =20 s,6=21.75°

Figure 4 Liquid acetone sensing characteristics of the glassy-graphene devices and sessile drop measurement results for glassy-graphene/quartz.
Dynamic detection response for 0.9-nm FGD at (a) Vi, = 0.5 V and (b) different V. Inset in (a) shows the schematic configuration of the glassy-
graphene device for sensing. Dynamic detection response for (c) 2-nm FGD and (d) 25-nm MGD. (e) Time-dependent contact angle variation of
30 pL acetone on the surface of 0.9-nm and 25-nm glassy-graphene/quartz, respectively. The selected time-lapse image series of acetone contact angles
on (f) 0.9-nm and (g) 25-nm glassy-graphene on quartz. The red arrows in (a), (c), and (d) indicate the point of time when the channel was placed in

contact with the acetone droplet.

in Fig. 4a. In contrast, the contact angle on the 25-nm
glassy graphene always showed a relatively stable fluc-
tuation at ~20° since the acetone contacted the nanosheet
surface. For both FGD and MGD, no sharp increase in
response current was observed when the contact angles
gradually changed. Therefore, it is reasonable to suspect
that the sharp drop of current after the initial response of
the FGD can be attributed to the abrupt contact angle
change of the acetone droplet on the few-layer glassy
graphene, which indicates higher acetone-philicity for the
FGD at the very beginning. The abrupt change of acet-
one-philicity is very likely to destroy the uniform carrier
distribution, leading to the non-even electric field and its
subsequent redistribution. Thereby, the variation in re-
sponse current can be effectively avoided through in-
creasing the bias voltage which alters the electric field
distribution, as validated in Fig. 4b. Additionally, the
selected time-lapse images of an acetone droplet (30 pL)
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on the 0.9-nm glassy graphene/quartz are shown in
Fig. 4f. It shows that the droplet contact angle became
progressively larger. The droplet volume was obviously
reduced at t = 20 s, stemming from the continuous vo-
latilization of acetone. Fig. 4g determines the case for 25-
nm glassy graphene on quartz, which reveals the relatively
stable evolution of contact angles. Hence, the acetone-
philic characteristics of glassy graphene and the resultant
sensing response both exhibit thickness-dependent be-
havior.

To gain further insight into the detection mechanisms,
the schematic diagrams of the energy band alignment for
the glassy graphene devices were constructed and dis-
cussed. For FGD, the aligned band structure in thermal
equilibrium is displayed in Fig. 5a (top), in which the
barrier height ¢1 and the space charge width W1 are
indicated. Acetone molecules were adsorbed via van der
Waals force on the surface of glassy graphene and acted
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as electron acceptors, similar to cases for other graphene’s
derivatives [48,59]. Accordingly, few-layer glassy gra-
phene was p-doped after contacting with acetone, causing
the Fermi level to further shift to the VBM. As shown in
Fig. 5a (bottom), the space charge width W1 was thereby
reduced to W2 (W2 < W1), resulting in larger probability
of tunneling and an enhanced channel current. This
correlated well with the detected increase in channel
current of FGD in Fig. 4a-c during the acetone absorp-
tion processes. Furthermore, the channel current de-
creased during acetone desorption, resulting from the
increased space charge width (tending to be W1 again)
caused by the gradually restored Fermi level of glassy
graphene. According to former studies regarding multi-
layer graphene, doping from air-induced absorbate can
only be effective in a few top layers due to the surface
screening effect, and thus the other layers remain un-
affected [60,61]. Accordingly, air exposure can pre-
sumably leave much less apparent impacts on multilayer
glassy graphene than few-layer glassy graphene, resulting
in negligible change of the Fermi level. Therefore, re-
garding the band structure of MGD, the scenario is dif-
ferent from that of FGD, as shown in Fig. 5b, with
detailed sensing mechanism described in the Supple-
mentary information.

Apart from acetone, glassy graphene devices were fur-
ther examined by exposure to different VOC liquids,
including IPA and methanol. Fig. 5¢, d show the current
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response characteristics of the 2-nm FGD in contact di-
rectly with IPA and methanol, respectively, both of which
differ from the current response when sensing acetone,
suggesting good selectivity. The sensing mechanisms for
IPA and methanol are similar to acetone, acting as elec-
tron acceptors as well, which is evident from the in-
creased current upon exposure. The sharp initial response
was observed during methanol detection, which could
also be attributed to the initial abrupt change of contact
angles. Additionally, IPA and methanol detection char-
acteristics of the 25-nm MGD are illustrated in Fig. S6a,
b, respectively, and the noise could be decreased by ap-
plying large bias voltage. The repeatability and stability
can be further improved by controlling the temperature
or applying UV illumination to accelerate the VOC des-
orption process [62].

To further compare the impact of glassy graphene
thickness on response properties, the corresponding
sensitivity and SNR of FGD and MGD when monitoring
VOC liquids were extracted and plotted as shown in
Fig. 5e, f, together with the thickness-dependent electrical
conductivity of the glassy graphene. SNR was calculated
by Equation (1) below [63,64]:

Amax

Obaseline ’

SNR = (1

Here, 0y, 1S the standard deviation of baseline cur-
rent change ratio before analyte delivery, and A, is the
saturated amplitude of current change ratio (sensitivity).
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An increase of the glassy graphene thickness from 0.9 to
25 nm significantly increases the conductivity, consistent
with our previous study [32]. In contrast, both the sen-
sitivity and SNR were reduced accordingly, which was
observed for different VOC liquids. The mechanism can
be mainly associated with the screening effect in multi-
layer glassy graphene. The increase in the thickness of
glassy graphene would lead to an increase in conductivity,
resulting in a larger initial channel current I,. However,
owing to the surface screening effect limiting the pene-
tration of VOC molecules [60,61,65], only a few upper-
most layers of multilayer glassy graphene are involved in
VOC detection, and thus it contributes to the response
current close to the value obtained from the FGD. Ac-
cording to the definition of sensitivity, (I - I))/I, (%), it is
reasonable to obtain reduced sensitivity with increased
thickness, and SNR is affected in a similar way. To sum
up, few-layer glassy graphene is more sensitive for con-
tacting with VOC liquids than thick glassy graphene.

Furthermore, the electrical behavior of a monolayer
graphene device in the same configuration on SiO,/Si
substrates was tested for comparison. The acetone de-
tection characteristics of the graphene devices measured
at Vi, varied from 0.5 to 0.05V are shown in Fig. S7,
where negative sensing response was observed. The op-
posite sensing direction to glassy graphene is actually
caused by different sensing mechanisms, with detailed
analysis explained in the Supplementary information. In
contrast to behaving as the acceptor for glassy graphene,
acetone acted as the electron donor for the graphene
channel, which was confirmed by the shift of transfer
curves in a graphene FET. As shown in Fig. S8a, the Dirac
voltage shifted from a large positive value (>20 V) to-
wards the negative direction to ~6.5 V upon the delivery
of acetone, evidently indicating an n-doping nature of
acetone for graphene. Therefore, the carrier concentra-
tion of intrinsic p-type graphene decreased as more
electrons transferred from acetone, resulting in a de-
creased sensing current. The similar electron donating
property of acetone was also reported in previous studies
[66,67]. Moreover, the acetone contact angle results are
displayed in Fig. S8b, c. It is worth noting that neither
rapid increase in current was observed during acetone
monitoring processes under different bias voltages, nor
there was an abrupt change of contact angles observed at
the beginning of the time-dependent sessile drop mea-
surement. This matched well with the case of glassy
graphene devices, further implying the connection be-
tween the initial sharp increase in current and abrupt
change of acetone contact angles.
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Then, the sensing performance of the glassy graphene
device (0.9 nm FGD) was compared with that of a
monolayer graphene device. Fig. 5g shows the voltage-
dependent sensitivity of the 0.9-nm FGD, in comparison
with the graphene device. For the FGD, both the initial
response current and saturated current (indicated by the
dashed lines in Fig. 4b) were extracted. Although the
response of the FGD was comparable to the graphene
one, the initial response of the FGD was noticeably larger
than that of graphene at Vi, = 0.01 V. Moreover, the
sensitivity of the FGD was comparable or even superior to
the reported liquid acetone sensors based on reduced GO
(AR/R, = ~45% for bilayer), graphene/cellulose nano-
composite (AR/R, = 2%-10%), and Co;0,-doped ZnO
(AIll, = ~20%) [68-70]. Ry and R represent the channel
resistance before and after VOC liquids in contact with
channels, respectively, and AR is the difference of R and
R,. Additionally, in Fig. 5h, the voltage-dependent SNR of
the 0.9-nm FGD exhibits a nearly linear variation ten-
dency, compared with the graphene device. As Vi, is
enlarged to 0.05 V, the SNR increases to ~5.6 and results
in the valid sensitivity. Within the bias range of 0.1-0.5 V,
the SNR of the FGD is comparable to that of the graphene
device and further increases up to ~238.6 at Vi, = 1 V.
Especially, the SNR reaches 48 at 0.2V bias voltage,
showing over 50% improvement to that of the graphene
device. The obtained SNR values are tens of times larger
than the critical value of 3, competitive or even superior
to other reported VOC sensors [63,64,71]. Therefore, the
large-scale 0.9-nm glassy graphene synthesized by the
facile and cost-effective PAD method shares comparable
sensitivity and reliability properties to graphene in liquid
acetone detection. Good sensing performance of the FGD
could be attributed to good conductivity, intrinsic
bandgap and in-plane strain which resulted from SW
defects in the glassy graphene [32,33]. An available
bandgap could boost the sensitivity by balancing the
electrical conductivity and change of conductivity after
interacting with analyte [72]. In addition, defects are able
to improve the chemical sensing ability for 2D materials
by strengthening the interaction with analyte, and SW
defects in the glassy graphene change the lattice constant,
giving rise to in-plane strain, and thus enable more che-
mically active sites [57,58,73-75].

CONCLUSIONS

In summary, multifunctional devices based on large-scale
2D glassy graphene thin films were demonstrated for
photodetection and chemical liquid sensing, both of
which pose similar requirements on material properties,
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i.e, an appropriate bandgap and good electrical con-
ductivity. With the distorted lattice-induced defects,
glassy graphene was introduced with an appropriate
bandgap, advantageous for photodetection and VOC li-
quid sensing. Due to the strong interaction between SW
defects and electron-accepting molecules from air, pho-
toinduced electron-hole generation and recombination
dominated the photoresponse upon “on and off” illumi-
nation accordingly. PPR was achieved in glassy graphene
devices, along with peak intensity declining due to the
photoinduced molecule desorption, in contrast to the
persistent NPR in the control graphene devices. Specifi-
cally, the glassy graphene device achieved a responsivity
of 022 AW ' and a specific detectivity of ~10" Jones
under 405 nm illumination. The photoresponse perfor-
mance upon additional vis-NIR illumination was also
demonstrated for the photodetectors. In addition, for
VOC liquid sensing, the continuous electrical behavior
indicated VOC droplet diffusion and volatilization. Again
thanks to the SW defects, strain and good conductivity,
the glassy graphene device showed similar or even su-
perior ability to pristine graphene device in acetone de-
tection in terms of sensitivity and SNR. Specifically, the
glassy graphene device showed ~50% improvement of
SNR over a graphene device at 0.2V bias voltage.
Moreover, the bias-voltage- and thickness-dependent
acetone-philicity were examined, and later verified by the
sessile drop measurements as well as IPA and methanol
detection characteristics. The few-layer glassy graphene
was verified more sensitive for sensing VOC liquids,
while the performance of MGDs was limited by the
screening effect. Importantly, the detailed detection me-
chanisms along with the schematic diagrams of the en-
ergy band alignment for the glassy graphene devices were
analyzed and discussed. This study demonstrates the
great potential of glassy graphene for high-performance
multifunctional applications, particularly as one of the
essential building blocks for integrated photodetection
and VOC sensing.
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