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Graphene nanostrips based IR range detector
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The work presents a technology for sensitizing a structure consisting of a graphene nanostrip on a Si/GNR silicon
substrate in the near-IR range of the electromagnetic spectrum based on doping a GNR graphene nanostrip with
He*. The response has been experimentally demonstrated to increase by more than 25 times at a wavelength
of 1.35um in the SYGNR/He* structure compared to undoped Si/GNR. Also, the Si/GNR_He* structure exhibits
pronounced multi-level memristor properties under the influence of IR radiation.
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Introduction

Silicon (Si) is the most commonly used technological
semiconductor material, and is the base of modern inte-
grated microelectronics, and the use of planar photonic
Si waveguides opens up completely new opportunities in
the field of modern integrated optics. The high refractive
index of silicon makes it possible to manufacture small
optical components, whose typical dimensions are an order
of magnitude smaller in comparison with their fiber-
optic counterparts; moreover, it is possible to achieve an
incomparably high optical radiation density in the section of
Si waveguides. The silicon photonics provides the possibility
for a tight integration of a large number of optical elements
making up the optical circuit of the end device on one
relatively small chip. Si has a band gap of AE = 1.12¢V, for
this reason it is transparent to infrared (IR) radiation starting
from the wavelength of 1 = 1.1 um, in addition, its ¢ does
not change over a wide range of IR radiation powers. These
properties make it possible to manufacture dielectric single-
mode waveguides and passive elements with low losses,
however, they do not make it possible to easily create
active optical elements of the IR range from Si, such as
radiation detectors, optical memory elements, modulators,
gas sensors, etc. This requires either local Si doping or
integration of non-silicon electro-optical materials.

For instance, modern approaches for creation of IR
radiation detectors involve high-temperature doping of Si
with S, Se, Te [1-4] atoms and some transition metals
(Au, Ag, Ti, etc.) [5-12]. A striking example is the high-

temperature doping of Si with Ag silver particles, while it
is possible to improve the sensitivity of the photodetector
by 2.5 times compared with pure Si [13]. However, the ion
implantation method is associated with high temperatures,
which is often a fundamental limitation in modern integrated
optics circuits.

The use of two-dimensional materials is extremely
promising for the creation of active elements of integrated
optical circuits, since 2D materials can be easily transferred
to any substrate. Graphene (Gr) and related 2D materials
vividly demonstrate their advantages for a broad range
of optoelectronic applications [14], such as data transmis-
sion [15-17], high-performance LEDs [18], ultrafast optical
modulation [19] and photodetection with speeds of up to 80
GHz [20] and ultra-wideband photodetection [21-28]. Also,
several high-performance electronic devices and sensors
were demonstrated based on two-dimensional materials,
such as hypersensitive Hall sensors [29,30], strain sen-
sors [31], biosensors [32], gas sensors [33] and high-
frequency transistors [34,35].

Graphene/PbS quantum dots (QD) are successfully used
in CMOS matrices as an alternative to Si photodetec-
tors [36]. The use of QD of various compositions in
combination with Gr allows fine-tuning the spectral range
of the detector depending on the absorption region of
QD [37-41]. The process of production of high-quality QDs
is based on molecular beam epitaxy methods and involves
high production costs. The production of colloidal QDs,
such as Ag2S, PbS, etc, is a cheaper method, however,
the resulting purity of the colloidal solution and the quality
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of QD are significantly lower, which significantly constrains
their use. In addition, the QD flicker problem has not been
completely solved. Graphene nanoribbons (GNRs) attract
interest due to their pronounced dependence of electronic
and optical properties on the GNR structure, especially on
the type of edge and width of the ribbon [42]. There
is no band gap in the electronic structure of graphene.
But despite this, there is a band gap in narrow graphene
nanoribbons (GNRs) with a certain type of edge. The band
gap increases with a decrease of nanoribbon width [43].
GNRs have many applications, especially as a field effect
transistor [44-46]. Theoretical studies discovered a strong
electron-hole interaction in graphene nanoribbons [47,48].
The structural parameters of a certain type of GNR (edge
type and ribbon width) determine the spectral position
of the singularities in the spectra. Graphene nanoribbons
AGNR with armchair-type edges (phenanthrene edges) are
characterized by the number N of lines of carbon dimers
located along the width of the nanoribbon. They are divided
into three different groups, for each of which the number N
can be represented as 3p, 3p+ 1 or 3p+ 2 (p — a natural
number). For example, graphene nanoribbons 7-AGNR
belong to the group 3p + 1, for which the band gap widths
of the GNR are the largest among these three groups.

We studied in this paper the spectral response of a silicon
Si structure coated with GNR in an atmosphere of He* at
tenths of a ppm unit. He* was used to dope GNR instead
of quantum dots. The use of gases allows precise control
of the required doping level. If necessary, Si/GNR were
completely purified by He*, for this purpose the structure
was heated to 120 — 150°C and was kept in a vacuum.

1. Graphene nanoribbon production
technology

Graphene nanoribbon films 7-AGNR were synthesized
from 10.10=dibromo-9.9-bianthracene (DBBA) molecules on
nickel (Ni) foil by the modified chemical vapour deposition
(CVD), based on the nanotechnology of ,bottom—up®
type [49]. This method has already been previously
used for the production of films of 7-AGNR [49,50] and
3-AGNR [51]. As a preparation, the Ni foil was first
annealed at a temperature of 1000,°C by a flow of 100,sccm
of hydrogen (H,) for 15 min, and then it was cooled in the
medium vacuum. The Ni-foil was then placed in a glass
tube with DBBA powder (=~ 1mg). Next, the glass tube
together with the Ni-foil was sealed during pumping by a
vacuum pump (10—3 mbar). The hermetically sealed glass
tube was placed in a quartz tube reactor and annealed in a
two-step process. The first stage involves the dehalogenation
and polymerization of DBBA molecules. This occurs during
the annealing of the samples at a temperature of 190°C
for 12—24h. Films from polyantrylene (PA) oligomers
can be obtained at this stage of synthesis. The second
stage consists of intramolecular cyclodehydrogenation of PA
during annealing at a temperature of 340 °C for 1-3h. This

stage of synthesis transforms PA oligomers into 7-AGNR. It
is possible to obtain thin films from graphene nanoribbons
on nickel foil after these two stages of synthesis.

As a rule, synthesized films consist of graphene nanorib-
bons GNR, and polyantrylene oligomers are only an
intermediate result. The GNR films were thoroughly
washed in isopropanol after the synthesis process. This
step is necessary for cleaning the nanoribbon films from
the remnants of PA oligomers that may still be present
in them. A film of graphene nanoribbons synthesized on
nickel foil was placed in toluene and gently mixed for 10
min for obtaining an optical quality suspension. Part of
the nanoribbons passed into a toluene solution at the same
time. The remaining part of the nanoribbon film on the
foil was removed from the solution after that. Further, the
suspension of graphene nanoribbons in toluene was sub-
jected to ultrasonic treatment for 10 min at low ultrasound
power for a better individualization of nanoribbons. The
characteristic film size of graphene nanoribbons on nickel
foil is 1cm?. The width of graphene nanoribbons 7-AGNR
is approximately 0.75nm [43]. Graphene nanoribbons
(GNR) were deposited from suspension onto a silicon Si
substrate by a drop method.

2. Raman spectroscopy of GNR
nanoribbons

Raman spectra and photoluminescence spectra were
obtained using a LabRam HR Evolution spectrometer
provided with a single monochromator and a set of filters for
measuring ultra-low frequencies. A confocal optical scheme
was used to optimize measurements. A diode laser (532
nm) was used for optical excitation. The spectral resolution
was of the order of 1.0cm™! in the RS spectra. The spectral
resolution was 0.5nm in the photoluminescence spectra.

Synthesized and washed in toluene films from graphene
nanoribbons have unique characteristic RS markers, which
are characteristic of 7-AGNR, according to various experi-
mental and theoretical studies (Fig. 1) [52-55].

The band with the highest intensity in the RS spectra is
the G-mode of 7-AGNR films, at a frequency of 1606 cm~!.
The G-mode is typical for sp*-carbon materials, including
graphene and carbon nanotubes. The G-mode of graphene
and the GNR graphene nanoribbon are similar, but usually
the G-mode of the graphene nanoribbon is divided into
two components: Gt and G~ modes. G component
of G~ mode is observed in ,armchair“ type GNR based
on theoretical studies, which is the optical main mode
transverse in the plane of the graphene nanoribbon [56].
The mode G™ has a higher RS frequency. An intense G*
mode is observed in 7-AGNR films in experimental study,
and the intensity of the mode G~ is usually quite low.

The second most intense feature in the spectra of
7-AGNR films is the so-called D-mode with a frequency
of 1343 cm~!. The D-mode is often found in graphene and
carbon nanotubes, for which this RS mode is an interline
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Figure 1. Typical RS spectra of synthesized (black spectrum)
and toluene washed (red spectrum) films 7-AGNR. The spectra
were obtained at an excitation of 532nm. The intensity of the
RS spectrum of 7-AGNR films washed with toluene was increased

by 5 times for clarity. The insert shows a diagram of graphene
nanoribbons of the type 7-AGNR.

process with double resonance. It is activated by defects in
the material, as a rule. The high intensity of the D-mode is
a sign of a high concentration of defects for graphene and
carbon nanotubes. At the same time, the intensity of the
D-mode in the RS spectra of graphene nanoribbons of the
GNR type can be high, regardless of the concentration of
defects [52-55]. The high intensity of the D-mode is typical
for atomically precise graphene nanoribbons [52-54].

One of the most characteristic RS modes of narrow
graphene nanoribbons is the radial breathing-like mode
(RBLM), which has different resonant frequencies, depend-
ing on the width of the ribbon. The RBLM resonant
frequency increases with the decrease of GNR width. In
the case of synthesized GNR films, the resonant frequency
of the radial respiratory-like mode was determined at a
frequency of 397cm™!, which corresponds well to the
expected frequency of the RBLM mode of 7-AGNR.

Two modes have also been recorded in the RS spectrum
of 7-AGNR films, which are located at frequencies 1220 and
1260 cm !, which are associated with C-H chemical bonds
of at the edges of graphene nanoribbons. These spectral
modes are associated with specific bending vibrations of
the C-H bonds in the plane of the nanoribbons. Other
typical RS modes of 7-AGNR can also be observed: a
set of second-order modes in the spectral frequency range
2580—3250 cm™!, which are associated with combinations
of modes observed at lower resonant frequencies [54].

Background photoluminescence (PL) is observed on
the RS spectra of synthesized graphene nanoribbon films
(Fig. 1). The PL intensity of nanoribbon films decreases
significantly after partial removal of GNR into suspension
by washing in toluene or ultrasonic treatment of films
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in toluene. When excited with a wavelength of 532nm,
the resulting suspension from 7-AGNR in toluene shows
a bright PL in the range of 560—660nm (Fig. 2). The
PL intensity of graphene nanoribbons in the range of
540—720nm significantly decreases after deposition of
7-AGNR onto a Si silicon substrate by the drop method.
The PL peak of 7-AGNR deposited on a silicon substrate
is noticeably wider, and a slight red shift of the PL band is
observed. The high intensity of 7-AGNR PL in suspension
is associated with the individualization of nanoribbons in
toluene solution (Fig. 2). A decrease of the intensity
of deposited GNRs is associated with the aggregation of
nanoribbons as a result of deposition and interaction with
the silicon substrate.

3. Structure and measurement technique
of a detector based on GNR
nanoribbons of graphene

Si structures were manufactured using standard methods
of laser lithography, thermal deposition of metals and a
lift-off process based on high-resistance Si, the thickness of
the substrate was 350,um. The contacts of the Si structure
were formed by successive thermal deposition of Ti and Au.
The width of the Ti/Au contacts W and the distance between
them L were set using laser lithography, thereby determining
the geometric dimensions of the initial Si structure. W and
L were chosen to be 10 um in this study. Figure 3 shows the
optical image and the design of the studied samples. When
creating the Si/GNR structure, it is important to prepare
the Si surface of the sample between the Ti/Au contacts.
The surface of the Si plate was prepared sequentially by ion
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Figure 2. Typical PL spectra are suspensions of graphene

nanoribbons7-AGNR (black spectrum) and graphene nanoribbons
7-AGNR deposited on a silicon substrate (red spectrum). The
spectra were obtained at an excitation of 532 nm. The PL intensity
of nanoribbons of 7-AGNR deposited on a silicon substrate was
increased by 10 times for clarity. A spectrally narrow feature at a
wavelength of 547 nm is associated with a silicon substrate.
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Figure 3. Image of Ti/Au contacts on the surface of a high-
resistance Si substrate obtained using an optical microscope before
applying Gr nanoribbons (left), L — contact spacing, W — contact
width (L =W = 10 um); SEM is an image of the deposited cluster
of Gr nanoribbons between the Ti/Au contacts of the structure (on
the right). Radiation was collected using an elliptical lens on the
Si surface between Ti/Au contacts.

etching in an atmosphere of Ar and O, and liquid etching
in hydrofluoric acid. The sequence of cleaning processes
allows removing the contamination and natural oxide on the
Si surface.

Figure 3 (on the left) shows an image of the Si
surface between Ti/Au contacts obtained using an optical
microscope before applying Gr nanoribbons (GNR), on the
right is a SEM image with a cluster of Gr nanoribbons. As
can be seen, the cluster of Gr nanoribbons which is a darker
structure located on the surface of Si does not interact with
other nanoribbons.

A hyper-hemispherical silicon lens was used to directly
match the studied samples with IR radiation. The radiation
incident on the lens was collected into an Airy spot on
the surface of the Si pad between the Ti/Au contacts. The
samples were shielded from background radiation by an
optical window made of high-resistance Si with a thickness
of 500 um, in the absence of IR radiation, the resistance
of the samples R was about 20 M€2. Figure 4 shows the
characteristic current-voltage curve of the studied Si/GNR
structures in vacuum of 1-10~° mBar.

The amplitude of the sample response as a function of the
wavelength of the IR radiation Sv(1) was studied on an IR
spectrometer in the range of 1 — 2 um. The sample was at
room temperature of 300 K during the measurement process
in an optical vacuum volume, displaced by direct current.
The doping process was carried out by the admission of
He* into a vacuum volume, He* interacted with DC-biased
Si/GNR for 10 min, after which the vacuum volume was
pumped out again to a pressure of 1-10~° mBar.

The doping of graphene nanoribbons can result in the
rearrangement of the electronic levels of nanoribbons and
results in to the appearance of optical activity 7-AGNR in
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Figure 4. Current-voltage curve of the Si/GNR structure obtained
in vacuum.

the IR region of the spectrum [50]. Trions can appear
in doped 7-AGNR, which are observed in the PL spectra
in the IR region of the spectrum [50].

4. Results of the response amplitude
study

Figure 5 shows the results of an experimental study of
Sv(1) for Si/GNR and Si/lGNR/He*. Sv(1) dependence of
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Figure 5. Spectral response of Si/GNR heterostructures at zero
offset. The square symbols correspond to the spectral response
of the pure Si/GNR structure annealed in vacuum. The round
symbols represent the spectral response of the doped He* Si/GNR
structure.
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a Si/GNR structure is given to evaluate the effect of the
absorption band expansion in case of He*doping of the
Si/GNR heterostructure.

Fig. 5 shows that Sv(1) dependence for the Si/GNR
structure having a maximum of A = 1.1 um, sharply drops
already at A = 1.25 um, the same data were obtained for Si-
a sample not covered with graphene nanoribbons. After
doping of Si/GNR graphene nanoribbons Sv(1) demon-
strates a monotonous character of the drop up to 1 = 2um.
The greater response for Si/GNR_He* compared to the
Si/GNR structure at wavelengths greater than 1.1 um can be
explained by modification of the GNR energy spectrum in
the interaction with He*. To quantify the doping effect, it is
convenient to reduce the ratio of the signal for Si/GNR_He*
structure to the signal for Si/GNR structure taken at a
given A. This ratio was more than 25 times at A = 1.3 um
in our experiment. It is safe to say that GNR_He* on
the surface of Si made a determining contribution to the
detection of IR radiation at wavelengths above 4 = 1.1 um
in the complementary structure of Si/GNR_He*, the doping
level determines the photoconductivity of GNR.

For instance, GNR is locally heated when IR photons
are absorbed, given the low thermal conductivity of Gr, it
can be assumed that its temperature locally rises so high
that this results in the departure of He* from GNR. This
behavior was observed when studying the dependence of
the response of Si/GNR_He* as a function of the acting IR
power, V/W. V /W-the sensitivity of the heterostructures
studied in this work in units of V/W was measured
separately at a wavelength of 1.55um. A thermally
stabilized laser diode was used as an IR radiation source.
When measuring the V /W sensitivity, the radiation power
of the laser diode was selected so that the signal-to-
noise ratio Vs/V, did not exceed 1.5-2 times, this was to
guarantee the linear operation of the studied structures.
The values of the signal Vs and noise V,, of the structure
were measured at the laser diode radiation modulation
frequency f from 5 to 100Hz. When the modulation
frequency was increased to 60 Hz, the response amplitude
already dropped by half. The experimentally obtained values
of the noise equivalent power (NEP) for Si/GNR_He*-
heterostructures were 2.5 - 10~° W/v/Hz. In addition, there
was a pronounced effect of ,state memory“, i.e. when
the laser diode was turned off, Si/GNR_He* resistance
did not return to the initial value. Si/GNR_He* residual
resistance depended on the IR radiation power applied to
it. Si/GNR_He*-heterostructure demonstrates pronounced
multilevel memristor properties. The state maintaining time
exceeded 1.5-2 min, depending on the initial doping level.

Conclusion

This paper demonstrated the technology of Si/GNR
sensitization in the near-IR range of the electromagnetic
spectrum, based on the doping of GNR using He*. An
over 25-fold increase of the response at a wavelength of
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1.35um in the Si/GNR/He* structure was shown, compared
with Si/GNR not doped with He*. Si/GNR_He*-structure
demonstrates pronounced multilevel memristor properties
under the action of IR radiation. Further development of
the work may follow the path of a detailed study of the
absorption spectra of Si/GNR/He* in the IR range, as well
as studies of other doping materials.
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