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Broadband infrared radiation detector based on laser-induced graphene
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A broadband high-frequency infrared radiation detector based on laser-induced graphene (LIG) obtained by
pyrolysis of a polyimide film has been developed. The spectral characteristic of the detector’s photoresponse
corresponds to the spectrum of an absolute blackbody, except for features inherent to the setup. Unlike standard
bolometers, the frequency dependence of the laser-induced graphene-based detector is determined by two different
mechanisms. This results in a weak loss of the detector’s sensitivity at frequencies up to and higher 1 — 10kHz. The
detector’s efficient light absorption across a broad spectral range (from 1 < 4 < 21 um) under various conditions
and its relatively high sensitivity (~ 0.16 %/W) make it a promising candidate for the development of technologically

simple and cost-effective infrared receivers.
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Introduction

In the recent two decades, physical and chemical
properties have been extensively studied and physical
principles of industrial application of graphene have been
developed [1-3]. Unique properties of graphene such as
the absence of band gap, high charge carrier mobility
and transparency, high thermal and electric conductivity,
and low heat capacity stimulate the studies in the area
of transport and photoinduced phenomena [4-8]. For
example, special focus is made on creating thermal imaging
cameras, electromagnetic radiation processing and conver-
sion devices, focal plane matrices, etc. [7,9—12]. Principle
of operation of such devices is predominantly based on
varying the electrical resistance of graphene through heating
by electromagnetic radiation. Low heat capacity and
high thermal conductivity of graphene theoretically provide
fast response at frequencies close to the terahertz range
(~ 102 Hz) [7-10]. However, creation of monolayer
graphene photodetectors faces significant restrictions: firstly,
the proportion of incident radiation absorption is extremely
small (~ 2% [6,12]) and, secondly, when graphene is used
a photoresist, high dark current density is observed in the
electric circuit, thus, reducing the signal-to-noise ratio and
device sensitivity.

Various graphene structures can serve as a potential
solution of the problem. In such three-dimensional (3D)
structures, effective surface and, consequently, proportion of
absorbed light increase many-fold, and multiple randomly
connected graphene monolayers make it possible to dis-
tribute electric current between them and reduce current
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density in contacts [10,12-14]. Direct laser destructuring
(pyrolysis) of polyimide films leading to formation of
laser-induced graphene (LIG) is a promising method for
synthesizing such structures [15]. LIG is a highly porous
conducting 3D-carbon material consisting of nanoscale frag-
ments of graphene-like layers randomly oriented in a three-
dimensional matrix with a lot of defects and pores [15].
Strictly speaking, LIG is not classified either as classical
2D-graphene or as ordered graphite [16]. However, LIG is
a well-established term that is widely used in the literature
on laser pyrolysis of various carbon-containing precursors.
Simplicity and high rate of LIG film production have
resulted in extensive development of various LIG-based
sensors [17-25], microfluidic devices [26-32], memory
devices [33-40], ecosystem smart devices [26,28,41-45], etc.
Large thickness of LIG films (d ~ 20 — 300 um [13,46,47])
provides high light absorption coefficients, electrical resis-
tances and capacities [45,48-50]. Thus, a photodetector
with frequency characteristics similar to semiconductor
counterparts has been successfully created [32,51], drag
effect has been detected during LIG film exposure to
nanosecond laser pulses [47], and visible and near-infrared
(IR) detector has been proposed [52]. The papers listed
above prove a high technological capacity of LIG, in
particular, for photonics. Despite these successful efforts,
mid-IR LIG detectors haven’t been studied in detail.

This paper briefly describes the study of spectral and
frequency characteristics of near-IR and mid-IR LIG-film
photodetector (1 < 1 < 21um) compared with an ideal
bolometer, and determines LIG detector sensitivity to
incident radiation intensity.



Broadband infrared radiation detector based on laser-induced graphene 547

1. Samples and experiment conditions

LIG is a highly porous conducting 3D-structure with a
specific surface up to several hundreds of m?/g consisting
of turbostratic graphite nanocrystallites randomly oriented
relative to each other [53]. LIG was synthesized in
air in normal conditions via laser pyrolysis of carbon-
containing precursor in the form of 125um polyimide
film. An IR radiation detector (inset in Figure 1,a)
was made on the polyimide film surface through line-
by-line scanning by focused continuous gas (CO;) laser
(A =10.6um) in a predetermined path [13,54]. Laser
radiation parameters were controlled using the PM100D
power meter coupled with the S425C-L thermal power
sensor. Laser beam diameter, laser power, scanning rate
and line spacing were 190 um, 6 W, 220 mm/s and 25 um,
respectively. It should be noted that continuous and pulsed
lasers, including femtosecond laser complexes, are used for
LIG synthesis and for various carbon material modification
applications [15,55-58]. Laser power (peak pulsed power)
and radiation wavelength (defining the photon energy and
material’s absorption factor) are important variables in this
case. This study uses CO, laser radiation that is effectively
absorbed by the polyimide film. Due to this a more uniform
LIG structure can be synthesized [59,60]. From a practical
standpoint, it is also essential that continuous carbon dioxide
lasers (CO; lasers) feature relatively low cost and ease of
operation.

Meander-shaped samples (LIG detectors) with a total
length of 85 mm, line width and thickness 300 and 20 um,
respectively, were prepared via laser thermal treatment of
the polyimide film. Meander ends had 2 x 2mm contact
pads. Exposed meander surface was 5 x 8mm. Due
to mechanical and physical properties (flexibility) of the
polyimide film (substrate), LIG samples made on the film
surface are also flexible, which was also found in other
works (see, for example, [60-62]).

Figure 1,a shows a LIG surface fragment image made
using a scanning-electron microscope (SEM) (Thermo
Fisher Scientific Quattro S).

It can be seen that the synthesized material has a spongy
structure consisting of interlaced networks of open cavities
with various shapes and sizes, and lamellar formations with
various orientation. Raman scattering spectrum of the LIG
film surface measured via excitation by 632.8 nm helium-
neon laser radiation on the HORIBA HR800 spectrometer
is shown in Figure 2, b.

The shown spectrum consists of four well-known Raman
bands D, G, D’ and 2D described in many studies of
LIG synthesis [13-18]. Besides these four bands, band
D+ D' is clearly displayed in the high frequency shift
region [53]. Similar Raman bands have defect graphene,
graphite crystallites with defects, and turbostratic graphite
nanocrystallites. ~ Analysis of the ratio of the above-
mentioned band areas to the G-band area, and of their
frequency position, width and line shapes proves that
LIG consists of turbostratic graphite nanocrystallites with
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Figure 1. SEM image of the LIG surface (a) (inset shows a

photograph of a meander-shaped LIG detector), Raman scattering
spectrum (b) and panoramic XPS spectrum of the LIG surface (c).

a size of crystallites along the graphene layer plane of
about 16 nm. Chemical state analysis of LIG used the X-
ray photoelectron spectrometry (XPS) technique (SPECS
spectrometer, Surface Nano Analysis GmbH). Figure 2,¢
shows a panoramic XPS spectrum, which is typical of
LIG synthesized in the above-mentioned conditions of laser
pyrolysis of polyimide film. It can be seen that the spectrum
contains oxygen line Ols in addition to carbon line Cls.
Detailed examination of XPS spectra indicates that the LIG
surface also has trace concentrations of nitrogen. Processing
of the measured XPS spectrum shows that concentrations
of carbon, oxygen and nitrogen are 87.6at.%, 11.1at.%
and 0.6at.%, respectively. =~ Decomposition of spectra
Cls and Ols demonstrates that the LIG surface contains
oxygen-containing and nitrogen-containing groups (C — O,
C=0,0-C=0,C—N, etc.), which can affect optical
and electrical properties of LIG. Dark resistance of the
meander R is ~ 5kQ (resistivity p ~ 0.075Q-cm) at room
temperature (7 = 295K), which corresponds to graphene
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Figure 2. Experiment setup: I — globar, 2 — parabolic mirror,
3 — mechanical shutter, 4 — monochromator, 5 — KBr lens,
6 — polyimide film, 7 — meander-shaped LIG detector on the
polyimide film surface, 8§ — contact pads. Schematic diagram of
the LIG detector photoresponse is shown at the bottom of the
figure.

resistivities in [8,63). In formal approximation of LIG
in the form of conducting homogeneous graphene film,
the maximum mid-IR skin layer thickness (§) can be
estimated as § = 201 /uoc'/? ~ 5.4um at A = 20 um (uo is
the magnetic constant, ¢ is the speed of light in vacuum).
This quantity shows the mean depth to which the field
penetrates the LIG structure at low frequencies (RF and
microwave frequencies), where the skin effect prevails over
the dielectric loss. Light absorption by the graphene grid
itself and scattering on pores prevail at high frequencies
(optics, IR). In this case, the light penetration depth &,
is mainly defined by the macroscopic absorption coefficient
of the structure §,,; = A/4mk, where k is the extinction
coefficient, which depends on the graphene concentration,
pore morphology, wavelength, light interference within the
structure, etc. Generally, d,,; is much smaller than §. Since
the estimated thickness of synthesized LIG (d = 20um)
exceeds § (d > § > 8,p), then in our case almost full
absorption of incident IR radiation is provided in the
operating spectral range at room temperature.

Three types of connections between LIG and conducting
silver wires were used for fabricating electrical contacts
of the meander: 1) Kontaktol type conductive Ag-based
adhesive; 2) In melt; 3) Cu film. All contacts had equivalent

properties during two to three weeks. Type 1 and 2 contacts
further demonstrated the signs of degradation. Therefore,
the study used more stable ~ 200nm copper contacts
formed by magnetron sputtering in vacuum at the substrate
temperature T ~ 200 °C.

Measurements of photoresponse voltage AV induced
by IR radiation in the LIG detector (meander) were
performed using a setup described below (Figure 2). Globar
(a silicon carbide emitter with an operating temperature
of ~ 1380°C) light modulated by a mechanical shutter
(Thorlabs MC2000B) with a frequency up to 10kHz was
focused by a parabolic Al mirror to the entrance slit
of the modernized IKS-21M prism IR monochromator.
Monochromatic nonpolarized light within 0.5 < 4 < 21 um
was focused by the parabolic mirror and KBr lens onto an
exposed meander surface in the form of a ~ 4 mm spot.

Photoresponse voltage AV was determined as variation of
electrical resistance (AR) of the LIG detector as a result of
its heating to AT with light absorption in accordance with
expression [64]:

AV = I,.AR = I,.(dR/dT)AT, (1)

where 1. = Uze/(Rrer + Ry) is the current at the detector,
Uz =9V is the DC power supply voltage, R.r is the load
resistance equal to the meander dark resistance (see above),
R, is the exposed meander resistance.

AV was recorded using the Stanford Research SR810
lock-in amplifier and a handmade broadband pre-amplifier.
It should be noted that a sufficiently high current density
(~ 10% — 103 A/em?) didn’t lead to any noticeable failure of
contacts and sample or a change in the detector’s resistive
properties.  Such thermal stability of the meander can
be explained by a many-fold increase in the LIG struc-
ture area (number of contacts) compared with monolayer
graphene [13,49]. Frequency properties of the LIG detector
were measured using a LED with 2 = 0.63 ym in constant
or pulsed (square meander) modes with voltage applied
from the AKIP-2141 high frequency generator.

2. Experimental results

Spectral dependence of the LIG detector photoresponse
AV (1) was measured in a wavelength range of 0.5 — 21 um
at the IR radiation modulation frequency f = 9.1Hz, at
which AV reaches its maximum values [52,64] (Figure 3).

In addition, f = 9.1Hz falls within the operating fre-
quency range of a Bi bolometer with a KBr window, thus
providing further comparison of the LIG detector variables
with the standard IR monochromator detector data.

Spectrum AV for the LIG detector demonstrates its max-
imum at Amex =~ 1.75um (Figure 3). According to Wien’s
displacement law (A - T = 2898 um-K), this position
corresponds to a blackbody (BB) temperature T ~ 1656 K,
which is close to the operating temperature of the globar
in the system. For comparison, Figure 3 shows the spectral
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Figure 3. Photoresponse spectrum (AV) of the LIG detector
at f = 9.1Hz (left-hand y axis) and BB radiation spectrum (¢)
(right-hand axis) at T = 1653 K. The inset shows the LIG detector
photoresponse spectrum normalized to the BB spectrum.

dependence of the BB thermal radiant exitance density at
T = 1656 K calculated using the Planck equation [65]:

2mhe? 1
15 ehe/kTA _ 17 (2)

e(d,T) =

where £ is Planck’s constant.

Note that, unlike, for example, photon detectors (InSb,
HgCdTe), the LIG detector photoresponse spectrum ad-
equately follows the BB spectrum, which is typical for
thermal detectors and provides correct measurements of
integral radiation power in a wide IR range without
distortions due to inherent spectral selectivity. In a long-
wavelength region (1 > 21 um), AV (1) spectrum is limited
by light absorption by the KBr lens. Sharp decrease
in AV(A) in a short-wavelength region (1 < 1.7um) is
induced by sharp decrease in the intensity in the BB
radiation spectrum. Singularities on curve AV(1) in the
1 — 6 um region are associated with IR radiation absorption
by atmospheric H;O and CO, vapors [66]. Smearing
of these singularities is caused by a large spectral slit
width (Av) of the IKS-21M prism monochromator in the
experiment. Inset in Figure 3 demonstrates a LIG detector
photoresponse spectrum, which, after normalization to the
BB spectrum, resembles or is close to the ideal photoresist
spectrum. As can be seen from the figure, after such
processing, lines related to absorption of H,O and CO,
vapors are enhanced and AV decreases. Note that a
weak monotonic decay of AV with an increase in the
light wavelength is caused by nonlinear dispersion of the
refractive indices dn/dA of the used replacement glass, NaCl
and KRS-5 prisms [56].

Comparative evaluation of the photoresponse of the
fabricated LIG detector was performed using a factory-
made Bi bolometer from the IKS-21M monochromator
with the detectability D = 10° — 10'° Hz!/2.cm/W at room
temperature. Comparison has shown that, in the same
experiment conditions, photoresponse of the uncooled metal
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bolometer at 9.1 Hz is only ~ 10> — 10° time higher than
that of the LIG detector. Thus, to a rough approxima-
tion, the detectability of the fabricated LIG detector is
D ~ 10° Hz!/?2.cm/W. Additional investigations are required
to determine D for LIG more accurately.

Previous [52] and our investigations have shown that only
a part of the LIG film participates in electromagnetic energy
conversion because the effective skin layer thickness is
smaller than the LIG film thickness. Consequently, thickness
of the LIG structure itself can be one of the methods
of increasing D for the LIG detector because the major
proportion of light energy is absorbed in surface layers. In
this case, the detector noise shall be also reduced due to
an increase in the energy concentration. Note that at this
stage in the current experiment conditions and for these
LIG samples, the thermal noise is quite high and accurate
determination of the thermal noise (or, for example, of
detector noise equivalent power (NEP)) seems to be not
realistic and not reasonable.

When comparing with the industrial bismuth (Bi)-based
bolometer, the LIG detector demonstrates unusual behavior
of the dependence of photoresponse AV (f) on light modu-
lation frequency. Figure 4, a shows a low-frequency segment
of this dependence (6 < f < 45Hz) for LED radiation
(A = 0.63 um) modulated using the mechanical shutter.

The presence of a ,plateau on curve AV(f) at
f <10Hz and a sharp decrease in sensitivity at high
frequencies indicates a bolometric nature of photore-
sponse in this frequency range. Frequency evaluation
of the AV maximum for the bolometer using expres-
sion f,=1/7 gives f,~5Hz, where 7 ~C/G [54],
C ~ 12J/(mol'K) is the heat capacity of graphene at
T =300K [1], G ~ 5000 W/(m-K) is the thermal conduc-
tivity of graphene [68,69]. Divergence from the experi-
mentally observed frequency of the AV maximum can be
attributed to the absence of accurate heat capacity and
thermal conductivity data for porous LIG. At the same time,
high porosity (more than 90 %) and low density (according
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Figure 4. ¢ — frequency dependence of photoresponse (AV) for
the LIG detector at 4 = 0.63 um; b — temperature dependence of
the thermal resistance coefficient of LIG (8). The inset shows the
reciprocal temperature dependence of the LIG detector resistance.
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to various data, from ~ 4mg/cm? [9] to ~ 70 mg/cm? [13])
lead to a decrease in heat capacity of the LIG detector and,
consequently, to an increase in its fast response compared
with a bolometer. Note that a decrease in the structure
thickness (LIG weight) shall also reduce thermal inertia and
increase the LIG detector response rate.

Thermal electric resistance coefficient § = 1/R - dR/dT,
characterizing relative variation of resistance R of the
sensing element during heating is an essential variable for
bolometer-type detectors. B defines the detector sensitivity
to temperature variations, i.e. its detectability. For the
purpose of this study, B was calculated by the slope of
R(T) within 200 — 300K and was equal to 8 ~~ 0.05 %/K at
T =293Kandtof ~ 0.15%/K at T = 200K (Figure 4, b),
which adequately agrees with data for other semiconductors.

The inset in Figure 4, b demonstrates that the temperature
dependence of the LIG’s electrical resistance is adequately
described by InR = InRy + E,/2kT, where the carrier acti-
vation energy E, ~ 5meV, Ry = 5k, k is the Boltzmann
constant. Semiconductor behavior of InR can be attributed
to a high defect level of LIG. For example, to adsorption
processes and the presence of various functional carbon
and oxygen groups in the porous LIG [20-23,52-63], which
agrees with the data concerning the graphene band structure
modification via chemical functionalization [13-18,63].
Similar behavior of B(T) and R(T) is also inherent in
graphene oxide and multilayer graphene films fabricated
via the aerogel process [8,9]. Note that classical graphene
has a ,metallic behavior* of B(T) and R(T) (see, for
example, [2,70]). Thus, the porous structure of LIG
and the presence of functional groups lead to detector
degradation in atmospheric conditions and appearance of
a semiconductor band gap in the spectrum. To stabilize
the LIG detector photosensitivity variables and increase f3,
LIG synthesis technique can be varied [13-18,27-29,48,49]
or various active impurity groups, for example, metal
nanoparticles, can be used [4,20,40-42,51].

Figure 4 shows that the bolometric effect in the LIG
detector is maintained up to f = 45Hz, at which AV is
almost four times lower than at the maximum (Figure 3, a).
With further increase in light modulation frequency, curve
AV (f) demonstrates a kink and the signal smoothly decays
to f =10kHz (Figure 5). As reported in [47,48,51],
the presence of this component AV (f) can be associated
with a so-called ,,photogating™ effect — a kind of photo-
electromagnetic EMF induced by variation of free carrier
(holes and electrons) mobility and concentration during
light absorption process [7,71] in graphene structures. This
effect weakly depends on frequency and is associated with
unique properties of 2D-graphene (including LIG), includ-
ing low heat capacity, weak electron-phonon interaction,
high conductivity (6 ~ 10 Q~!'-cm~! [72]) and high carrier
mobility. Carrier mobility in the test sample measured
with an accuracy to a constant in a standard circuit with
four Hall contacts in the meander area was equal to
u ~ 4300cm?/(V-s) at room temperature. This is much
lower that in graphene, which can be attributed to the effect

0 2 4 6 8 10
/, kHz
Figure 5. Frequency dependence of LIG detector photoresponse
(AV) with modulation of the LED radiation 2 =0.63 um by
the mechanical shutter (curve /) and high frequency genera-
tor(curve 2). For comparison, the dashed line shows the sensitivity
curve of an ideal bolometer (Sgo) calculated using expression (4).

of impurities, defects or absorbed molecules. Nevertheless,
a LIG THz thermodetector was described in [47], indicating
that the LIG detector frequency range can be potentially
extended.

Frequency dependence of the LIG detector AV (f) (Fig-
ure 5) was studied during exposure to 0.63 um light. Two
methods were used for LED radiation modulation: 1)
mechanical-optomechanical shutter with a disc and 2) high
frequency electric generator. At modulation frequencies
f < 0.5kHz, values of AV for both cases almost coincide.
LIG detector sensitivity to radiation modulated by the
mechanical shutter within 1 < f < 10kHz was ~ 20%
higher than that in modulation via the electric generator.
Such divergence can be attributed to unaccounted relaxation
processes in the electronic circuit of signal acquisition
from the LIG detector because when radiation intensity
is modulated by a sinusoidal waveform, rather than by
a square waveform, the difference in AV(f) for both
modulation types decreases. Thus, the LIG detector allows
good reproduction of pulse waveforms at frequencies up to
f = 10kHz (not shown).

Compare experimental dependence AV (f) for the LIG
detector with a frequency dependence of the ideal bolome-
ter photosensitivity Sgo(f) [52]:

SBol ~ 3U3.B/(fc)’ (3)

where U; = 9V is the bias voltage, C = 12J/(mol-K) is the
LIG heat capacity, 8 = 0.05%-K~!.

For convenience of comparison, frequency dependence of
SBor can be written as:

SBol = A/f? (4)

Technical Physics, 2026, Vol. 71, No. 3
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where A is the dimension factor calculated from A/f = AV
for light modulation frequency f = 10Hz and LED radia-
tion power P = 200mW with the fixed external tempera-
ture and LIG detector resistance.

Curve Spo(f) calculated using expression (4) demon-
strates (Figure 5) that A can be used only for f < 45Hz,
ie. in the frequency range where the bolometric mechanism
dominates. With further increase in the modulation fre-
quency, AV is higher than Spy(f) by more than two orders
of magnitude. The difference in experimental and calculated
AV(f) and Spo(f) at f > 45Hz can be attributed to the
manifestation of photoconductivity resulting from carrier
variation, for example, via the ,photogating” effect [52].
Note that the photovoltaic effect at the p—n-junction (barrier-
layer photo-EMF) in the LIG detector in this system
configuration was not observed within the experiment error.
This, for example, is evidenced by the independence of the
LIG resistance on the current direction in the measurement
circuit.

Measurements of AV (@) have shown that at the light
incidence angles ¢ < +30° relative to normal to the
meander surface, decrease in the LIG detector photosen-
sitivity was not higher that ~ 5%. Thus, LIG’s porous
structure provides quite effective light absorption at different
angles. The minimum or threshold emitter power de-
tected by the LIG detector is Ppin = 9dP/dR = 0.16 %/W,
where ¥ =~ 0.4 Q2 is the standard deviation of the detec-
tor resistance without exposure and at full laser power
dR/dP ~ —410 Q/W [51]. The obtained Py, is by an order
of magnitude lower than the values typical of monolayer
and multilayer graphene [9], but is comparable with data,
for example, for nano-composite MoS; films with high
B [24,73].

Thus, the LIG detector sensitivity is limited by the
interaction between the material and environment and by
the carrier mobility. To achieve the properties close to the
graphene variables, further optimization is required. For
example, improvement of the synthesis technique, selecting
the best thickness of the LIG layer itself and of the substrate,
and using protective and alloy coatings.

Conclusion

The study demonstrates that LIG synthesized via poly-
imide film pyrolysis by continuous CO; laser is a promising
material for creating fast-response visible and IR electro-
magnetic radiation detectors. It is shown that LIG displays
semiconductor properties with an activation energy on the
order of 5meV and carrier mobility of 4300cm?/(V-s).
Thermal resistance coefficient of LIG is approximately
0.05%/K and 0.15%/K at 293 K and 200K, respectively.
Porous structure of LIG provides effective light absorption
at light incidence angles up to £30° to normal.

Meander-shaped IR detector with thin film copper con-
tacts was made from LIG film. Spectral dependence of
detector sensitivity within 0.5 <1 < 21 um is formed by

Technical Physics, 2026, Vol. 71, No. 3

the globar radiation spectrum with features attributed to
light absorption by atmospheric H,O and CO; vapors, as
well as to refractive index dispersion of the optical system
prisms.

In the sensitivity maximum region, the LIG detector sig-
nal is approximately 10> — 10 times lower than that of the
industrial uncooled metal bolometer. However, compared
with industrial thermal detectors, the LIG detector can
be used in a frequency range up to 10kHz. Frequency
dependence of the LIG detector signal is determined
by two mechanisms: 1) ,barrier effect“=— low frequency
(below 45Hz) bolometric effect associated with LIG film
heating via light absorption; 2) ,,photogating effect — an
effect associated with photoinduced variation of free carrier
concentration and mobility (at frequencies on the order of
and higher than 10kHz).

Maximum sensitivity of the LIG detector was about
0.16 %/W, which is lower by more than an order of mag-
nitude than the values typical of monolayer and multilayer
graphene. Nevertheless, less easy-to-fabricate LIG films can
be potentially used in creating flexible fast-response near-
IR and mid-IR detectors. The obtained performance of the
LIG detector make it possible to recommend it for using
in various low-cost and compact consumer and specialized
electronics devices.
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