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Enhanced Broadband Photodetection with Geometry and
Interface Engineered Nanocrystalline Graphite

Devang Parmar, Simone Dehm, Naga Anirudh Peyyety, Sandeep Kumar,

and Ralph Krupke*

Photodetection across the near-infrared (NIR) to short-wavelength infrared
(SWIR) spectrum is important for many applications. This study explores
photodetection using nanocrystalline graphite (NCG) in a suspended, narrow
constriction configuration for improved performance. Bowtie constrictions are
fabricated in both suspended and substrate-supported NCG devices, allowing
for accurate comparison. It shows that the suspended constriction enhances
the bolometric photoresponse and sensor detectivity by several orders of
magnitude compared to the substrate-supported counterparts, attributed to
reduced thermalization and electric field concentration. The suspended
configuration preserves a spectrally flat photoresponse while reducing
operating voltage through a tailored NCG layer thickness. Chromatic
aberration-corrected photocurrent spectroscopy is used to measure the
photoresponse from 1100 to 1700 nm, and diffraction-limited hyperspectral
photocurrent imaging is conducted to measure the local photocurrent
generation across the device. Bolometric and photo-thermoelectric currents
are restricted to the suspended central constriction due to electric field
concentration and thermal decoupling and the direction of the photocurrents
within the sensor is revealed. The experimental data is complemented by
simulations of the light absorption and the electric field distribution. This
work indicates the importance of geometry and thermal decoupling for

1. Introduction

Photodetection spanning the near-
infrared (NIR) to short-wavelength
infrared (SWIR) spectrum holds crucial
significance across diverse domains, in-
cluding telecommunications,!! biomed-
ical imaging,!?! food inspection,®! night
vision,!*] environmental monitoring,’
and astronomy.l®] The materials em-
ployed for photodetection encompass
bulk semiconductors such as InGaAs
and Si,l”] as well as two-dimensional (2D)
materials,®? with the material’'s band-
gap dictating the discernible wavelength
range. Recently, newly emerging topo-
logical Dirac semimetal materials are
being explored for their potential in wide
wavelength range photodetection.['%-12]
While graphene, as a zero-bandgap ma-
terial, holds potential for broad-spectrum
photodetection, its inherent light absorp-
tance is intrinsically confined to a mere
few percent.’¥) Various strategies have

boosting device performance, offering promising prospects for sensitive and
low-power NCG-based photodetectors in the NIR-SWIR range.
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been devised to enhance graphene’s light
absorption, involving its integration into
plasmonic or photonic structures,!1*1%]
interfacing with quantum dots,'%! or
other 2D materials.['”] Yet, these methods yield improved pho-
toresponse only within limited wavelength ranges. Sustaining
broadband absorption necessitates an increase in the number
of layers, and through transfer matrix calculations, an optimal
threshold of around 90 layers has been identified for achiev-
ing a flat spectral response.['8] However, synthesizing multilayer
graphene/graphite films remains an unattainable endeavor. In
contrast, nanocrystalline graphene or graphite (NCG) can be fab-
ricated with precise thickness control by manipulating spin cast-
ing conditions and photoresist solution concentrations, prior to
the graphitization process.['*2% Our earlier work showcased pho-
todetection utilizing NCG, exhibiting a spectrally flat photore-
sponse across the NIR to SWIR range.”!l The current study
builds upon this foundation, focusing on elevating the photore-
sponse via the creation of a suspended, narrow NCG constric-
tion as the sensing region.[*?] By leveraging electric field concen-
tration and thermal isolation, we achieve a bolometric photore-
sponse improvement by two orders of magnitude compared to
substrate-supported NCG devices lacking such constriction. In
doing so, we preserve the spectrally flat photoresponse from the

© 2023 The Authors. Advanced Sensor Research published by Wiley-VCH GmbH.
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NIR to SWIR range, while concurrently reducing the operating
voltage via increased NCG layer thickness.

2. Results and Discussion

Photodetectors were fabricated in two distinct configurations,
as suspended and supported nanocrystalline graphite (NCG)
devices with bowtie-like narrow constrictions. A total of four
sets of suspended and an equivalent number of supported
NCG photodetectors were fabricated on the same Si/SiO, sub-
strate to facilitate accurate comparison, as shown in the optical
microscopy images Figure 1a and the perspective drawing
Figure 1b. Details on the fabrication process can be found in the
Experimental Section. Briefly, NCG was synthesized by graphi-
tization of a spin-casted photoresist layer on a 300nm-SiO, /Si
substrate. The optimum thickness for maximum absorption over
a broad wavelength range was determined by transfer-matrix
simulations.?!] Via multi-layer e-beam lithography, dry-etching,
and metallization, the NCG was shaped into the desired form
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Figure 1. Microscopic characterization of nanocrystalline graphite (NCG) devices. a) True-color optical micrographs of NCG device arrays with substrate-
supported and free-suspended bowtie constrictions (NCG: cyan, Au-electrodes: yellow, SiO,: dark-blue, Si: light-brown). b) False-color atomic force
microscope height image of a substrate-supported device (NCG thickness 36 nm). c) Schematic of devices with supported (top) and suspended (bottom)
constrictions. d) Scanning electron micrographs of devices with supported and suspended constrictions. The suspended NCG segments appear brighter
compared to the substrate-supported NCG regions. In all devices, the center of the bowtie constriction is 2um x 2um.

and contacted with 10 um wide Au/Cr electrodes that were 8 um
apart. Between the electrodes, the NCG was tapered from 18
um width down to a central constriction of 2 um X 2 um area,
forming a bowtie-like structure, which can be seen in the atomic
force microscopy (AFM) image Figure 1c. For the suspended
configuration, the central area was under-etched by wet etching
in buffered HF. Since NCG is inert against HF etching, the
NCG pattern defines the area through which wet etching takes
place. This enabled a complete etching of the SiO, underneath
the constriction down to the Si, while the tapered regions re-
mained supported by the SiO,, as can be seen in the SEM image
in Figure 1d. The thickness of the NCG film was measured by
AFM, and the degree of sp? hybridization and the average crystal-
lite size in the NCG films were determined by analysis of Raman
data in Figure 2d. The Raman spectra show the characteristic
broad D-, G-, and 2D-peaks for NCG at 1361, 1597, and 2700
cm™!, respectively.[1*2!] Similar to the previous study, where we
investigated in detail the graphitization conditions using Raman
spectroscopy and X-ray photoelectron spectroscopy (XPS),!*!
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Figure 2. Electrical and Raman characterization of NCG devices. a) Device resistance versus bias voltage, and b) resistance vs electrical power dissipation
(P=V2/[R), for supported and suspended constrictions. c) NCG sheet resistance versus temperature, data replicated from ref. [21] d) Raman spectra of
NCG/300nm-SiO,/Si (supported NCG) and NCG/300nme-air/Si (suspended NCG).

we employed a fitting technique that involved determining the
position of the G-peak and the ratio of the D-mode and G-mode
intensities to the hybridization trajectory proposed by Robertson
and Ferrari.[”®! This analysis confirmed that the NCG film was
completely graphitized with nearly 100% sp? hybridization, as
expected due to similar synthesis conditions.[®l The average
crystallite size in the NCG film was determined by the full
width at half maximum (FWHM) of the D-peak and found to
be approximately 2-5 nm, consistent with our previous analyses
using Raman spectroscopy and electron diffraction.[!24-26]
When comparing suspended and supported devices, the Raman
signal intensity was markedly higher for the suspended NCG
configuration compared to the supported counterpart, because
of the preferential radiation of the Raman scattered light into the
optically dense SiO,/Si substrate medium.[?”:28]

The electrical resistance of devices with substrate-supported
and suspended constrictions was determined in a two-probe con-
figuration in a probe station. From reference structures, we know
that the resistance of the large-area contact between NCG and
the metal, and the resistance of the metal leads is low and neg-
ligible compared to the resistance of the NCG bowtie structure.
We have performed finite-element simulations on the planar de-
vice geometry and found that 39% of the two-probe resistance ac-
counts for the central square-shaped constriction, which is close
to 47% derived by analytic expression.[?”! The remaining resis-
tance is due to the tapered NCG regions. Figure 2a shows the re-
sistance of the device R versus the applied bias V for a substrate-
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supported and suspended device. The resistance values of both
types of structures are on the order of 5kQ, which is compara-
ble to the sheet resistance values reported for similar layers by
Peyyety et al.2!l The bias dependence for suspended constriction
is notably different. Above 100 mV bias, the resistance progres-
sively decreases with increasing bias, whereas the resistance of
the supported NCG channel remains constant. We attribute this
to the lack of thermalization through the substrate, which leads
to higher current-induced temperatures in suspended constric-
tions than in substrate-supported constrictions. We observe a lin-
ear dependency for the suspended constriction when plotting the
resistance versus electrical power P=V?/R in Figure 2b. This is
understood knowing that the temperature increases to the first
order linearly with the dissipated electrical power and that the
linear temperature coefficient of the resistivity of NCG at 300
K is negative (@ = -0.004 /K), due to thermally activated charge
carrier tunneling between nanocrystalline grains, resulting in
variable-range hopping within the material,[263%31] ag shown in
Figure 2¢.”! From the electrical heating, we can compare the dif
ference in thermalization between the suspended and supported
device. The increase in temperature per power can be calculated
from the data in Figure 2b as dT/dP = 1/R - dR/dP - 1/a. For the
suspended device we obtain 68 mKuW"! (dR/dP = -1.4 QuW!,
R, = 5050 Q @40 uW) and 5 mKuW (dR/dP = -0.1 QuW,
R, = 5010 Q @40 uW) for the substrate-supported. Hence, the
thermalization of the suspended device is one order of magni-
tude lower, showing that for the supported device, the constraint

© 2023 The Authors. Advanced Sensor Research published by Wiley-VCH GmbH.
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Figure 3. Scanning photocurrentimaging of a substrate-supported constriction device. Data is shown for the wavelengths 1150, 1350, 1550, and 1700nm:
a—d) In-phase photocurrent maps measured at 0.1V bias. e—h) Zero-bias in-phase photocurrent maps with corresponding phase maps shown in (i-l).
m-p) Reflectance signal, plotted on logarithmic scale. The reflectance signal from the electrodes is overlaid as gray-shaded areas to the maps a-l.
Photocurrent maps with logarithmic intensity scale shown in Figure S3 (Supporting Information).

thermalizes mainly through the substrate. The devices were wire-
bonded onto a chip carrier for photocurrent measurements and
mounted on a customized NIR / SWIR scanning photocurrent
imaging and spectroscopy setup. Details are described in the Ex-
perimental Section. Briefly, a smooth power spectrum from 1100
to 2100 nm was generated by feeding the light of a broadband
supercontinuum laser source into an acousto-optic tunable filter
(AOTF). The AOTF was used to adjust the wavelength-specific
intensity and to modulate the signal for lock-in detection (see
Figure S5, Supporting Information). The smoothened source
spectrum was recorded as a reference with a calibrated photode-
tector to calculate the responsivity. Furthermore, a wavelength-
specific correction of chromatic aberration was applied to com-
pensate for the 60 pm axial focus shift across the wavelength
range, ensuring diffraction-limited imaging.”!! The fine-tuning
of the focus for each wavelength was adjusted by minimizing the
laser spot with a 2D SWIR camera. With this focus correction,

Adv. Sensor Res. 2024, 3, 2300134 2300134 (4 of 10)

we performed sequential photocurrent scans of the target area
for each wavelength. The photocurrent signal was amplified by
a low-noise current preamplifier with adjustable bias (SR570),
and the magnitude and phase of the signal were recorded with
a lock-in amplifier. The input of the SR570 was connected to the
top electrode (w.r.t. Figures 3 and 4) and the bottom electrode
was grounded through a 50 Q resistor. Applying a positive bias
voltage to the top electrode via the SR570 then leads to a tech-
nical current that runs through the device from the top elec-
trode to the bottom electrode. This current is recorded by the
SR570 as a negative current and is converted into a positive out-
put voltage by activating the invert function. A circuit diagram is
shown in Figure 5d. The laser signal reflected from the sample
surface was detected by a photoreceiver to get simultaneously a
reflectance image of the sample surface for correlating the pho-
tocurrent signal with the image and the positions of the metal
electrodes.

© 2023 The Authors. Advanced Sensor Research published by Wiley-VCH GmbH.
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Figure 4. Scanning photocurrent imaging of a suspended constriction device. As in Figure 3, data is shown for the wavelengths 1150, 1350, 1550, and
1700nm: a—d) In-phase photocurrent maps measured at 0.1V bias. e-h) Zero-bias in-phase photocurrent maps with corresponding phase maps shown
in (i-1). m—p) Reflectance signal, plotted on logarithmic scale. The reflectance signal from the electrodes is overlaid as gray-shaded areas to the maps
a-l. Photocurrent maps with logarithmic intensity scale shown in Figure S4 (Supporting Information).

We first discuss the photocurrent measured on devices with
substrate-supported constrictions. Figure 3a—d shows a series of
in-phase photocurrent images recorded at 100 mV source-drain
bias. For the short-circuit condition (zero bias) we plot the in-
phase photocurrent in Figure 3e-h, and the phase between the
photocurrent signal and the modulated light signal in Figure 3i-1.
All scans were performed over a 15 um X 15 um area, with a step
size of 500 nm, for wavelengths 1150, 1350, 1550, and 1700 nm.
To provide spatial context, electrode positions were determined
simultaneously for each scan using reflectance measurements,
shown in Figure 3m—p. The signal reflected from the electrodes
is overlaid as gray-shaded areas onto the respective photocurrent
images. We observed unipolar photocurrents for the biased con-
dition and positive and negative photocurrents for the zero-bias
condition, and we identified the photocurrent generation mech-
anism as bolometric and photo-thermoelectric, respectively. Un-

Adv. Sensor Res. 2024, 3, 2300134 2300134 (5 of 10)

like previous works, 2!l the NCG has been shaped in such a way
that the signal is generated at the small constriction at the center
of the device and not at the NCG/metal contacts. The reason is
given by the bolometric photocurrent density,!]

Joy=—aXp X ATXE (1)

which depends on the linear temperature coefficient a, the
resistivity p, the photo-induced temperature change AT, and
the electric field E. The bolometric photocurrent is thus directly
proportional to the local electric field and absent in regions
devoid of an electric field. By creating a small constriction one
can therefore locally enhance the electric field and restrict the
bolometric photocurrent signal to the constriction region, which
we have verified by simulating the lateral electric field distri-
bution in the patterned NCG with the finite-element method

© 2023 The Authors. Advanced Sensor Research published by Wiley-VCH GmbH.
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Figure 5. Determine photocurrents with phase-sensitive measurements. a) Correlation between the photocurrent signal Ipc, induced by light signal /4,
and the output voltage V of the transimpedance preamplifier. The output signal is analyzed with a lock-in amplifier. For the preamplifier configuration
shown in d), a positive output signal is generated by a current that follows the technical current direction, corresponding to a photocurrent signal that is
in phase with the light signal ($=0°). For a positive bias voltage, a dark current I~ (black arrow) flows from source to drain and has the same direction as
the bolometric /p- shown in b), under illumination at the constriction center. c) shows the direction of zero-bias photocurrents for off-center illumination.
The current directions for $=0° and $=180° are indicated by red and blue arrows, respectively.

(Figure S1, Supporting Information). The simulation shows that
the electric field reaches on the order of 10* Vm! for 100 mV
applied bias. The phase of the bolometric photocurrent is close
to zero, meaning that the current increases when the light is
on, which is consistent with the negative linear temperature
coefficient of NCG. Interestingly, the generation of photother-
moelectric current (PTE) (measured with zero bias), shown in
Figure 3e-h, is also localized around the constriction and not at
the NCG/metal contacts, as is the case for NCG devices without
constriction (see Figure 4 in Peyyety et al.?!]). The generation of
PTE current is even more localized around the constriction for
the under-etched device, shown in Figure 4e-h. For the analysis
it is important to understand that a local photo-heating induced
PTE voltage will give rise to a net PTE current only at an interface
between regions with different Seebeck coefficients, where the
PTE voltage is then given by,

Vorg = (83 = 1) X (Tyq — Tay) ()

After photoexcitation, the electron distribution is character-
ized by an elevated electron temperature T, ;, compared to the
electron temperature without photoexcitation T, . Following lo-
cal photoexcitation and carrier heating, diffusion occurs between
the photoexcited “hot” region and the non-photoexcited region,
driven by the Seebeck coefficient S. When a homogeneous layer
is locally photoexcited, radial charge carrier diffusion takes place,
resulting in no net photocurrent because of the isotropic charge
current density. However, an anisotropic charge current den-
sity is generated when an interface between regions with differ-
ent Seebeck coefficients, S; and S,, is photoexcited. Note that

Adv. Sensor Res. 2024, 3, 2300134 2300134 (6 of 10)

at NCG/metal contacts, PTE currents are generated due to the
different Seebeck coefficients between NCG and metal, lead-
ing to photocurrents with opposite polarity when heating each
contact separately by local illumination.[?!l Here, the PTE pho-
tocurrent is generated rather between the metal electrodes and
not underneath the NCG/metal contact.?!l The Seebeck coef-
ficient must thus vary within the NCG layer, which could be
due to metal-induced doping, as observed in graphene close to
graphene/metal contacts.[3?!

Now, we discuss the measurements performed on devices with
suspended constrictions (Figure 4) and compare them with de-
vices with substrate support (Figure 3). On devices with sus-
pended constrictions (Figure 4a—d), the in-phase bolometric pho-
tocurrent is visibly more localized at the constriction and about
one order of magnitude more intense than in devices with
substrate-supported constriction (Figure 3a—d). This is a direct
consequence of the reduced thermalization of the suspended
constriction, which leads not only to a marked increase in tem-
perature during current biasing, as discussed in Figure 2b. It also
leads to a more pronounced increase in temperature during il-
lumination and hence to a larger bolometric photocurrent, as a
consequence of Equation (1). We can quantify the increase of
temperature AT due to photo-heating from the relative change
in resistance AR /| R = (I; - (Ipc + 1)) | I; = -Ipc | I;, with the
photocurrent I and the dark current I, (bias voltage drops out).
With AT = -Ipc / I; X 1/a we obtain for the 1550 nm data: AT =
7.5 K for the suspended and AT = 0.4 K for the supported device.
This agrees very well with the thermalization-dependent electri-
cal transport data, taking into account that ~ 50% of the light
power is absorbed by the constriction. Note that the suspended
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Figure 6. Photocurrent responsivity and spectroscopic analysis. Data from substrate-supported devices (a-c), and suspended constriction devices
(e-g). a,e) In-phase photocurrent from the center of Figures 3a-d and 4a-d. b,f) Extrinsic photoresponse from normalization of the peak photocur-
rent with the fractional power spectrum (see text). d) Power spectrum of the light source (for the intensity adjustment, see supporting information). ¢,g)
Intrinsic photoresponse from the normalization of the extrinsic photoresponse with the graphite absorptance. h) Absorptance of graphite simulated for
suspended NCG (35nm-G/300nme-air/Si), and substrate-supported NCG (35nm-G/300nm-SiO, /Si).

constriction, where the bolometric photocurrent is enhanced, is
seen in the reflectance images as a dark area in the center of the
Figure 4m-p, while the supported constriction in Figure 3m—p
appears as a barely visible, slightly brighter region in the cen-
ter. This is because the suspended NCG on 300nm-air/Si ab-
sorbs more light in the NIR-SWIR wavelength range than the
substrate-supported NCG on 300nm-SiO, /Si, which is a result
of optimizing the NCG layer thickness and has been verified by
transfer-matrix calculations shown in Figures 6h. Furthermore,
because the reflectance of Si (0.3@1550nm) is larger than the
reflectance from 300nm-SiO, /Si (0.07@1550nm), the Si regions
to the left and right of the constriction in Figure 4m-p (SiO,
removed by etching) appear brighter than the corresponding
300nm-Si0, /Si regions in Figure 3m—p. The reduced thermal-
ization at the suspended constriction not only enhances the bolo-
metric photocurrent, but due to Equation (2), it also enhances the
PTE current by an order of magnitude as shown in Figure 4e-h.
Interestingly, the PTE photocurrent is generated far away from
the NCG/metal contacts in the suspended constriction, which
excludes metal-induced doping!®! as a possible source for a lo-
cal variation of the Seebeck coefficient. Furthermore, the phase
pattern shown in Figure 4i-1 is more complex compared to the
substrate-supported data Figure 3i-l. From the top to the bot-
tom electrode of the supported device, the phase changes 0° to
180°, whereas for the suspended device it changes top to bottom
from 0° to 180° to 0° to 180°. The data clearly shows that phase
shifts are inverted at the suspended constriction, which points
to a different origin of PTE for the suspended constriction. In-
terestingly, when looking at the logarithmic intensity scaling in
Figure S4e,f (Supporting Information), one observes that there
are sign changes in the phase occurring along the x-direction,
which lead to an overall reduction in the PTE current at shorter
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wavelength. Unfortunately, due to the diffraction limit, it is diffi-
cult to resolve the origin, but it is likely related to the wavy edges
that give rise to the interference pattern in the optical images
(Figure 1a, right). The periodicity of those waves is about 2.4 ym
and leads to a locally varying light absorption and hence tem-
perature distribution. Similar ripples at edges of nanocrystalline
graphite have been observed previously and are due to com-
pressive strain formed during the synthesis of the material.[?!
Recently, geometrically-induced spatial variation of the Seebeck
coefficient was reported for a graphene bowtie constriction,**!
and similar effects have also been observed in metal-nanowire
constrictions,**! and in silicon nanoconstrictions.[*] The spatial
variations of the Seebeck coefficient in such nanoscale constric-
tions are attributed to local variation in the mean-free path due
to scattering at surfaces, edges, or grain boundaries.?*! A similar
mechanism could lead to the enhanced photo-thermoelectric cur-
rent generation at suspended NCG constrictions. However, one
should also keep in mind that the thermalization must spatially
vary for the under-etched constriction and that a strong tempera-
ture gradient is expected when locally heating the upper or lower
part of the constriction. This could then lead to a PTE signal with-
out the Seebeck coefficient being spatially varying. A comment
on the meaning of the phase and its relation to the current direc-
tion. From the dark measurement and the bolometric photocur-
rent measurement, we know that photo-induced currents flowing
in the same direction as the dark current produce a zero phase
signal, whereas photocurrents flowing in the opposite direction
yield a phase of 180°. Hence from the maps of the phase, we can
directly deduce the direction of the photocurrent: top to bottom
for 0° and bottom to top for 180°, as explained in Figure 5a—c.
Finally, we quantify the responsivity of the devices from the
bolometric photocurrent at the center of the Figures 3 and 4. The
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Table 1. Comparison of 2D/thin film photodetectors.
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Material wavelength incident power bias responsivity detectivity ref
[nm] [mW] \J [A/W] [D7]

Graphene 1550 10 0.4(Vg=-15V) 6x 1073 1.8x 108 138]

MoS, 445-2717 8 10 32.5% 1072 9.6x 10° 139

Black Phosphorous 1550 1.91 0.4(Vg=-3V) 1.4x 1073 6.7x 1010 140]

Bi, Te, 1064-1550 0.67-2.8 0.1 3.6x 1073 - [41]

suspended NCG 1100-1700 0.1-0.7 0.1 3% 1073 1.2x 10° this work

maximum photocurrent values for the four wavelengths are plot-
ted in Figure 6a,e for the supported and suspended NCG devices,
respectively. The extrinsic photoresponse Figure 6b,f was calcu-
lated by normalizing the maximum photocurrent for each wave-
length with the corresponding source power values Figure 6d,
and by taking into account that 39-67 % of the incoming light
falls onto the center 2 uym x 2 pum area. The fractional values
were calculated from the Gaussian beam diameter, and the beam
diameter was measured for each wavelength by scanning the
beam across a reflective edge (see Figure S2, Supporting Infor-
mation). The intrinsic photoresponse Figure 6¢,g was then cal-
culated by normalizing the extrinsic photocurrent with the per-
centage of light that was absorbed by the NCG layer. The absorp-
tance, shown in Figures 6h, was calculated by the transfer ma-
trix method for the NCG layer thickness of 36 nm. The thick-
ness was optimized for flat absorptance in the NIR-SWIR wave-
length range for the suspended NCG (36nm-NCG/300nme-air/Si)
and yields (70 = 6) %. As a result, the extrinsic and the intrinsic
responsivity are both flat for the suspended device, resembling
an ideal bolometric detector, where the photocurrent is propor-
tional to the absorbed power and hence wavelength-independent.
Moreover, the bolometric and PTE currents are both increasing
linearly with laser power for excitation above 10% of the max-
imum laser output, which can be seen in Figure S6 (Support-
ing Information). The mean intrinsic photoresponse for the de-
vice with suspended constriction is (3 + 0.3) X 1073 AW}, which
is over an order of magnitude higher than for the device with
supported constriction. This difference is attributed to reduced
thermalization by the substrate, as discussed. The comparison
to previous work without constriction is not trivial. Here, in this
work, the central device area is comparable to the beam diam-
eter, whereas often the device area is larger than the beam di-
ameter. If the step size for scanning a large area is comparable to
the beam diameter, then the integrated photocurrent can be used
to determine the responsivity.?!l Note also that the responsivity
scales with the voltage bias, and that a large responsivity at low
voltage bias is preferred for a low-power photodetector. Unfortu-
nately, the full details are not always given and the responsivities
are sometimes overestimated and/or difficult to compare.**! We
nevertheless compiled a short list of operation and performance
parameters of 2D/thin film NIR-SWIR photodetectors in Table 1.
Last, we have determined the specific detectivity D* which is an
important figure of merit for sensing low light levels. For a shot-
noise limited device as in this case, D* is calculated asl®”]

D" = R/\2xgx1, (3)

Adv. Sensor Res. 2024, 3, 2300134 2300134 (8 of 10)

with the responsivity R, the elementary charge q, the detector area
A, and the dark current I,. With R =3 x 1073 AW}, and I, = 20
WA, we obtain 1.2x 10° Jones at 0.1 V bias, which is more than one
order of magnitude larger compared to the substrate-supported
devices with constriction (4.0x 107 Jones), and three orders of
magnitudes larger compared to supported devices without con-
striction (2.1x 10° Jones).?!) This shows that tailoring the geom-
etry and thermal decoupling has a huge impact on device perfor-
mance. In the future, the device performance could be further
improved by incorporating a reflective layer (i.e., gold) at the bot-
tom of the air gap, which would result in nearly complete light
absorption while maintaining spectral flatness.

3. Conclusion

The benefit of using nanocrystalline graphene as a photoabsorber
material is that its thickness can be adjusted on a waferscale to
achieve a flat absorptance in the NIR-SWIR wavelength range. In
addition, the material is compatible with CMOS processing and
can be laterally shaped and made free-standing via dry and wet
etching processes. This allowed the fabrication of freestanding
bowtie constrictions with thickness-adjusted absorptance, and
enabled orders of magnitude enhanced responsivity and detectiv-
ity compared to substrate-supported devices, as a result of an or-
der of magnitude reduced thermalization of the suspended con-
striction. Moreover, by focusing the electric field on a narrow re-
gion, the bolometric photocurrent is generated at the constriction
remote from the electrodes. We also observe a strongly enhanced
photothermoelectric current generation at the constriction with
inverted phase angles, which might be due to either an asym-
metric temperature gradient or a local variation of the Seebeck
coefficient. In the future, further enhancements are feasible by
reducing the resistivity of the material through grain size and
grain boundary engineering, and by further increasing light ab-
sorption close to unity through the addition of a reflective coating
at the bottom of the air gap.

4. Experimental Section

NCG Synthesis, Characterization and Device Fabrication: Thermally
grown 300 nm SiO, on p-Si (boron doping, p < 0.005 Qcm, Active Busi-
ness Company) wafers were cut into 10 mm X 10 mm size, sonicated in
acetone, rinsed with isopropanol, and exposed to a mild oxygen plasma. A
pre-baking step at 110 °C on a hot plate for 120 s removed the physisorbed
water. NCG films were grown on the soft-baked SiO,/Si substrates using
the S1805 photoresist (MICROPOSIT) as a carbon source. The photore-
sist was diluted 1:1 with propylene glycol mono-methyl ether acetate (PG-
MEA), and 35 uL of the prepared resist solution was spin-coated at 4000
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rpm for 30 s to target final NCG thicknesses of 35 nm. The spin-coated
substrates were baked at 110 °C for 60 s on a hot plate to allow outgassing
of the solvent. After the post-baking step, the substrates were loaded into
the vacuum furnace for graphitization of the photoresist film at 1000 °C
at 107% mbar pressure. The thickness of the synthesized NCG film was
measured using the atomic force microscope (Bruker Dimension Icon) in
the tapping mode. The NCG films were characterized using Raman spec-
troscopy (Renishaw inVia Microscope) at 532 nm laser excitation, 3 mW
power, 10 s integration time, and 100x (NA = 0.85) magnification. The
device fabrication on the substrates with the NCG film was realized by de-
positing metal electrodes and alignment markers, and subsequent etch-
ing of the NCG. Gold electrodes and markers were defined by spin-coating
poly(methyl methacrylate) (PMMA 950 k, 4.5% in anisol) at 6000 rpm for
60 s on NCG/SiO,/Si and pre-baked on a hot plate for 3 min at 150°C to
give a 210 nm thick resist layer. With electron-beam lithography (LEO 1530
with Raith ELPHY Plus pattern generator) the resist was patterned, and the
e-beam exposed areas were developed in a solution of methyl isobutyl ke-
tone (MIBK) / isopropanol (IPA), ratio 1:3, at 0°C for 30 s, rinsed with
IPA, dried in a nitrogen stream and post-baked on a hot plate for 1 min
at 90°C. 5 nm Cr and 50 nm Au were deposited by electron-beam physical
vapor deposition, and the lift-off was done in acetone. To etch the NCG
into the desired shape, poly(methyl methacrylate) (PMMA 950 k, 8% in
anisol) was spin-coated at 6000 rpm to form a 700 nm thick layer. After
the EBL writing step, the pattern was developed in a solution of MIBK/IPA
(ratio 1:3) for 30 s and subsequently baked on a hotplate for 60 s at 90°C.
The unprotected areas of NCG were etched by O, plasma in a reactive-
ion etching (Oxford Plasmalab 80 Plus and Pro 80 ICP) at 15 sccm O,, 60
mTorr, 30 W RF and 183 V DC bias, 4 min and 15 s. The remaining PMMA
after the etching step was removed by acetone. The NCG channels were
suspended by chemical wet etching of SiO,. Once again the PMMA 4.5
spin-coated on the substrate and electron beam patterning was done to
expose the areas to etch SiO,. After developing the pattern, commercial
Buffered oxide etch (BOE 6:1) (J.T.Baker company) was used to etch SiO,
under the NCG channel 300 nm vertically and 2 um laterally. This wet etch-
ing process was isotropic. The sample was placed in the Teflon bowl shape
container and a drop of BOE 6:1was placed on the sample for 10min. After
the etching process, the sample was cleaned with double distilled water.
Photocurrent Measurements and Electrical Characterization: The pho-
tocurrent maps were recorded in the NIR/SWIR spectral range from 1100
to 2100 nm using a SC white-light source (SuperK Extreme EXW-12, NKT
Photonics). An AOTF (SuperK Select-nIR2 AOTF attached to SuperK con-
nector with FD6-PM fiber) converts the SC white-light source into a tunable
laser source. The excitation laser line from the AOTF was then coupled to
a reflective collimator (Thorlabs RCO2FC-P01), and 90% of the collimated
light is guided through the 90:10 beam splitter (Thorlabs BS030) into the
customized Zeiss Axiotech VARIO microscope with an NIR objective. The
laser source intensity was continuously monitored during the photocur-
rent scan using a NIR photodiode sensor (PD300R-IR, Ophir) attached at
the 10% exit port. The photocurrent maps were recorded in 200 nm wave-
length steps. The laser spot limited by diffraction was focused on the sam-
ple using the infinity-corrected 100x NIR (Mitutoyo M PLAN APO, 0.50
NA) long working distance objective, and the laser spot was positioned
across the scan area (15 um x 15 um) with a stepper motor-controlled X—
Y translation stage (8 MTF-102LS05, Standa) in 0.5 pm steps. A motorized
z-stage (KVS30, Thorlabs) was used to control the vertical position with
0.1 um precision. The laser spot reflected from the sample surface was
imaged using a Peltier-cooled InGaAs camera (WiDy Sens 640V-ST, New
Imaging Technologies). The fine adjustment of the focus was precisely
controlled using a piezo objective scanner (PIFOC P-712.CDQ, Physik In-
strumente). The chromatic aberration-induced shift of the axial focus of
the NIR objectives was compensated for each wavelength before obtain-
ing a photocurrent map. A wavelength—specific intensity adjustment to the
AOTF was implemented to obtain a smooth, intensity-calibrated source
spectrum (Figure S5, Supporting Information). The photocurrent of the
NCG film was measured using the lock-in technique at room tempera-
ture. The incident light was modulated at 1.111 kHz via the AOTF Su-
perK COMMAND interface box. The frequency was selected in a low-noise
region remote from multiple power line signals analyzed using a spec-
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trum analyzer (Signal Hound USB-SA44B) at the lock-in monitor output.
The modulated photocurrent was converted into a voltage signal using a
low-noise current preamplifier (SR570, Stanford Research Systems) and
fed into the lock-in amplifier (SR830 Lock-in Amplifier, Stanford Research
Systems) referenced to the modulation frequency. The photocurrent am-
plitude and phase were subsequently recovered from the lock-in ampli-
fier. For biased photocurrent measurements, a bias was applied via the
SR570. A circuit diagram is shown Figure 5d. In sync with the photocur-
rent mapping, the back-reflected light from the sample was simultaneously
recorded to map out the device area using an InGaAs photoreceiver (OE-
200-IN2, Femto) connected to the source meter (Keithley 6430). The pho-
tocurrent and reflectance mapping were automated and controlled using
a Python code. Electrical characterization was conducted using an Agilent
4155C semiconductor parameter analyzer system and a probe station with
TRIAX probes with a low current detection limit of 30 fA.

Simulations: Transfer matrix method (TMM) simulations were con-
ducted for s-polarized light at normal incidence using a Python code avail-
able at github.com/krupke-group based on the TMM code of Steve Byrnes
(arXiv:1603.02720; github.com/sbyrnes321/tmm). The complex refractive
index of NCG was approximated by the optical constants of graphite, cal-
culated from an analytical expression based on the dynamical conduc-
tivity of graphite.['®] The optical constants for Si and SiO, were taken
from the refractiveindex.info database (SiO,: Lemarchand 2013, Si: Asp-
nes and Studna 1983), extended with NIR data for Si from the filmetrics.de
database. FEM simulations of the electric field distribution were per-
formed using the commercial FlexPDE 6.5 software package. The 2D sim-
ulation space was confined by two Dirichlet boundaries, defining the po-
tential difference from the applied bias voltage, and by Neumann bound-
aries for the noncontacted sides. Inside the boundaries, the material was
defined by its resistivity.

Statistical Analysis: The Experimental Section contains comprehen-
sive information about device dimensions, materials, and fabrication pro-
cesses. The presented photocurrent maps were highly reproducible since
repeated measurements on the same device area were not distinguish-
able. Charge transport data varied from device to device by less than 10
% in terms of the device resistance. The data were plotted using standard
Python libraries commonly used in the field like numpy, pandas, and math-
plotlib.

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