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ABSTRACT: The on-chip integration of two-dimensional nanoma-
terials, having exceptional optical, electrical, and thermal properties,

with terahertz (THz) quantum cascade lasers (QCLs) has recently

led to wide spectral tuning, nonlinear high-harmonic generation, and
pulse generation. Here, we transfer a large area (1 X 1 cm?)
multilayer graphene (MLG), to lithographically define a micro-
thermometer, on the bottom contact of a single-plasmon THz QCL

to monitor, in real-time, its local lattice temperature during
operation. We exploit the temperature dependence of the MLG
electrical resistance to measure the local heating of the QCL chip. [
The results are further validated through microprobe photo-
luminescence experiments, performed on the front-facet of the
electrically driven QCL. We extract a heterostructure cross-plane
conductivity of k;= 102 W/m'K, in agreement with previous
theoretical and experimental reports. Our integrated system endows THz QCLs with a fast (~30 ms) temperature sensor,
providing a tool to reach full electrical and thermal control on laser operation. This can be exploited, inter alia, to stabilize the
emission of THz frequency combs, with potential impact on quantum technologies and high-precision spectroscopy.
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hermal management is a key requirement for the and the heat-sink, as an effect of the mounting configurations

I operation of any semiconductor laser’' because the and waveguide architecture.'”
major figures of merit, such as external quantum The heat conductivity is largely anisotropic, with both in-
efficiency,” lifetime, and power conversion efficiency™* strongly plane (k,,) and cross-plane (k;) components being smaller
depend on the electron-acoustic phonon scattering rate,” than the thermal conductivities of the constituent bulk
which determines the effective lattice temperatureé during materials. This effect is more relevant in terahertz (THz)
device operation.” An appropriate thermal management is also frequency quantum cascade lasers (QCLs),”” where the narrow

fundamental for applications deeply affected by temperature
instabilities, e.g., those requiring a tight control of the phase
and frequency jitter, such as quantum optics,” metrology,” and
high-precision spectroscopy,'” or for near-field nanoimaging'’
applications employin% a semiconductor laser as pumping
source or detector, " since thermal instabilities may be
reflected in fluctuations of the signal-to-noise ratio of the
captured near-field signal amplitude and phases.'™"” Received: February 8, 2023
This issue is even more severe in semiconductor Accepted: February 24, 2023
heterostructure lasers. Here, heat extraction is hindered both Published: March 8, 2023
by the large device thermal resistance,'® Ry, resulting from the
low heat conductivity of the complex multilayer active regions
(ARs),"”" and by the poor thermal coupling between the AR

separation between the intersubband levels involved in the
lasing transition (5—20 meV) may require ultrathin and abrupt
barriers, which enhance the rate of phonon scattering by
interfaces, mainly in heterostructures with layer widths
comparable or smaller than the phonon mean free path.
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These effects inherently inhibit the phonon transport and
reduce the heat dissipation rate, as a consequence of the series
of thermal boundary (Kapitza) resistances arising at each
interface between materials of different thermal and mechan-
ical properties.'® Diffusive scattering of phonons by inter-
faces'” in THz QCLs significantly reduces k,, while the
reduction of k; is mostly due to scattering by interface
roughness and alloy disorder.

The assessment of the AR temperature during operation of
QCLs, commonly dissipating a huge amount of electrical
power, is hence necessary for modeling heat flow and local
temperature distributions in QCLs.”” This is relevant for
targeting room-temperature operation, a long-sought goal in
the last two decades.

The most established method to monitor the AR heatin
during operation in mid-infrared (mid-IR)*' and THz'®"****"
QCLs is by means of microprobe band-to-band photo-
luminescence (PL) spectroscopy.”* This technique provides a
way to indirectly determine the lattice temperature (T}) by
measuring the redshift of the PL peak when the heat sink
temperature (Tys) is increased,” or when the AR is heated
during laser operation (Joule heating). Importantly, microp-
robe PL spectroscopy gives a local measurement of T} and of
the electronic temperature;”” thus, it constitutes a powerful
tool to infer the thermal resistance,'””” the facet temperature
profile,'* and the heat flow™ through the semiconductor
heterostructure, giving access to the thermal dynamics within
the device. However, the implementation of PL spectroscopy
to determine QCL temperature during operation requires
additional and complex experimental setups, making imprac-
tical a real-time monitoring of the local device heating during a
specific application.

Alternative procedures to assess Ty in QCLs include the
following: analysis of the dependence of the threshold current
density on the heat sink temperature,”® or of the average laser
power as a function of the duty cycle,”” transient
interferometric thermal mapping”® or all-electrical techniques
for monitoring the lattice temperature by measuring the
heating of the laser metallic top contact.””*° This latter
method requires independent electrical access to four leads and
at least four bonding wires to be collinearly placed on the QCL
top contact. This entails complex bonding schemes™ and can
be unpractical for specific device architectures, such as wire
lasers’ or vertical emitting QCLs with two-dimensional
photonic patterns,”””> or for device applications requiring
radio frequency coupling to the laser, e.g., injection-locked
systems”* and dual-comb schemes.*>*°

Here, we devise an integrated two-component system that
allows monitoring the QCL lattice temperature during
operation, by simply using one additional electrical access.
The devised chip comprises a THz-frequency QCL and a
graphene microthermometer, lithographically patterned adja-
cent to the laser ridge. Graphene field effect transistors proved
to be highly efficient radiation sensors in the far-infrared.”” So
far, graphene has been also incorporated/combined with THz
QCLs to achieve gate-tunable spectral control,”® modulate the
radiation intensity,”” or to stabilize the operation of frequency
combs™ through its fast saturable absorption dynamics. Its rich
physics,*' along with its versatility and fabrication flexibility,
makes it a promising material platform for inte%ration with
different on-chip electronic*>* and photonic*** solid-state
architectures, such as CMOS, silicon on insulator (SOI),*”**
and SiN.*
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Therefore, despite the relatively weak temperature coef-
ficient of resistance (TCR = dR/RdT =~ —1%/K), graphene is a
promising candidate for the realization of integrated
thermometers. Negative TCR thermistors are commonly
used as on-chip temperature sensors for the thermal
stabilization of near-infrared laser diodes in combination with
Peltier coolers.”” Thus, depending on the required operating
temperature range, two-dimensional (2D) materials, preferably
with high TCR (e.g, WS,*' or Mo W,_S,”*), could be
employed as on-chip thermistors in combination with
electrically pumped semiconductor sources, such as mid-
infrared GeSn/SiGeSn heterostructure lasers.>”

RESULTS AND DISCUSSION

THz-frequency QCLs, based on a bound-to-continuum GaAs/
Aly;5Gayg5As active region,” emitting at a wavelength 1 = 110
um (2.7 THz), are fabricated on single plasmon Waveguides54
following the procedure described in Methods. A 500 nm thick
SiO, layer, covering a surface of 300 X 800 um?, is deposited
by Ar sputtering on the bottom doped layer between each pair
of laser bars to host and electrically isolate the integrated
thermometers.

The integrated thermometer comprises a stack (7 layers) of
single-layer graphene (SLG). The resulting multilayer
graphene (MLG) film is easier to manipulate and more stable
during the transfer process with respect to SLG. The
performance of different thermometers as a function of the
number of layers is analyzed and reported in the Supporting
Information (Figure S1). The TCR increases as a function of
thickness, especially for thicknesses larger than S layers. Using
a 5/7-layer graphene results in the best compromise between
bolometer performance and sample robustness that increase
with thickness, and fabrication complexity and sample quality
that degrades after a large number of wet-transfer processes.
Commercially available (Graphenea Inc.) SLG samples, grown
on Cu via chemical vapor deposition (CVD), are sequentially
transferred on top of each other using a wet-transfer technique:
A4-950K poly(methyl-methacrylate) polymer (PMMA) is spin
coated at 2000 rpm on the surface of an SLG sample and then
placed in a solution of 1 g of ammonium persulfate (1 g diluted
in 40 mL of DI water) to etch the Cu substrate. Once the Cu
etching is complete, the PMMA-SLG film is transferred in a
beaker with DI water and then lifted with a second Cu-
graphene square to obtain an MLG sample. The sample is left
to dry, and finally the PMMA is removed with acetone. The
final Cu substrate is eventually etched, and MLG is transferred
on top of the QCL device. MLG channels of 30 X 100 ym? are
lithographically defined on the SiO, patches, etched with
oxygen plasma, and connected to two Cr/Au (10/150 nm)
electrodes. Finally, the GaAs substrate is lapped down to a
thickness of ~200 ygm and back coated with a 10/50 nm Cr/
Au metallic layer to improve thermal coupling with the copper
bar. Laser bars 2.1 mm long and 200 ym wide are cleaved,
mounted on a copper bar through a dedicated thermal InAg
alloy (97%: 3%), and wire bonded. A scanning electron
microscopy (SEM) image of a prototypical device is shown in
Figure 1a. The position of the graphene thermometer has been
preliminarily defined after performing thermal simulations of
the whole QCL structure (see Figure S2), which show a
marginal thermal gradient (<1 °C) along the laser ridge.

Micro Raman experiments are performed on the transferred
MLG using a confocal Raman spectrometer (Horiba, Explora
Plus) equipped with a 532 nm laser in backscattering
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ACS Nano 2023, 17, 6103-6112


https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c01208/suppl_file/nn3c01208_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c01208/suppl_file/nn3c01208_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c01208/suppl_file/nn3c01208_si_001.pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c01208?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

5
S| ]
2
‘®
gt P D
£
L \D’ “ 4
1 1 1 1 1 1 1
1200 1400 1600 1800 = 2400 2600 2800
Raman Shift (cm™)
Vin Lock-In Vgur
C

Active Region

GaAs substrate

Figure 1. Device architecture. (a) Scanning electron microscopy
image of the fabricated chip. (b) Raman spectrum of transferred
MLG on the QCL chip. (c) Schematic diagram of the devised
system: the graphene thermometer is integrated on-chip between
the ridges of the fabricated QCLs. The thermistor resistance (Rg,)
is real-time monitored by means of a lock-in technique. Arrows
indicate the current flow through the voltage divider.

configuration. We use a 100X objective producing a laser spot
size of ~0.5 um. The Raman spectrum of the MLG
thermometer, plotted in Figure 1b, shows, as expected, two
main Raman peaks: the G (position POS(G) = 1580 cm ™, full
width at half-maximum fwhm = 20 cm ™) and 2D (POS(2D) =
2690 cm™!, fwhm = 37 cm™) peaks.” The 2D band is always
single-peaked, less intense with respect to the G peak (~13),
and broad, indicative of rotationally disordered MLG.*®

addition to these bands, the D (POS(D) = 1344 cm™', fwhm =
67 cm™) and D’ (POS(D’) = 1616 cm™, fwhm = 24 cm™)
Raman peaks are observed. These features, coming from
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defect-assisted Raman processes,57’58 reflect the disorder

introduced during the multiple graphene-transfer steps.

The integrated laser-thermometer system (Figure 1c) is
engineered to drive the QCLs and the graphene thermometer
independently. The thermometer exploits the temperature-
dependent resistance of the graphene film Ry, which is
monitored with a lock-in amplifier (time constant 30 ms) over
a voltage dividing circuit: the lock-in signal is Viy = VourR,,/
(Rpoad + Ry,), where Viyr is a sine wave with amplitude 40 mV
and frequency f,,.q = 343 Hz, generated by the lock-in itself,
and Ry o,q = 3.3 kQ is chosen to be close to R, A capacitor Cp
= 1 pF is added to the circuit to act as a dc-block on the
thermometer line. Therefore, this architecture is able to keep
continuous track of temperature variations through the
dependence Ry (T), with a time scale given by the lock-in
time constant.

We first characterize the QCL optical and electrical
performance. Samples are mounted in a helium flow cryostat,
and Ty is monitored by a silicon diode sensor and varied in
the range 6—300 K, through a tunable heater. Figure 2a shows

Current (mA)
0 200 400 600 800 1000
T T T T T T T
600 A
12p 2 124 m €1
k-1 z
= i ]
2 gl lg & 3
[ 8 8 ‘g 5
g 5 g
3 2 g
> 4F 14 ’%\ ZF
= 0
0 1 1 1 1 0 1
0 50 100 150 200 24 . 2 8 29
Current density (A/cm?) Frequency (THz)
1 T Id
850 mA
30 z 14
20 3 g‘
__10 [e) 3
o =3 =
g0 g F
©-10 T 2
o =
20 = <
]
30 0
0 1

2 8
Frequency (THz)

-30-20-10 0 10 20 30 24 29

¢ (deg)

Figure 2. QCL characterization. (a) Light—current—voltage (LIV)
characteristics of the investigated QCL, measured at Tyg = 15 K in
pulsed mode with pulse width 1 gs and pulse repetition rate 100
kHz. (b) Far-field beam pattern measured with a pyroelectric
sensor having a sensitive area of 7 mm? (c and d) FTIR spectra
(resolution 0.075 cm™) collected in vacuum at Tyg = 15 K with
driving currents 600 mA and 850 mA, respectively, corresponding
to the black dots on the I-V characteristic of panel a.

the voltage—current density (V—]) and the light—current
density (L—J) characteristics acquired while driving the QCL
in pulsed mode (10% duty cycle, repetition rate 100 kHz) at
Tys = 15 K. The optical signal is further modulated with a 33
Hz square envelope to allow for lock-in detection. The QCL
has a threshold current density J;, = 115 A cm™ and delivers a
maximum output power of 9 mW when biased at Vioc, = 10.3
V, Inc1= 900 mA. This optical power is calibrated with a power
meter (TK Instruments, aperture 55 X 40 mm?) and corrected
to account for the transmittance (25% at ~3 THz) of the high-
density polyethylene cryostat window. The far-field intensity
distribution is collected with a pyroelectric detector (Figure
2b), raster scanned on a spherical surface of radius ~S cm,
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Figure 3. (a) Calibration curve Rgr(THS) of the graphene thermometer, recorded by changing Ty between 6.6 and 300 K. (b) Arrhenius plot
of Rg,(THS), showing thermally activated transport for Tys > 80 K. (c) Temperature coefficient of resistance, extracted from Rg,(THS). (d)
Thermometer accuracy as a function of temperature. The dashed line is a linear fit to the data: AT = a + b X Ty, witha =048 Kand b =
0.039. (e) Lattice temperature measured by the graphene thermometer during laser operation. The error bars are calculated from the
accuracy plot in d. The black dashed line is a linear fit to the data. The vertical dashed line indicates the laser threshold power.

centered on the QCL front facet. The measured beam
divergence (Figure 2b) is A X Agp = 25° X 10°.

Figures 2c,d show the Fourier transform infrared (FTIR)
emission spectra, measured in a vacuum spectrometer (Bruker
Vertex V80, resolution 0.075 cm™) at Tyg = 15 K when the
QCL is driven in CW at 600 mA and 850 mA, respectively: the
laser is single-mode (2.56 THz) above threshold and becomes
progressively multimode when the current is increased,
spanning a 110 GHz frequency range (2.60—2.71 THz).

We then calibrate the graphene thermometer by measuring
the thermoresistance characteristics, i.e., the dependence of Ry
from Tyg, as shown in Figure 3a. R, decreases when the heat-
sink temperature is increased, indicating a negative TCR and a
thermally activated electrical transport, in agreement with
previous findings on graphene thermistors.””®" In the high-
temperature limit (Tys > 80 K), Ry, follows an exponential
dependence on Ty, given by the Arrhenius equation.*’ Ry
Ry exp(B/Tys), where Ry is the resistance at infinite Tyg and B
= E,/2kg is the thermal index, with E, activation energy in the
graphene layer and ky Boltzmann constant. Figure 3b shows
the Arrhenius plot of ln(Rgr), as a function of 300/ Ty From
the linear fit to the data, in the range Ty > 80 K, we find R, =
698 +1Q,B=17.6 + 09K, and E, = 3.0 + 0.1 meV; these
thermal figures of merit are close to those measured in printed
multilayer graphene films, at room temperature.”” The
Ry (Tys) curve can be used to determine the sensitivity of
the graphene thermistor in terms of the TCR figure of merit:
ITCRI ~ 1% K" for Ty < 30 K and progressively decreases to
<0.1% K' for Tys > 100 K (Figure 3c). We then use
TCR(Tys) to estimate the accuracy (deviation from true
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temperature) of the graphene thermometer by calculating the
standard deviation AT stemming from the instrumental error
AR,, in the R,(Tys) calibration curve. Results are shown in
Figure 3d: the accuracy worsens (increases) linearly as a
function of temperature, being < +2.5 K for T < 50 K and
reaching +12 K at room temperature. The accuracy increase is
caused by the reduction of the thermistor TCR at high
temperature.

We then use the calibration curve Rgr(THS) to monitor the
temperature of the graphene thermometer (T) during laser
operation. The QCL is driven in continuous wave (CW), while
Tys is kept at 15 K. Figure 3d shows T as a function of the
electrical power (P,) dissipated in the QCL. T grows linearly
from Tyg = 15 K to a maximum of 48 K, suggesting that the
graphene thermometer is effectively measuring the device
temperature, whose dependence from the electrical power is
expected to be linear.”” From the linear fit to the Tg(P,) plot,
we obtain a slope Ryg = dT¢/dP, = 3.86 KW\,

We then compare T extracted with the graphene
thermometer with the lattice temperature measured by
means of a microprobe PL technique (Tp.). For this
experiment, the QCL is mounted in the cold unit of a He
flow microcryostat (Janis, ST-500-UC), with the laser facet
facing the cryostat quartz window (1.5 mm thick). The
cryostat is fixed below the objective (50X, long-working-
distance = 15 mm) of a confocal Raman spectrometer (Horiba,
Explora Plus), and the ~1 pm focal spot is aligned with the
center of the QCL facet by means of a motorized stage.

PL spectra are acquired using a 1800 grooves/mm grating
and a 638 nm laser whose optical power density is attenuated

https://doi.org/10.1021/acsnano.3c01208
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Figure 4. (a) PL spectra acquired by probing the QCL facet at zero current, while varying Ty from 6.0 to 296 K, with confocal hole size h =
100 gum. To properly convert the data recorded in units of wavelength to units of energy, spectra were rescaled by applying the Jacobian
transformation.®® (b) Ep(Tys) calibration curve (dots). The dashed line is a fit to the experimental data by using the Varshni’s equation.
Inset: experimental data in the Ty range between 4 and 50 K. (c) Color map of the PL spectra from the laser facet, measured while driving
the QCL in CW at increasing currents from 0 mA to 820 mA. The arrow labeled “1,2” represents the injection doublet position, which shifts
when the QCL heats up. (d) Main PL peaks acquired at different QCL currents. Dashed lines are a guide for the eye. (e) Lattice temperature
measured with the PL technique during laser operation. The black dashed line is a linear fit to the data, corresponding to a thermal
resistance of 3.62 KW', The green dotted line represents the fit to the data obtained with the graphene thermometer (from Figure 3d),
reproduced here for direct comparison. The vertical dashed line indicates the lasing threshold.

to <10 kWcm™, thus keeping the laser-induced electron
heating below ~5 K.** The laser excitation provides the
valence band holes needed to probe the electronic population
via interband radiative recombination. We use the facet
temperature as a close estimate of the internal one due to
the absence of nonradiative surface electron—hole recombina-
tion processes in unipolar devices.

Figure 4a shows PL spectra recorded at the center of the
QCL facet while keeping the QCL unbiased and sweeping Tyyg
in the range 6.0—296 K. Each spectrum shows a main peak,
located at an energy E,, ascribed to band-to-band transitions
between levels in the injector miniband, where the vast
majority of electrons sit, and valence subbands, as typically
retrieved in bound-to-continuum active region designs. For
Tys < 20 K, the PL spectra display four peaks, corresponding
to free excitons and impurity-bound excitons.’”*> As the
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temperature is increased, the main peak redshifts as an effect of
the temperature-induced change of the GaAs energy gap; this
redshift can be used as a thermometric property to extract the
calibration curve (Figure 4b), i.e., the E, value measured while
varying Tys. We fit the experimental calibration curve with the
semiempirical Varshni equation® Ep(Tys) = Ep(0) — aTys®/
(B + Tys), which is typically used to describe the band gap
shrinkage with temperature, obtaining Ep(0) = (1.524 +
0.0003) eV, a = (7.5 £ 0.5) X 107* eVK ™' and f = (405 +
45) K. The value of Ep can in turn be used to extract the local
lattice temperature (Tp) during laser operation, provided that
the calculated field-induced shift of the confinement energies
in the QCL active region is properly considered.”’ The field-
effect correction is relevant only below the threshold for
current-injection.
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Figure 5. (a) Microprobe PL spectra, acquired on the Si-doped GaAs substrate, while changing Ty from 10 to 45 K (laser wavelength 638
nm, confocal hole size 1 = 100 ym). (b) p,5 and Egj, plotted as a function of Tys. (c) Schematic view of the surface plane investigated by PL
spectroscopy. The arrow indicates the projection of the graphene thermometer on the GaAs substrate front-surface. The green and red
dashed lines indicate the profiles along which the PL spectra are recorded. (d) Tp, measured at different positions on the substrate. Green
squares (red circles) indicate the results obtained while moving along the green (red) line in panel c. Distances are measured from the lower-
right corner of the QCL front-facet along the horizontal direction and from the GaAs substrate top-surface along the vertical direction. The

dashed lines are fits to the data.

We then collect a set of PL spectra while varying the QCL
driving current, hence P,. Ty is kept fixed at 15 K. When the
laser is driven in CW, the active region is Joule-heated and Ep
redshifts as P, increases. The color-map of the PL intensity as a
function of energy and QCL driving current is reported in
Figure 4c. Here, the injector doublet™ is marked with labels
“1” and “2”; the excited laser level excitons® are marked with
label “3”; the upper miniband,”* which becomes progressively
populated with the applied electric field, is marked with “uy”;
and the low-energy peaks at low QCL currents correspond to
free excitons and impurity-bound excitons (marked with
“exc”). The position of the main PL peak shifts with increasing
current, as described in Figure 4d, which shows the PL spectra
in the energy range between 1.52 and 1.53 eV, collected while
changing P, from 0 to 8.8 W. The position of the lowest-energy
peak is calculated by fitting the whole spectrum with a
combination of Lorentzian and Lorentzian-exponential func-
tions.”> This procedure is repeated for each value of the QCL
electrical power to determine the dependence of Ep, and in
turn Tp, from P, (Figure 4e). The lattice temperature,
extracted from micro-PL at the center of the laser facet,
increases linearly with P,, with Ry = 3.62 KW', similar to the
value measured by the graphene thermometer (Ryg). The
direct comparison between the error bars in Figures 3e and 4e,
measured with the graphene thermistor and with the
microprobe PL technique, respectively, demonstrates that the
on-chip thermometer provides a better accuracy with respect
to the PL method for temperatures <50 K.

We then monitor, via micro-PL spectroscopy, the substrate
temperature during laser operation. Figure Sa shows character-
istic microprobe PL spectra of the Si-doped GaAs substrate,®”
measured while sweeping Ty in the range of 10—45 K. The
peak at ~1.51S5 eV corresponds to the band-to-band (B—B)
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luminescence of GaAs, i.e,, the energy gap in the bulk, whereas
the peak at ~1.495 eV is attributed to a band-to-acceptor (B—
A) luminescence due to residual carbon impurities, which
typically create an acceptor level in GaAs.®” The intensity ratio
(pap) between the B—A and B—B PL peaks is strongly
dependent on the local temperature, providing an optimal
observable to determine it. Figure Sb compares the Ty
dependencies of the B—B energy (Egg) and p 5. When Ty
is increased from 10 to 45 K, p,p decreases almost linearly
from 1.1 to 0.15, with a slope —0.027 K™', whereas FEgj
decreases by just 2 meV, with an initial flat region that hampers
a correct evaluation of T. We therefore exploit the calibration
of pap(Ths) to estimate the local temperature Ty at different
positions in the GaAs substrate when P, = 9 W (dashed lines in
Figure Sc). When moving from the wafer top-surface along the
vertical direction (red line), Tp decreases exponentially, with a
decay length ~35 um (Figure 5d), approaching Ty close to
the interface between the substrate and the copper plate, where
Tpy, = 162 K. On the other hand, while moving along the
direction parallel to substrate surface (green line, 15 ym below
the surface), Tp, slowly decreases following a linear trend with
a slope of —4.6 Kmm™". From the fits to the data, we can infer
a temperature ~40 K on the substrate top-surface at a position
~200 ym from the ridge corner (black arrow in Figure Sc),
corresponding to the projection of the graphene thermometer
on the chip front-surface. The 9 K discrepancy with the value
reported in Figure 3d (49 K) can be ascribed to the fact that
the graphene thermometer is close to the center of the chip,
whereas the PL measurement is probing a boundary of the
GaAs substrate, which is expected to be colder (see Supporting
Information, Figure S2).

The measured substrate heating reveals that the temperature
drop in the GaAs wafer plays a relevant role in the thermal
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management of the device. Indeed, by using the results in
Figure 5d, we can estimate the temperature at the interface
between the active region and the lower cladding T}, = 42.5 K,
while at the facet center Tp; = 48.5 K, with a bottom-to-center
temperature difference AT, = 6 K. Thus, ~70% of the
temperature increase with respect to Ty takes place in the
substrate. Assuming that the lateral heat extraction is
suppressed in the laser ridge® and using a one-dimensional
model along the growth axis, we derive the relation ATy = 1/
4-(P,R;), from which we estimate the absolute thermal
resistance of the QCL lattice Ry= 2.7 K/W and a cross plane
thermal conductivity k,= d/(R;-A) = 10.2 W/m-K, which is in
agreement with previous results on similar heterostruc-
tures.’>*® We can thus decompose the total thermal resistance
Ry into the contributions of the substrate and the active
region, Rpy = Rg + Ry /4, from which we estimate an absolute
thermal resistance of the GaAs wafer Rg = 2.95 K/W.

CONCLUSIONS

Our experiments demonstrate that the on-chip integrated
graphene thermometer provides a reliable evaluation of the
active region lattice temperature during laser operation,
allowed by the optimal thermal coupling between the laser
ridge and the electrode between the ridges on which the
measurement relies.

The value of T, measured by the graphene thermometer, is
retrieved on a time scale given by the lock-in integration time
constant (30 ms), enabling the active control of the QCL
temperature by measuring Ry (T), rather than by the
conventional control of Ty This can be exploited to directly
stabilize T} and can be applied in different scenarios, e.g. in the
realization of frequency stable THz QCL frequency combs,
where the dependence of the intermode beatnote frequency
Av on the active region temperature (~ —5 MHz K™)** can
lead to drifts in Av, which are unavoidable if the temperature
feedback to the control system is given by Tiyg.

In conclusion, we have demonstrated integrated graphene
thermometers, based on transferred large-area (~1 X 1 cm?)
MLG (commercially available), and monolithically mounted
on a QCL chip. The scalability of the fabrication technique can
allow, as a future perspective, the realization of multiple
thermometers, ideally connected to multiple local heaters and
multiple QCL ridges for the parallel stabilization of the
temperature all over the chip. We have here adopted graphene
for the ease of transfer and manipulation; however, the use of
other 2D materials,”® above all with higher TCR>*? is also
promising and could provide a larger temperature sensitivity
thanks to steeper thermoresistance characteristics. Owing to
the wide spectrum of thermoresistive 2D materials,”>* to the
advancement of synthesis and transfer techniques,”' and to the
general character of the proposed approach,” it can find
application in several electrically pumped radiation sources
operating at different temperatures, such as THz and mid-IR
QCLs, difference frequency generation QCL,”* and infrared
light-emitting diodes in single and large array configurations.

METHODS

Fabrication Procedure. The d = 12 um thick active region is
embedded between a doped ([Si] = 2.0 X 10" cm™) 700 nm thick
GaAs bottom layer and a doped ([Si] = 5.0 X 10"® cm™) 80 nm thick
GaAs top contact layer. The laser bars are defined by means of optical
UV lithography and wet etching of the active region
(H,S0,:H,0,:H,0 with proportion 5.5:4.5:25 mL). Top and bottom
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AuGe/Au (80/100 nm on the top and 80/150 nm on the bottom)
ohmic contacts are then lithographically defined, thermally evapo-
rated, and annealed at 400 °C.

ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsnano.3c01208.

Properties of the MLG thermometers as a function of
the number of layers (section S1) and thermal
simulations of the quantum cascade laser chip and
cold-unit (section S2) (PDF)

AUTHOR INFORMATION

Corresponding Author
Miriam S. Vitiello — NEST, CNR - Istituto Nanoscienze and
Scuola Normale Superiore, 56127 Pisa, Italy; © orcid.org/
0000-0002-4914-0421; Email: miriam.vitiello@sns.it

Authors

Leonardo Viti — NEST, CNR - Istituto Nanoscienze and
Scuola Normale Superiore, 56127 Pisa, Italy; © orcid.org/
0000-0002-4844-2081

Elisa Riccardi — NEST, CNR - Istituto Nanoscienze and
Scuola Normale Superiore, 56127 Pisa, Italy; © orcid.org/
0000-0001-6019-4247

Harvey E. Beere — Cavendish Laboratory, University of
Cambridge, Cambridge CB3 OHE, U.K.

David A. Ritchie — Cavendish Laboratory, University of
Cambridge, Cambridge CB3 OHE, U.K.

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsnano.3c01208

Author Contributions
SL.V. and E.R. contributed equally to the work

Notes
The authors declare no competing financial interest.

ACKNOWLEDGMENTS

The authors would like to acknowledge Dr. F. Fabbri for useful
discussions. We acknowledge funding from the European
Union Graphene Flagship (core 3), the ERC Grants (681379)
SPRINT, and the European Union under the Italian National
Recovery and Resilience Plan (NRRP) of Next Generation EU,
partnership on “Telecommunications of the Future”
(PE00000001 - program “RESTART”, Structural Project
DREAMS).

REFERENCES

(1) Pipe, K. P.; Ram, R. J. Comprehensive Heat Exchange Model for
a Semiconductor Laser Diode. IEEE Photonics Technol. Lett. 2003, 15
(4), 504—506.

(2) Gmachl, C; Capasso, F.; Sivco, D. L; Cho, A. Y. Recent
Progress in Quantum Cascade Lasers and Applications. Rep. Prog.
Phys. 2001, 64 (11), 1533—1601.

(3) Faist, J. Wallplug Efficiency of Quantum Cascade Lasers: Critical
Parameters and Fundamental Limits. Appl. Phys. Lett. 2007, 90 (25),
253512.

(4) Vitiello, M. S.; Scamarcio, G.; Spagnolo, V.; Dhillon, S. S;
Sirtori, C. Terahertz Quantum Cascade Lasers with Large Wall-Plug
Efficiency. Appl. Phys. Lett. 2007, 90 (19), 191115.

(5) Khurgin, J. B.; Dikmelik, Y.; Liu, P. Q.; Hoffman, A. J.; Escarra,
M. D,; Franz, K. J.; Gmachl, C. F. Role of Interface Roughness in the

https://doi.org/10.1021/acsnano.3c01208
ACS Nano 2023, 17, 6103-6112


https://pubs.acs.org/doi/10.1021/acsnano.3c01208?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c01208/suppl_file/nn3c01208_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Miriam+S.+Vitiello"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4914-0421
https://orcid.org/0000-0002-4914-0421
mailto:miriam.vitiello@sns.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Leonardo+Viti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4844-2081
https://orcid.org/0000-0002-4844-2081
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Elisa+Riccardi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6019-4247
https://orcid.org/0000-0001-6019-4247
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Harvey+E.+Beere"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+A.+Ritchie"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c01208?ref=pdf
https://doi.org/10.1109/LPT.2003.809308
https://doi.org/10.1109/LPT.2003.809308
https://doi.org/10.1088/0034-4885/64/11/204
https://doi.org/10.1088/0034-4885/64/11/204
https://doi.org/10.1063/1.2747190
https://doi.org/10.1063/1.2747190
https://doi.org/10.1063/1.2737129
https://doi.org/10.1063/1.2737129
https://doi.org/10.1063/1.3093819
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c01208?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

Transport and Lasing Characteristics of Quantum-Cascade Lasers.
Appl. Phys. Lett. 2009, 94 (9), No. 091101.

(6) Vitiello, M. S.; Scamarcio, G.; Spagnolo, V. Time-Resolved
Measurement of the Local Lattice Temperature in Terahertz
Quantum Cascade Lasers. Appl. Phys. Lett. 2008, 92 (10), 101116.

(7) Yi, H. J.; Diaz, J.; Eliashevich, L; Stanton, M.; Erdtmann, M.; He,
X.; Wang, L. J.; Razeghi, M. Temperature Dependence of Threshold
Current Density Jth and Differential Efficiency Hd of High-power
InGaAsP/GaAs (A=0.8 Mm). Lasers. Appl. Phys. Lett. 1995, 66 (3),
253-25S.

(8) Kippenberg, T. J.; Gaeta, A. L.; Lipson, M.; Gorodetsky, M. L.
Dissipative Kerr Solitons in Optical Microresonators. Science 2018,
361 (6402), No. eaan8083.

(9) Consolino, L.; Cappelli, F.; Cumis, M. S. de; Natale, P. D. QCL-
Based Frequency Metrology from the Mid-Infrared to the THz
Range: A Review. Nanophotonics 2018, 8 (2), 181—204.

(10) Holzwarth, R;; Udem, Th,; Hinsch, T. W,; Knight, J. C;
Wadsworth, W. J; Russell, P. St. J. Optical Frequency Synthesizer for
Precision Spectroscopy. Phys. Rev. Lett. 2000, 85 (11), 2264—2267.

(11) Adam, A. J. L. Review of Near-Field Terahertz Measurement
Methods and Their Applications. J. Infrared Millim. Terahertz Waves
2011, 32 (8), 976.

(12) Dean, P.; Mitrofanov, O.; Keeley, J.; Kundu, L; Li, L.; Linfield,
E. H; Giles Davies, A. Apertureless Near-Field Terahertz Imaging
Using the Self-Mixing Effect in a Quantum Cascade Laser. Appl. Phys.
Lett. 2016, 108 (9), No. 091113.

(13) Giordano, M. C,; Mastel, S.; Liewald, C.; Columbo, L. L.;
Brambilla, M.; Viti, L.; Politano, A.; Zhang, K; Li, L.; Davies, A. G,;
Linfield, E. H.; Hillenbrand, R.; Keilmann, F.; Scamarcio, G.; Vitiello,
M. S. Phase-Resolved Terahertz Self-Detection near-Field Micros-
copy. Opt. Express 2018, 26 (14), 18423—1843S.

(14) Pogna, E. A. A;; Silvestri, C.; Columbo, L. L.; Brambilla, M.;
Scamarcio, G.; Vitiello, M. S. Terahertz Near-Field Nanoscopy Based
on Detectorless Laser Feedback Interferometry under Different
Feedback Regimes. APL Photonics 2021, 6 (6), No. 061302.

(15) Pistore, V,; Pogna, E. A. A; Viti, L; Li, L; Davies, A. G,;
Linfield, E. H; Vitiello, M. S. Self-Induced Phase Locking of
Terahertz Frequency Combs in a Phase-Sensitive Hyperspectral Near-
Field Nanoscope. Adv. Sci. 2022, 9 (28), 2200410.

(16) Vitiello, M. S.; Scamarcio, G.; Spagnolo, V. Temperature
Dependence of Thermal Conductivity and Boundary Resistance in
THz Quantum Cascade Lasers. IEEE ]. Sel. Top. Quantum Electron.
2008, 14 (2), 431—435.

(17) Chen, G. Thermal Conductivity and Ballistic-Phonon Trans-
port in the Cross-Plane Direction of Superlattices. Phys. Rev. B 1998,
57 (23), 14958—14973.

(18) Cahill, D. G,; Ford, W. K;; Goodson, K. E.; Mahan, G. D.;
Majumdar, A,; Maris, H. J.; Merlin, R; Phillpot, S. R. Nanoscale
Thermal Transport. J. Appl. Phys. 2003, 93 (2), 793—818.

(19) Vitiello, M. S.; Scamarcio, G.; Spagnolo, V.; Alton, J.; Barbieri,
S.; Worrall, C.; Beere, H. E.; Ritchie, D. A,; Sirtori, C. Thermal
Properties of THz Quantum Cascade Lasers Based on Different
Optical Waveguide Configurations. Appl. Phys. Lett. 2006, 89 (2),
No. 021111.

(20) Evans, C. A; Indjin, D.; Ikonic, Z.; Harrison, P.; Vitiello, M. S.;
Spagnolo, V.; Scamarcio, G. Thermal Modeling of Terahertz
Quantum-Cascade Lasers: Comparison of Optical Waveguides.
IEEE ]. Quantum Electron. 2008, 44 (7), 680—68S.

(21) Spagnolo, V.; Scamarcio, G.; Marano, D.; Troccoli M,;
Capasso, F.; Gmachl, C.; Sergent, A. M.; Hutchinson, A. L.; Sivco, D.
L; Cho, A. Y,; Page, H.; Becker, C; Sirtori, C. Thermal
Characteristics of Quantum-Cascade Lasers by Micro-Probe Optical
Spectroscopy. IEE Proc. - Optoelectron. 2003, 150 (4), 298—30S.

(22) Vitiello, M. S.; Scamarcio, G.; Spagnolo, V.; Worrall, C.; Beere,
H. E.; Ritchie, D. A,; Sirtori, C.; Alton, J.; Barbieri, S. Subband
Electronic Temperatures and Electron-Lattice Energy Relaxation in
Terahertz Quantum Cascade Lasers with Different Conduction Band
Offsets. Appl. Phys. Lett. 2006, 89 (13), 131114.

6110

(23) Vitiello, M. S.; Scamarcio, G.; Faist, J.; Scalari, G.; Walther, C.;
Beere, H. E.; Ritchie, D. A. Probing Quantum Efficiency by Laser-
Induced Hot-Electron Cooling. Appl. Phys. Lett. 2009, 94 (2),
No. 021115.

(24) Spagnolo, V.; Scamarcio, G.; Page, H.; Sirtori, C. Simultaneous
Measurement of the Electronic and Lattice Temperatures in GaAs/
Al0.45Ga0.55As Quantum-Cascade Lasers: Influence on the Optical
Performance. Appl. Phys. Lett. 2004, 84 (18), 3690—3692.

(25) Spagnolo, V.; Troccoli, M.; Scamarcio, G.; Becker, C.; Glastre,
G.; Sirtori, C. Facet Temperature Mapping of GaAs/AlGaAs
Quantum Cascade Lasers by Photoluminescence Microprobe. Opt.
Mater. 2001, 17 (1), 219—222.

(26) Faist, J.; Capasso, F.; Sirtori, C.; Sivco, D. L.; Hutchinson, A. L.;
Cho, A. Y. Continuous Wave Operation of a Vertical Transition
Quantum Cascade Laser above T = 80 K. Appl. Phys. Lett. 1995, 67
(21), 3057—3059.

(27) Wienold, M.; Semtsiv, M. P.; Bayrakli, I.; Masselink, W. T.;
Ziegler, M.; Kennedy, K,; Hogg, R. Optical and Thermal Character-
istics of Narrow-Ridge Quantum-Cascade Lasers. J. Appl. Phys. 2008,
103 (8), No. 083113.

(28) Pfliigl, C.; Litzenberger, M.; Schrenk, W.; Pogany, D.; Gornik,
E.; Strasser, G. Interferometric Study of Thermal Dynamics in GaAs-
Based Quantum-Cascade Lasers. Appl. Phys. Lett. 2003, 82 (11),
1664—1666.

(29) Krall, M.; Bachmann, D.; Deutsch, C.; Brandstetter, M.; Detz,
H.; Andrews, A. M.; Schrenk, W.; Strasser, G.; Unterrainer, K. All-
Electrical Thermal Monitoring of Terahertz Quantum Cascade
Lasers. IEEE Photonics Technol. Lett. 2014, 26 (14), 1470—1473.

(30) Kainz, M. A,; Wenclawiak, M.; Schonhuber, S.; Jaidl, M.;
Limbacher, B.; Andrews, A. M.; Detz, H.; Strasser, G.; Unterrainer, K.
Thermal-Dynamics Optimization of Terahertz Quantum Cascade
Lasers with Different Barrier Compositions. Phys. Rev. Appl. 2020, 14
(5), No. 054012.

(31) Biasco, S.; Garrasi, K;; Castellano, F.; Li, L.; Beere, H. E.;
Ritchie, D. A.; Linfield, E. H.; Davies, A. G.; Vitiello, M. S.
Continuous-Wave Highly-Efficient Low-Divergence Terahertz Wire
Lasers. Nat. Commun. 2018, 9 (1), 1122.

(32) Biasco, S.; Beere, H. E,; Ritchie, D. A,; Li, L.; Davies, A. G.;
Linfield, E. H,; Vitiello, M. S. Frequency-Tunable Continuous-Wave
Random Lasers at Terahertz Frequencies. Light Sci. Appl. 2019, 8 (1),
43.

(33) Vitiello, M. S.; Nobile, M.; Ronzani, A.; Tredicucci, A;
Castellano, F.; Talora, V.; Li, L.; Linfield, E. H.; Davies, A. G.
Photonic Quasi-Crystal Terahertz Lasers. Nat. Commun. 2014, 5 (1),
5884.

(34) Wang, F; Nong, H.; Fobbe, T.; Pistore, V.; Houver, S,;
Markmann, S.; Jukam, N.; Amanti, M,; Sirtori, C.; Moumdji, S.;
Colombelli, R.; Li, L.; Linfield, E.; Davies, G.; Mangeney, J.; Tignon,
J.; Dhillon, S. Short Terahertz Pulse Generation from a Dispersion
Compensated Modelocked Semiconductor Laser. Laser Photonics Rev.
2017, 11 (4), 1700013.

(35) Li, Z.; Wan, W.; Zhou, K; Liao, X; Yang, S.; Fu, Z.; Cao, J. C;
Li, H. On-Chip Dual-Comb Source Based on Terahertz Quantum
Cascade Lasers Under Microwave Double Injection. Phys. Rev. Appl.
2019, 12 (4), No. 044068.

(36) Rosch, M.; Scalari, G.; Villares, G.; Bosco, L.; Beck, M.; Faist, J.
On-Chip, Self-Detected Terahertz Dual-Comb Source. Appl. Phys.
Lett. 2016, 108 (17), 171104.

(37) Viti, L.; Purdie, D. G.; Lombardo, A.; Ferrari, A. C.; Vitiello, M.
S. HBN-Encapsulated, Graphene-Based, Room-Temperature Tera-
hertz Receivers, with High Speed and Low Noise. Nano Lett. 2020, 20
(5), 3169—3177.

(38) Chakraborty, S.; Marshall, O. P.; Folland, T. G.; Kim, Y.-J;
Grigorenko, A. N.; Novoselov, K. S. Gain Modulation by Graphene
Plasmons in Aperiodic Lattice Lasers. Science 2016, 351 (6270), 246—
248.

(39) Liang, G.; Hu, X; Yu, X; Shen, Y.; Li, L. H.; Davies, A. G;
Linfield, E. H,; Liang, H. K; Zhang, Y,; Yu, S. F; Wang, Q. J.

https://doi.org/10.1021/acsnano.3c01208
ACS Nano 2023, 17, 6103-6112


https://doi.org/10.1063/1.3093819
https://doi.org/10.1063/1.2894585
https://doi.org/10.1063/1.2894585
https://doi.org/10.1063/1.2894585
https://doi.org/10.1063/1.114193
https://doi.org/10.1063/1.114193
https://doi.org/10.1063/1.114193
https://doi.org/10.1126/science.aan8083
https://doi.org/10.1515/nanoph-2018-0076
https://doi.org/10.1515/nanoph-2018-0076
https://doi.org/10.1515/nanoph-2018-0076
https://doi.org/10.1103/PhysRevLett.85.2264
https://doi.org/10.1103/PhysRevLett.85.2264
https://doi.org/10.1007/s10762-011-9809-2
https://doi.org/10.1007/s10762-011-9809-2
https://doi.org/10.1063/1.4943088
https://doi.org/10.1063/1.4943088
https://doi.org/10.1364/OE.26.018423
https://doi.org/10.1364/OE.26.018423
https://doi.org/10.1063/5.0048099
https://doi.org/10.1063/5.0048099
https://doi.org/10.1063/5.0048099
https://doi.org/10.1002/advs.202200410
https://doi.org/10.1002/advs.202200410
https://doi.org/10.1002/advs.202200410
https://doi.org/10.1109/JSTQE.2007.910102
https://doi.org/10.1109/JSTQE.2007.910102
https://doi.org/10.1109/JSTQE.2007.910102
https://doi.org/10.1103/PhysRevB.57.14958
https://doi.org/10.1103/PhysRevB.57.14958
https://doi.org/10.1063/1.1524305
https://doi.org/10.1063/1.1524305
https://doi.org/10.1063/1.2220546
https://doi.org/10.1063/1.2220546
https://doi.org/10.1063/1.2220546
https://doi.org/10.1109/JQE.2008.922327
https://doi.org/10.1109/JQE.2008.922327
https://doi.org/10.1049/ip-opt:20030610
https://doi.org/10.1049/ip-opt:20030610
https://doi.org/10.1049/ip-opt:20030610
https://doi.org/10.1063/1.2357042
https://doi.org/10.1063/1.2357042
https://doi.org/10.1063/1.2357042
https://doi.org/10.1063/1.2357042
https://doi.org/10.1063/1.3054644
https://doi.org/10.1063/1.3054644
https://doi.org/10.1063/1.1739518
https://doi.org/10.1063/1.1739518
https://doi.org/10.1063/1.1739518
https://doi.org/10.1063/1.1739518
https://doi.org/10.1016/S0925-3467(01)00083-0
https://doi.org/10.1016/S0925-3467(01)00083-0
https://doi.org/10.1063/1.114863
https://doi.org/10.1063/1.114863
https://doi.org/10.1063/1.2907862
https://doi.org/10.1063/1.2907862
https://doi.org/10.1063/1.1561582
https://doi.org/10.1063/1.1561582
https://doi.org/10.1109/LPT.2014.2326043
https://doi.org/10.1109/LPT.2014.2326043
https://doi.org/10.1109/LPT.2014.2326043
https://doi.org/10.1103/PhysRevApplied.14.054012
https://doi.org/10.1103/PhysRevApplied.14.054012
https://doi.org/10.1038/s41467-018-03440-4
https://doi.org/10.1038/s41467-018-03440-4
https://doi.org/10.1038/s41377-019-0152-z
https://doi.org/10.1038/s41377-019-0152-z
https://doi.org/10.1038/ncomms6884
https://doi.org/10.1002/lpor.201700013
https://doi.org/10.1002/lpor.201700013
https://doi.org/10.1103/PhysRevApplied.12.044068
https://doi.org/10.1103/PhysRevApplied.12.044068
https://doi.org/10.1063/1.4948358
https://doi.org/10.1021/acs.nanolett.9b05207?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.9b05207?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.aad2930
https://doi.org/10.1126/science.aad2930
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c01208?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

Integrated Terahertz Graphene Modulator with 100% Modulation
Depth. ACS Photonics 2015, 2 (11), 1559—1566.

(40) Mezzapesa, F. P.; Garrasi, K; Schmidt, J.; Salemi, L.; Pistore,
V.; Li, L; Davies, A. G.; Linfield, E. H.; Riesch, M.; Jirauschek, C,;
Carey, T.; Torrisi, F.; Ferrari, A. C.; Vitiello, M. S. Terahertz
Frequency Combs Exploiting an On-Chip, Solution-Processed,
Graphene-Quantum Cascade Laser Coupled-Cavity. ACS Photonics
2020, 7 (12), 3489—3498.

(41) Geim, A. K; Novoselov, K. S. The Rise of Graphene. Nat.
Mater. 2007, 6, 183—191.

(42) Ahn, C; Fong, S. W.; Kim, Y.; Lee, S.; Sood, A.; Neumann, C.
M.; Asheghi, M.; Goodson, K. E.; Pop, E.; Wong, H.-S. P. Energy-
Efficient Phase-Change Memory with Graphene as a Thermal Barrier.
Nano Lett. 2015, 15 (10), 6809—6814.

(43) Saeed, M.; Palacios, P.; Wei, M.-D.; Baskent, E.; Fan, C.-Y.;
Uzlu, B,; Wang, K-T.; Hemmetter, A,; Wang, Z.; Neumaier, D.;
Lemme, M. C.; Negra, R. Graphene-Based Microwave Circuits: A
Review. Adv. Mater. 2022, 34 (48), 2108473.

(44) Bonaccorso, F.; Sun, Z.; Hasan, T.; Ferrari, A. C. Graphene
Photonics and Optoelectronics. Nat. Photonics 2010, 4 (9), 611—622.

(45) Romagnoli, M.; Sorianello, V.; Midrio, M.; Koppens, F. H. L;
Huyghebaert, C.; Neumaier, D; Galli, P.; Templ, W.; D’Errico, A,;
Ferrari, A. C. Graphene-Based Integrated Photonics for next-
Generation Datacom and Telecom. Nat. Rev. Mater. 2018, 3 (10),
392—414.

(46) Goossens, S.; Navickaite, G.; Monasterio, C.; Gupta, S,;
Piqueras, J. J.; Pérez, R.; Burwell, G.; Nikitskiy, I; Lasanta, T.; Galan,
T.; Puma, E.; Centeno, A.; Pesquera, A.; Zurutuza, A.; Konstantatos,
G.; Koppens, F. Broadband Image Sensor Array Based on Graphene—
CMOS Integration. Nat. Photonics 2017, 11 (6), 366—371.

(47) Liu, M,; Yin, X; Ulin-Avila, E.; Geng, B.; Zentgraf, T.; Ju, L;
Wang, F.; Zhang, X. A Graphene-Based Broadband Optical
Modulator. Nature 2011, 474 (7349), 64—67.

(48) Sorianello, V.; Midrio, M.; Contestabile, G.; Asselberghs, I;
Van Campenhout, J.; Huyghebaert, C.; Goykhman, I; Ott, A. K;
Ferrari, A. C.,; Romagnoli, M. Graphene—Silicon Phase Modulators
with Gigahertz Bandwidth. Nat. Photonics 2018, 12 (1), 40—44.

(49) Phare, C. T.; Daniel Lee, Y.-H.; Cardenas, J.; Lipson, M.
Graphene Electro-Optic Modulator with 30 GHz Bandwidth. Nat.
Photonics 2015, 9 (8), 511-514.

(50) Johnson, L. A. Controlling Temperatures of Diode Lasers and
Detectors Thermoelectrically. Lasers & Opt. 1988, 109—113.

(51) Lee, M.; Mazaheri, A;; van der Zant, H. S. J.; Frisenda, R.;
Castellanos-Gomez, A. Drawing WS 2 Thermal Sensors on Paper
Substrates. Nanoscale 2020, 12 (43), 22091—22096.

(52) Ko, T.-S; Lin, E.-T.; Huang, X.-W.; Wu, P.-T.; Yang, Y.-L.
High-Temperature Coefficient of Resistance in MoxW1—xS2 Thin
Film. Appl. Sci. 2022, 12 (10), S110.

(53) Zhou, Y.; Miao, Y.; Ojo, S.; Tran, H.; Abernathy, G.; Grant, J.
M.,; Amoah, S.; Salamo, G.; Du, W,; Liu, J.; Margetis, J.; Tolle, J.;
Zhang, Y.; Sun, G.; Soref, R. A,; Li, B.; Yu, S.-Q. Electrically Injected
GeSn Lasers on Si Operating up to 100 K. Optica 2020, 7 (8), 924—
928.

(54) Williams, B. S. Terahertz Quantum-Cascade Lasers. Nat.
Photonics 2007, 1 (9), 517—525.

(55) Ferrari, A. C.; Meyer, J. C.; Scardaci, V.; Casiraghi, C.; Lazzeri,
M.,; Mauri, F; Piscanec, S.; Jiang, D.; Novoselov, K. S.; Roth, S.;
Geim, A. K. Raman Spectrum of Graphene and Graphene Layers.
Phys. Rev. Lett. 2006, 97 (18), No. 187401.

(56) Lenski, D. R.; Fuhrer, M. S. Raman and Optical Character-
ization of Multilayer Turbostratic Graphene Grown via Chemical
Vapor Deposition. J. Appl. Phys. 2011, 110 (1), No. 013720.

(57) Eckmann, A.; Felten, A.; Mishchenko, A.; Britnell, L.; Krupke,
R.; Novoselov, K. S.; Casiraghi, C. Probing the Nature of Defects in
Graphene by Raman Spectroscopy. Nano Lett. 2012, 12 (8), 3925—
3930.

(58) Ferrari, A. C. Raman Spectroscopy of Graphene and Graphite:
Disorder, Electron—Phonon Coupling, Doping and Nonadiabatic
Effects. Solid State Commun. 2007, 143 (1), 47-57.

6111

(59) Michel, M.; Biswas, C.; Tiwary, C. S.; Saenz, G. A.; Hossain, R.
F.; Ajayan, P; Kaul, A. B. A Thermally-Invariant, Additively
Manufactured, High-Power Graphene Resistor for Flexible Elec-
tronics. 2D Mater. 2017, 4 (2), No. 025076.

(60) Yan, C.; Wang, J.; Lee, P. S. Stretchable Graphene Thermistor
with Tunable Thermal Index. ACS Nano 2015, 9 (2), 2130—2137.

(61) Brammertz, G.; Mols, Y.; Degroote, S.; Motsnyi, V.; Leys, M.;
Borghs, G.; Caymax, M. Low-Temperature Photoluminescence Study
of Thin Epitaxial GaAs Films on Ge Substrates. J. Appl. Phys. 2006, 99
(9), No. 093514.

(62) Gilleo, M. A,; Bailey, P. T.; Hill, D. E. Free-Carrier and Exciton
Recombination Radiation in GaAs. Phys. Rev. 1968, 174 (3), 898—
905S.

(63) Varshni, Y. P. Temperature Dependence of the Energy Gap in
Semiconductors. Physica 1967, 34 (1), 149—154.

(64) Vitiello, M. S.; Scamarcio, G.; Spagnolo, V.; Losco, T.; Green,
R. P.; Tredicucci, A.; Beere, H. E.; Ritchie, D. A. Electron-Lattice
Coupling in Bound-to-Continuum THz Quantum-Cascade Lasers.
Appl. Phys. Lett. 2006, 88 (24), 241109.

(65) Vitiello, M. S.; Scamarcio, G.; Spagnolo, V.; Williams, B. S.;
Kumar, S;; Hu, Q.; Reno, J. L. Measurement of Subband Electronic
Temperatures and Population Inversion in THz Quantum-Cascade
Lasers. Appl. Phys. Lett. 2005, 86 (11), 111115.

(66) Mooney, J.; Krause, M. M.; Kambhampati, P. Connecting the
Dots: The Kinetics and Thermodynamics of Hot, Cold, and Surface-
Trapped Excitons in Semiconductor Nanocrystals. J. Phys. Chem. C
2014, 118 (14), 7730—7739.

(67) Hudait, M. K;; Modak, P.; Hardikar, S.; Krupanidhi, S. B.
Photoluminescence Studies on Si-Doped GaAs/Ge. J. Appl. Phys.
1998, 83 (8), 4454—4461.

(68) Vitiello, M. S.; Scamarcio, G.; Spagnolo, V. Temperature
Dependence of Thermal Conductivity and Boundary Resistance in
THz Quantum Cascade Lasers. IEEE ]. Sel. Top. Quantum Electron.
2008, 14 (2), 431—435.

(69) Garrasi, K.; Mezzapesa, F. P.; Salemi, L.; Li, L.; Consolino, L.;
Bartalini, S.; De Natale, P.; Davies, A. G.; Linfield, E. H.; Vitiello, M.
S. High Dynamic Range, Heterogeneous, Terahertz Quantum
Cascade Lasers Featuring Thermally Tunable Frequency Comb
Operation over a Broad Current Range. ACS Photonics 2019, 6 (1),
73-78.

(70) Mitrofanov, O.; Viti, L; Dardanis, E; Giordano, M. C.;
Ercolani, D.; Politano, A.; Sorba, L. Vitiello, M. S. Near-field
terahertz probes with room-temperature nanodetectors for subwave-
length resolution imaging. Sci. Rep. 2017, 7, 44240.

(71) Backes, C.; Abdelkader, A. M.; Alonso, C.; Andrieux-Ledier, A.;
Arenal, R.; Azpeitia, J.; Balakrishnan, N.; Banszerus, L.; Barjon, J;
Bartali, R.; Bellani, S.; Berger, C.; Berger, R; Ortega, M. M. B,;
Bernard, C.; Beton, P. H.; Beyer, A; Bianco, A, Beggild, P.;
Bonaccorso, F.; Barin, G. B.; Botas, C.; Bueno, R. A.; Carriazo, D.;
Castellanos-Gomez, A.; Christian, M.; Ciesielski, A.; Ciuk, T.; Cole,
M. T.; Coleman, J.; Coletti, C.; Crema, L.; Cun, H,; Dasler, D.; De
Fazio, D.; Diez, N.; Drieschner, S.; Duesberg, G. S.; Fasel, R.; Feng,
X.; Fina, A,; Forti, S,; Galiotis, C.; Garberoglio, G.; Garcia, J. M,;
Garrido, J. A.; Gibertini, M.; Golzhiuser, A.; Gomez, J.; Greber, T.;
Hauke, F.; Hemmi, A.; Hernandez-Rodriguez, 1; Hirsch, A.; Hodge,
S. A; Huttel, Y.; Jepsen, P. U.; Jimenez, L; Kaiser, U.; Kaplas, T.; Kim,
H.,; Kis, A.; Papagelis, K.; Kostarelos, K,; Krajewska, A,; Lee, K; Li,
C.; Lipsanen, H.; Liscio, A.; Lohe, M. R;; Loiseau, A.; Lombardi, L.;
Lopez, M. F.; Martin, O.; Martin, C,; Martinez, L.; Martin-Gago, J. A,;
Martinez, J. I; Marzari, N.; Mayoral, A.; McManus, J.; Melucci, M.;
Méndez, J.; Merino, C.; Merino, P.; Meyer, A. P.; Miniussi, E.;
Miseikis, V.; Mishra, N.; Morandi, V.; Munuera, C.; Munoz, R;
Nolan, H.; Ortolani, L.; Ott, A. K; Palacio, I; Palermo, V;
Parthenios, J.; Pasternak, I.; Patane, A.; Prato, M. Prevost, H.;
Prudkovskiy, V.; Pugno, N.; Rojo, T.; Rossi, A.; Ruffieux, P.; Samori,
P.; Schué, L; Setijadi, E.; Seyller, T.; Speranza, G.; Stampfer, C,;
Stenger, I; Strupinski, W.; Svirko, Y.; Taioli, S.; Teo, K. B. K.; Testi,
M.; Tomarchio, F.; Tortello, M.; Treossi, E.; Turchanin, A.; Vazquez,
E,; Villaro, E.; Whelan, P. R.; Xia, Z.; Yakimova, R.; Yang, S.; Yazdi, G.

https://doi.org/10.1021/acsnano.3c01208
ACS Nano 2023, 17, 6103-6112


https://doi.org/10.1021/acsphotonics.5b00317?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.5b00317?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.0c01523?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.0c01523?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.0c01523?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nmat1849
https://doi.org/10.1021/acs.nanolett.5b02661?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5b02661?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.202108473
https://doi.org/10.1002/adma.202108473
https://doi.org/10.1038/nphoton.2010.186
https://doi.org/10.1038/nphoton.2010.186
https://doi.org/10.1038/s41578-018-0040-9
https://doi.org/10.1038/s41578-018-0040-9
https://doi.org/10.1038/nphoton.2017.75
https://doi.org/10.1038/nphoton.2017.75
https://doi.org/10.1038/nature10067
https://doi.org/10.1038/nature10067
https://doi.org/10.1038/s41566-017-0071-6
https://doi.org/10.1038/s41566-017-0071-6
https://doi.org/10.1038/nphoton.2015.122
https://doi.org/10.1039/D0NR06036D
https://doi.org/10.1039/D0NR06036D
https://doi.org/10.3390/app12105110
https://doi.org/10.3390/app12105110
https://doi.org/10.1364/OPTICA.395687
https://doi.org/10.1364/OPTICA.395687
https://doi.org/10.1038/nphoton.2007.166
https://doi.org/10.1103/PhysRevLett.97.187401
https://doi.org/10.1063/1.3605545
https://doi.org/10.1063/1.3605545
https://doi.org/10.1063/1.3605545
https://doi.org/10.1021/nl300901a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl300901a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ssc.2007.03.052
https://doi.org/10.1016/j.ssc.2007.03.052
https://doi.org/10.1016/j.ssc.2007.03.052
https://doi.org/10.1088/2053-1583/aa66ff
https://doi.org/10.1088/2053-1583/aa66ff
https://doi.org/10.1088/2053-1583/aa66ff
https://doi.org/10.1021/nn507441c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn507441c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.2194111
https://doi.org/10.1063/1.2194111
https://doi.org/10.1103/PhysRev.174.898
https://doi.org/10.1103/PhysRev.174.898
https://doi.org/10.1016/0031-8914(67)90062-6
https://doi.org/10.1016/0031-8914(67)90062-6
https://doi.org/10.1063/1.2211301
https://doi.org/10.1063/1.2211301
https://doi.org/10.1063/1.1886266
https://doi.org/10.1063/1.1886266
https://doi.org/10.1063/1.1886266
https://doi.org/10.1021/jp502102a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp502102a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp502102a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.367206
https://doi.org/10.1109/JSTQE.2007.910102
https://doi.org/10.1109/JSTQE.2007.910102
https://doi.org/10.1109/JSTQE.2007.910102
https://doi.org/10.1021/acsphotonics.8b01483?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.8b01483?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.8b01483?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/srep44240
https://doi.org/10.1038/srep44240
https://doi.org/10.1038/srep44240
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c01208?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

R; Yim, C.; Yoon, D.; Zhang, X.; Zhuang, X.; Colombo, L.; Ferrari, A.
C.; Garcia-Hernandez, M. Production and Processing of Graphene
and Related Materials. 2D Mater. 2020, 7 (2), No. 022001.

(72) Fujita, K; Jung, S.; Jiang, Y.; Kim, J. H.; Nakanishi, A.; Ito, A;
Hitaka, M.; Edamura, T.; Belkin, M. A. Recent Progress in Terahertz
Difference-Frequency Quantum Cascade Laser Sources. Nanopho-
tonics 2018, 7 (11), 1795—1817.

6112

[0 Recommended by ACS

Graphene Nano-Optics in the Terahertz Gap

Flavio H. Feres, Francisco C. B. Maia, et al.
MAY 01, 2023

NANO LETTERS READ &'

Graphene Photonics I/Q Modulator for Advanced
Modulation Formats

Vito Sorianello, Marco Romagnoli, et al.

MAY 04,2023

ACS PHOTONICS READ &

Ultrafast Graphene-Plasmonic Hybrid Metasurface
Saturable Absorber with Low Saturation Fluence

Md Zubair Ebne Rafique, Yu Yao, et al.
MAY 15,2023

ACS NANO READ (&

Ultralow-noise Terahertz Detection by p—n Junctions in
Gapped Bilayer Graphene

Elena Titova, Dmitry Svintsov, et al.
APRIL 24, 2023

ACS NANO READ &'

Get More Suggestions >

https://doi.org/10.1021/acsnano.3c01208
ACS Nano 2023, 17, 6103-6112


https://doi.org/10.1088/2053-1583/ab1e0a
https://doi.org/10.1088/2053-1583/ab1e0a
https://doi.org/10.1515/nanoph-2018-0093
https://doi.org/10.1515/nanoph-2018-0093
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c01208?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/doi/10.1021/acs.nanolett.3c00578?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acs.nanolett.3c00578?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acs.nanolett.3c00578?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acs.nanolett.3c00578?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acs.nanolett.3c00578?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acs.nanolett.3c00578?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acs.nanolett.3c00578?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acs.nanolett.3c00578?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acs.nanolett.3c00578?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acs.nanolett.3c00578?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acs.nanolett.3c00578?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acs.nanolett.3c00578?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acs.nanolett.3c00578?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acs.nanolett.3c00578?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acs.nanolett.3c00578?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acsphotonics.3c00015?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acsphotonics.3c00015?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acsphotonics.3c00015?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acsphotonics.3c00015?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acsphotonics.3c00015?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acsphotonics.3c00015?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acsphotonics.3c00015?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acsphotonics.3c00015?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acsphotonics.3c00015?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acsphotonics.3c00015?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acsphotonics.3c00015?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acsphotonics.3c00015?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acsphotonics.3c00015?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acsphotonics.3c00015?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acsphotonics.3c00015?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acsphotonics.3c00015?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acsphotonics.3c00015?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acsphotonics.3c00015?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acsnano.3c01122?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acsnano.3c01122?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acsnano.3c01122?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acsnano.3c01122?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acsnano.3c01122?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acsnano.3c01122?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acsnano.3c01122?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acsnano.3c01122?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acsnano.3c01122?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acsnano.3c01122?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acsnano.3c01122?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acsnano.3c01122?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acsnano.3c01122?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acsnano.3c01122?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acsnano.3c01122?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acsnano.3c01122?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acsnano.3c01122?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acsnano.3c01122?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acsnano.3c01122?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acsnano.3c01122?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acsnano.3c01122?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acsnano.3c01122?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acsnano.2c12285?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acsnano.2c12285?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acsnano.2c12285?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acsnano.2c12285?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acsnano.2c12285?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acsnano.2c12285?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acsnano.2c12285?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acsnano.2c12285?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acsnano.2c12285?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acsnano.2c12285?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acsnano.2c12285?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acsnano.2c12285?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acsnano.2c12285?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acsnano.2c12285?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acsnano.2c12285?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acsnano.2c12285?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acsnano.2c12285?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acsnano.2c12285?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acsnano.2c12285?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acsnano.2c12285?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acsnano.2c12285?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acsnano.2c12285?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acsnano.2c12285?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
http://pubs.acs.org/doi/10.1021/acsnano.2c12285?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1689503115&referrer_DOI=10.1021%2Facsnano.3c01208
https://preferences.acs.org/ai_alert?follow=1

