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Abstract

Graphene quantum dots (GQDs) have recently attracted considerable attention, with ap-
pealing properties for terahertz (THz) technology. This includes the demonstration of large
thermal bolometric effects in GQDs when illuminated by THz radiation. However, the inter-
action of THz photons with GQDs in the Coulomb blockade regime - single electron transport
regime - remains unexplored. Here, we demonstrate the ultrasensitive photoresponse to THz
radiation (from <0.1 to 10 THz) of a hBN-encapsulated GQD in the Coulomb blockade regime
at low temperature (170 mK). We show that THz radiation of ~10 pW provides a photocurrent
response in the nanoampere range, resulting from a renormalization of the chemical potential
of the GQD of ~0.15 meV. We attribute this photoresponse to an interfacial photogating effect.
Furthermore, our analysis reveals the absence of thermal effects, opening new directions in the

study of coherent quantum effects at THz frequencies in GQDs.
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Graphene quantum dots (GQDs) have attracted considerable attention in recent years due to
their unique optical and electrical properties that are directly related to their nanoscale structures.
The potential of GQDs for the development of new quantum systems has been widely investigated
using optical and transport experiments.™™ For instance, GQDs of a few nanometers in diameter
are very appealing for applications in quantum metrology as GQDs can emit a single optical pho-
ton at room temperature with high purity and high brightness.* Further, GDQs of a few tens of
nanometers in diameter have been shown to possess very long relaxation times of electronic exci-
tations (60 ns),” paving the way for spin qubits with long coherence times. Such large GQDs have
also become very attractive for the development of new terahertz (THz) emitters and detectors®
as the quantum electron confinement permits characteristic energy level spacing to reach the few
millielectron volt (meV) range (i.e. THz spectral range). For instance, the electronic confinement
provides a weak transport gap that can prevent undesirable large dark Zener Klein current that is
observed in graphene-based photodetectors.”® Moreover, nonradiative Auger recombination pro-

"l can be potentially reduced in

cesses, which are detrimental for the development of THz lasers,
GQD as aresult of limiting the final states available for electron-electron scattering. Recently, large
bolometric effects have been demonstrated in nanostructured quantum dot constrictions in epitax-
ial graphene grown on SiC when illuminated with THz photons. A huge variation of resistance
with temperature was obtained, > 430 M) K=! below 6 K, owing to electronic confinement."?
However, as no gate electrodes were used to isolate the quantum dots from the leads and to control
the chemical potential inside the quantum dots, the bolometric effect was limited to THz heat-
ing.™ Although many interesting phenomena can be revealed in single electron transport regime,
the investigation of the THz response of GQDs in the Coulomb blockade regime remains elusive.
Here, we report on the photocurrent response of a hBN-encapsulated GQD to THz radiation in
Coulomb blockade regime at low temperature (170 mK). We demonstrate that THz radiation (from
<0.1 to 10 THz) of ~10 pW provides a renormalization of the chemical potential of the GQD of

~0.15 meV, leading to a photocurrent in the nanoampere range. We attribute this ultrasensitive

photoresponse of the GQD to interfacial photogating effect and evidence the absence of thermal



effects in this Coulomb blockade regime. Our experimental condition uniquely permits us to probe
low-energy scale physics phenomena in the quantum dot and the interaction with its environment.

We investigate a single electron transistor made of a GQD coupled to a bow-tie THz antenna.
For achieving quantized energy levels in the range of few meV close to the Dirac point (i.e. in
the THz spectral range), we focus on a large GQD with typical diameter of >100 nm.™* The
GQD-based single electron transistor, shown in Fig. [I] consists in a large central GQD, with a
diameter of 150 nm, linked to the source and drain electrodes by two narrow constrictions (40 nm)
and surrounded by three lateral gates (G, G5 and G3). As well as the GQD, all the electrodes
and constrictions are made of hBN-encapsulated graphene, deposited on a SiO»/Si substrate (see
Fig. [Ifa)). Owing to the encapsulation of the graphene layer with two hBN layers, the disorder
in the GQD is reduced and the chemical potentials of the graphene leads s p are expected to
be typically within +25 meV. The graphene device is connected to the gold electrodes and to
a THz bow-tie antenna as shown in Fig. [I(c). The whole area of the GQD-based device that
includes the whole graphene area (leads and quantum dot) and the metallic bow tie antenna is
20x10 pm?. Further details on the sample fabrication are presented in the Supporting Information
(Experimental details). To perform transport measurements under THz illumination, the GQD-
based device is placed within a dilution *“He-He cryostat with THz optical access (three sapphire
windows). The device is cooled to a temperature of 170 mK. The THz light source is a high-
pressure mercury plasma arc-discharge lamp. The blackbody radiation emitted by the source is
filtered above 10 THz with a low pass filter so that the incident THz photon energies hiw are lower
than 40 meV. To focus the THz beam onto the GQD-based device, a pair of parabolic mirrors are
placed in front of the fridge window (Fig. [I{c)). The incoherent incident radiation is mechanically
modulated at a frequency of 330 Hz and we record the DC current with and without illumination
(i.e. the mean value of the modulated current) and also the photocurrent, /p,0,, using a lock-in
amplifier. For optical power-dependence measurements, we insert Si wafers in the THz beam path
to attenuate the incident THz power. Without any Si wafer, the estimated THz optical power of the

incident THz radiation onto the GQD-based device is ~10 pW.
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Figure 1: (a) Sketch of the devices made of the hBN/graphene/hBN heterostructure deposited on
intrinsic silicon substrate with 500 nm thick SiO5 on top. We act on the two barriers and on the
GQD using three lateral gates (G;, G5 and (i3 separated from the constrictions and the island by
a distance ~50 nm. We do not apply any backgate voltage using the Si substrate. (b) Scanning
electron microscopy (SEM) images of the graphene portion of the device, after the etching of the
hBN-graphene-hBN heterostructure. The picture shows the GQD surrounded by the three lateral
gates and linked to the source and drain electrodes. (c) Left: Optical image of the connected device
with the gold bow-tie antenna. Right: sketch of the experimental setup: the GQD-based sample is
placed within a dilution cryostat at 170 mK equipped with three sapphire windows. The incoherent
THz radiation emitted by a Hg lamp, filtered using a low pass filter to frequencies < 10 THz, is
focused on the GQD-based sample. Some high-resistivity silicon wafers are used to attenuate the
incident THz radiation.



We first perform transport measurements with the fridge’s window closed to explore the elec-
tron confinement and excitation spectrum of the GQD. The plunger gate (G; mainly acts on the
chemical potential of the quantum dot, 14, and the two side gates G, and (G5 control the transport
through the two constrictions (see Fig. [I(a)). In order for the two constrictions to act as tunneling
barriers, we set them in their respective transport gap at Vo = Vg3 = 11.5 V. As observed in
Fig. [2[b), pronounced Coulomb-blockade peaks are observed in the differential conductance as
a function of the plunger gate voltage V,, showing the regime of sequential tunneling where the
transport is allowed only if the chemical potential of the source (or drain) crosses one empty level
of the quantum dot. The Coulomb stability diagram of the GQD-based device, i.e. plots of the
differential conductance G = dI/dVpg as a function of Vg and V/, is reported in Fig. a). We
observe well-defined and stable Coulomb diamonds, which correspond to the ground state of the
GQD. The plunger gate voltage V/ fills the quantum dot with electrons by moving the energy levels,
while the bias voltage Vg shifts the chemical potential of the electron baths of source and drain.
The conductance map is not centered at Vpg = 0 V due to the offset voltage of the preamplifier on
the drain 1, = —0.35 mV. The source-drain voltage applied to the GQD is V};¢ = Vpg — Vj. From
the half-height of Coulomb diamond, we extract the addition energy needed to add an electron
from a lead to the GQD, E, 4 = 9 meV. This addition energy is expressed as F,4g = F. + 0F
with E. = 2 /CY, as the charging energy, Cs, as the total capacitance of the device, and E as the
intrinsic level spacing of the GQD. We also observe quantum confinement effects as lines parallel
to the edges of the diamonds in Fig. [2(a). The lines evidence the sequential tunneling of the elec-
trons via the excited states of the GQD. From the vertical cut of the conductance map shown in
Fig. [2[c), we clearly see resonances due to the tunneling through the excited states around a region
where conductance is strongly suppressed. The energy separation of the excited states gives the
single particle level spacing of the GQD, 6 = 1.7 meV, corresponding to a frequency spacing
of 0.42 THz. This result confirms that large GQD (of diameter 150 nm) provide discretization of
electronic states with energy spacing in the meV range (i.e THz range), as predicted by the litera-

ture.®™ The full-width at half-maximum of the excited state resonance at Vy = —5V 1s 0.48 meV



corresponding to a thermal broadening of 7" = 1.8 K that is roughly consistent with the expected
electronic temperature in the GQD under bias. From F,;; and ) E/, we deduce a charging energy
E. = 7.3 meV, which is smaller than the charging energy estimated from a metallic disk model
E. = €?/(4epecspd) = 12 meV (with €. = (€si0, + 1)/2 = 2.5) which is in agreement with
previous works on GQD-based devices.T This deviation is attributed to the capacitive coupling of

the GQD to the adjacent gates and leads, which increases the total capacitance Cs,.
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Figure 2: (a) Differential conductance G as a function of the source-drain voltage Vg and of the
plunger gate voltage V,, exhibiting Coulomb diamonds. Multiple resonances parallel to the edges
of the diamonds are clearly visible. (b) Differential conductance as a function of V; at Vpg = OmV'.
The two side gates are Vi1 = Vigo = 11.5V. (c) Differential conductance as a function of Vpg
(vertical cut along the dark dashed line in (b)). The width of the diamond allows to estimate the
addition energy, while the slope of the diamond edge is proportional to the electronic temperature.



We now turn to the transport investigation of the GQD-based device under THz light illumina-
tion. We first focus on the effect of the THz illumination on the current flowing through the GQD
at fixed Vpg. Figures 3| (a) and (b) show Coulomb blockade peaks in the DC current measured
as a function of V, with (red) and without (black) illumination for /) = 10pW and Vpg = 2
meV and Vps = —2 meV, respectively. The magnitude of the Coulomb blockade peaks reach
a few nanoamperes. Note that the Coulomb peaks are significantly broadened when opening the
fridge’s window even without THz illumination. This broadening may be due to the sensitivity of
the GQD-based device to the electromagnetic environment. We observe that the magnitude and the
shape of the Coulomb current peaks are not affected by the incoming THz photons. However, the
current peaks are shifted to lower V; when THz radiation is switched on. The shift, §V,, is as large
as ~1 mV giving rise to a difference /,, — I, in the nanoampere range, as shown in c) and (d).
The I,, — I,5 traces show consistently a bipolar behavior with a positive and a negative peak as
a result of the peak current shift to lower V. To get a more quantitative insight in the detection
process of the incoming THz photons, we calculate the net current through left and right leads
assuming that ', [';, < kgT with ', I';, representing the tunneling rate between the quantum dot

and the left and right leads respectively. Without illumination, the current is given by

I = —eA[frp(a1Vy — eVpg) — frp(azVy — eVis)] (1
with A = %, o) = ﬁ, g = _CC’_Z’ C, the capacitance from the GQD to its local gate,

(', the capacitance from the GQD to left lead, Cs~ the sum of all capacitances on the GQD and
frp(E) = m the Fermi-Dirac distribution. The variables or; = 0.89 and ay = 0.85 are
extracted from dark current measurements performed with a closed window (see Supplementary
Note 1). The dark current peaks around V;, = 1.97 V at Vpg = 1 meV and Vpg = 3 meV
without THz illumination (black symbols) are well reproduced using equation (I) for 7, = 10
K (black lines), as shown in Fig. [3(e) and (f) respectively. The parameter A only is adjusted

between Vps = 1 meV and Vpg = 3 meV since the tunneling rates depend on Vpg. The good



agreement between theoretical curves and measured dark DC current validate our description of
the current flow through the GQD. By replacing V, with V, — ¢V, in equation (IJ), the DC current
peaks under THz light illumination (red symbols) are remarkably well fitted (red lines) without
changing any other parameters (see Fig. [3(e) and (f)). This indicates that 6V is independent of
Vps. Moreover, T, is kept constant with and without illumination indicating that the electronic
temperature in the GQD is not significantly changed by the incoming THz photons, which is in
contrast with previous works on GQD illuminated by THz photons.'? This analysis confirms that
the THz detection process is fully described by an additional gate voltage oV, that leads to a
reduction of the GQD chemical potential j4,; With respect to those of the leads. The responsivity
of the GQD-based device reaches ~ 100 A/W at T' = 170 mK, demonstrating the high sensitivity
for THz photon detection of the GQD-based device at low temperature.

We further investigate the photoresponse of the GQD-based device as a function of both Vpg
and V reported as a I}, map in Fig. @{(b) for F, = 10 pW. For comparison, we also report in Fig.
M(a) the differential conductance stability diagram measured without THz illumination but with
fridge’s window open. The Coulomb diamonds of the dark differential conductance are smaller
than those with the window closed (Fig. [2[(@)), which may be because of the sensitivity of the addi-
tion energy and also the capacitance of the GQD-based device to the electromagnetic environment.
The dark differential conductance and I,;.,, maps show very similar features such as common
diamond-shaped structures. The bipolar features observed only in the I+, map emphasized by
the positive and negative slopes of the Coulomb diamonds edges point out significant modification
of the resonance conditions induced by THz illumination for charging and discharging the GQD to
the respective leads. Thus, the 5., profile in the axis of Vg reflects the tuning, induced by THz
light illumination, of the chemical potential in the GQD, f4,:, With respect to those of the leads
(Fig. [A(c)). We attribute the asymmetry of /., With respect to V¢ to different capacitances
from the GQD to the left and right leads. No distortion of the Coulomb diamonds is observed
in the I, map indicating that this chemical potential shift is independent of V;, and Vpg, i.e.,

that is constant over the whole charge stability diagram. Thus, illuminating the GQD-based device
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Figure 3: (a) DC current Coulomb peaks as a function of V, at V54 = 2.35 mV (a) and V7 =
—1.65 mV (b) with (red) and without (black) THz illumination. We defined V4 as the source-
drain voltage applied to the GQD after subtracting the preamplifier offset voltage 1y = —0.35 mV.
The difference I, — I,f¢ as a function of V, at V¢ = 2.35 mV (c) and V54 = —1.65 mV (d).
DC current Coulomb peaks around V, = 1.97 V at Vs = 1.35 mV (e) and V4 = 3.35 mV
(f) with (red) and without (black) THz illumination. Data are reported by diamond symbols, and
theoretical fits using equation (1] are represented by plain lines.
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Figure 4: (a) Dark differential conductance G as a function of Vpg and V, with fridge’s window
open. (b) Map of I, as a function of Vpg and Vj,. (c) Vertical cuts of I, taken in the dashed
box of the photocurrent map (b)). The spectra, as a function of Vpg, exhibit a change in sign
when the sign of Vg is changed, and this trend is inverted when the system pass from the left side
(green) to the right side (blue) of the Coulomb diamonds.

with incoherent THz photons results in a renormalization of the chemical potential of the GQD,
lhdot, Telative to those of the source and drain leads. Using the lever arm of 0.15 extracted from
the dark differential conductance map with open fridge window, we deduce that 0V, of 1 + 0.2
mV corresponds to a Ay, of ~ 0.15 £ 0.03 meV. This very low-energy physical effect is clearly
observable here owing to the extremely high-energy resolution provided by the low temperature
experiment. Besides, the absence of any additional photocurrent lines induced by THz light into
or out of the Coulomb blockaded regions suggests that any intersublevel transition in the GQD or
any photon-assisted tunneling effect (electrons exchange photons in the quantum dot) are driven
by the incident photons due to the incoherence of the THz radiation.

Let us now discuss the physical mechanism responsible for the renormalization of the chemical
potential of the GQD. THz photons, incoming from the incoherent and broadband source, are ab-
sorbed by both the whole graphene area (including the quantum dot, the leads and gate electrodes
that are made in encapsulated graphene) and by the silicon substrate. Let us first consider if the
absorption of THz radiation by the graphene area could be responsible for the j.4,; renormalization.
THz photons are preferentially coupled to the leads due to their larger size and their linear disper-

sion relation (in contrast to the quantum dot) that provides stronger absorption of the broad THz
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radiation. At these frequencies the absorbed energy results in an increase of the electronic temper-
ature and consequently, the chemical potentials of the graphene leads are reduced.’® (for details
see Supplementary Note 5). The observed gate renormalization in the stability diagram can then
reflect a relative shift between the dot discrete levels and the chemical potential of the graphene
leads (see Figure S5|(a)). From our analysis described in Supplementary Note 5, we estimate the
increase of the electronic temperature for Apg,; = 0.15meV to be AT, > 7 K. However, our data
are qualitatively and quantitatively inconsistent with such temperature increase. Indeed, the current
peaks with and without illumination are well reproduced using equation (I)) for a constant temper-
ature 7, = 10 K; increasing 7, to >17 K would significantly broaden the current peak under THz
illumination. Moreover, by resolving the heat flow, we estimate A7, in our experimental condition
to remain below 0.2 K. Details of the calculation based on the Wiedemann-Franz law are provided
in the Supporting Information (Supplementary Note 4). Consequently, even if a renormalization of
the GQD chemical potential is expected from the absorption of the THz photons by the graphene
leads, its magnitude would be significantly lower than 0.15 meV and thus could not account for
the large photocurrent response of the GQD-based device.

Another effect that can be pointed out is the photogating effect.’ ¥ It relies on the absorption
of THz photons in the silicon substrate. Absorption of typically 0.2 — 0.4 cm™! in the THz spec-
tral range have been recorded in high-resistivity silicon due to shallow impurity absorption (since
silicon bandgap energy is high compared to the THz photon energy).?***!' This absorption process
creates photoexcited carriers in silicon from the ground states of impurities into the valence and
conduction bands.”* This is in contrast with free carrier absorption that does not create free carriers
and is extremely low in high-resistivity silicon (apyuge = 0.011cm™! due to the low free carrier
concentration, n = 10'*em~3). The photogating effect relies also on the existence of a band bend-
ing at the SiO,/Si interface due to charges in the oxide (fixed-oxide charge, oxide-trapped charge
and mobile ionic charge) and traps at the interface (interface-trapped charge).** In our case of the
silicon substrate with residual N-type doping (see the Supporting Information, Experimental de-

tails), the energy bands in silicon bend upward, leading to a triangular potential well for the holes
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at the interface and a built-in electric field near the interface. The electric field can separate the
photoexcited carriers absorbed in silicon, electrons diffuse toward the bulk silicon, and holes ac-
cumulate at the interface.***> Holes are moreover trapped in the potential well. This accumulation
of photon-generated holes at the SiO,/Si interface provides an additional positive gate voltage by
capacitive coupling. In other words, the photogating effect would cause a negative shift in the /pg-
Vi characteristic under laser illumination. This interfacial photogating effect is qualitatively fully
consistent with our observations. Indeed, we observe a negative shift of the /pg-V; characteristic
under THz illumination, independent of Vg and V. In addition, the photocurrent is the difference

between the source-drain currents in dark and illumination regime.
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Figure 5: |Afigot| and Lot as a function of the incident power Py onto the GQD-based device for
Vps=2mVandV, =199 V;V, =196 V,V, =191 Vand V;, = 1.87 V.

Several other mechanisms can be responsible for the conversion of absorbed THz photons into
a photocurrent in graphene-based devices such as the photovoltaic effect, the photothermoelectric
effect and the bolometric effect.” However, all these mechanisms generate photocurrents or photo-
voltages without any shift in gate voltage. Moreover, photothermoelectric and bolometric effects
rely on an increase of the electronic temperature that is extremely weak in this work due to the low
incident power as discussed previously. Consequently, we attribute the photocurrent originating

from the gate voltage shift measured when the GQD-based device is illuminated by THz photons
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to the interfacial photogating effect. Since the Coulomb blockade current at low temperature is
extremely sensitive to the gate voltage, the GQD acts as a very sensitive electrometer operating in
the THz spectral range. To further investigate the properties of the THz photoresponse, we mea-
sure Ipnoto and Apig as a function of 1, as displayed in Fig. 5. The same set of measurements is
repeated at several positions of the Coulomb diamonds map, i.e., for 4 different values of V;. We
observe that 0, and |Ap4,| increase monotonously as F is increasing with a nonlinear depen-
dence. Ipnoto and |Apgo| also start to saturate at high power. We found a very robust nonlinear
dependency between A, Iy and the incident power for all V. These tendencies are not com-
patible with a A4, induced by the intraband absorption of the THz photons in the graphene leads
since at such low incident THz electric field and low temperature,?® Ay, is expected to evolve
linearly with Fj (see Supporting Information). On the contrary, both the nonlinearity and satu-
ration features are consistent with interfacial photogating effect. Indeed, as trapped photocarrier
lifetime in silicon depends on the incident optical power,” the photoexcited carrier density in the
steady-state regime contributing to the photogating effect is expected to evolve nonlinearly with
P,. The observed saturation can be attributed to a decrease of the height of the potential well at the
Si0,/Si interface as the THz incident power is increased. This feature has been observed in several

t28 and at-

previous works in graphene-based photodetectors dominated by the photogating effec
tributed to the trapped charges at the interface that induce an opposite build-in electric field. Thus,
these power-resolved measurements provide an additional evidence that interfacial photogating is
the main physical mechanism involved in the THz photoresponse of the GQD-based device.

In conclusion, we have investigated a hBN-encapsulated GQD in Coulomb blockade regime
under THz illumination at low temperature. The hBN encapsulation enables to fabricate low
roughness GQD with excited states at energy ~ 1.7 meV (i.e. 0.4 THz) directly observable by
transport experiments. We demonstrate a large photocurrent, in the nanoampere range, under inco-
herent THz illumination originating from a renormalization of the chemical potential of the GQD

with respect to those of the leads. We show that this effect evolves nonlinearly with the incident

power and attribute it to interfacial photogating effect. Besides, we evidence the absence of ther-
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mal effects in the Coulomb blockade regime, paving the way for probing photon assisted tunneling
transport by exciting the GQD device with coherent THz photons®” and THz light-matter coupling
by the insertion of the GQD in a THz resonator. Furthermore, owing to their great flexibility in
electronic states engineering, these large GQDs are very promising for the developments of THz

emitters and detectors.
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