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ABSTRACT: High-mobility hexagonal boron nitride (hBN)/graphene/
hBN heterostructures are able to reach intrinsic limits of transport. Here,
we investigate optoelectronic mixing, which is a demanding function
combining efficient photodetection and fast carrier dynamics. Using such a 67GHz
heterostructure embedded in a coplanar waveguide, we obtain a record
conversion efficiency of about —40 dB for frequencies up to 65 GHz. This
performance is obtained at high doping in the photobolometric regime. We
provide a microscopic model of the photodetection, which accurately
describes the experimental observations, allows the assessment of the
intrinsic limits of our device, and paves the way for device optimization by

revealing the different mechanisms at play.
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An optoelectronic mixer is an electronic frequency
converter controlled by an optical excitation. Optoelec-
tronic mixing, which requires both efficient photodetection and
high-speed transport, is one of the most demanding functions
involving high-quality materials and advanced theoretical
modeling. Graphene fulfills these requirements owing to its
high carrier mobility, wide-range light absorption," and low
photocarrier lifetime.”

Graphene properties have already been exploited for high
frequency electronics’ ® and photodetection.”” They have
been exploited recently in a first high frequency (30 GHz)
optoelectronic mixer.” The recent advances in graphene—
boron nitride heterostructures provide nearly ballistic trans-
port”'® where photodetection mechanisms approach the
intrinsic limit. This raises the question of whether we can
exploit the extraordinary properties of boron nitride-encapsu-
lated graphene to push the performance of the optoelectronic
mixers and reveal the underlying basic mechanisms.

Mixers are essential building blocks in modern communi-
cation and array antenna systems. Classically, electronic mixing
operation consists in converting an incoming signal at a certain
frequency to another frequency using a local oscillator. Both
up- and down-conversion operations are possible. Mixers are
very common in communication systems using electronic
nonlinearities where signals are transmitted on a high carrier
frequency over the communication media. At the receiver end,
the signal is down-converted to near-zero frequency (base-
band) to perform signal processing and extract the carried
information. With optoelectronic mixing, the local oscillator
(LO) is not an electrical signal but an optical one. This optical
LO can easily be transmitted through optical fibers which,
unlike RF cables, are lightweight and immune to electro-
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magnetic interference. This is particularly advantageous in
array antenna systems, which require the distribution of the
LO signal to each individual antenna. The function of the
optoelectronic mixer is thus to convert the LO signal from the
optical to the electrical domain'' ™" and to mix this signal with
the RF signal received by the antenna. Since graphene absorbs
light at communication wavelengths (including 1.55 um
wavelength used in optical fiber communications), it is an
excellent choice for high frequency mixers.'* Moreover, its
compatibility with the already existing complementary metal
oxide semiconductor (CMOS) technology” allows one to
envision the manufacture of low-cost devices integrating the
down-conversion function and signal processing.

In this Article, we use a hexagonal boron nitride (hBN)-
encapsulated graphene in a coplanar waveguide (gCPW)
structure to realize a high-speed, high-efficiency optoelectronic
mixer at the telecom wavelength. Such high-quality graphene
allows the demonstration of an optoelectronic mixer exhibiting
a bandwidth larger than 65 GHz and a down-conversion
efficiency of —40 dB, i, 45dB higher than the previous
result.® This improvement stems from an increase of the
absolute photoconductance, which boosts the photodetection
efficiency. Microscopically, the increase in channel conductiv-
ity stems from the suppression of impurity scattering
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Figure 1. Fabricated device and experimental setups. (a) Scanning electron microscope image of the 3 gm X 3 yum hBN/G/hBN channel with Cr/
Au (5nm/100 nm) contacts, fabricated on a high resistivity silicon substrate covered by a 2 ym thick thermal SiO,. (b) DC experimental setup. (c)
Gate voltage dependence of the device conductance. (d) Photodetection with a 1.55 ym laser focused on the channel (spot diameter of 2.5 ym)
and modulated at f1 . (e) Schematic of the hBN/G/hBN channel embedded in the gap of the signal line of the gCPW. (f) This gCPW mixes an RF
signal at fyp with the photodetected signal at f1 o to deliver a signal at the intermediate frequency, fiz = f1o0 — fre

(prominent in SiO,-supported graphene), which is substituted
by substrate-induced strain disorder in hBN-encapsulated
graphene." In this mechanism, the phototodetection efficiency
comes from the temperature dependence of screening,'® which
affects the scalar contribution of strain disorder to conductivity
and ultimately governs the photobolometric response. This
paper includes a thorough analysis of the underlying
mechanisms affecting the graphene optoelectronic mixer
performance, using both experimental results and a theoretical
model.

B DEVICE FABRICATION AND DC
CHARACTERIZATION

The h-BN encapsulated graphene was fabricated according to
ref 9 and subsequently transferred using a poly-propylen
carbonate (PPC)-Scotch tape-PDMS stamps on a high-
resistivity (10kQ-cm) silicon substrate covered by 2 um
thick thermal SiO,. The top and bottom h-BN encapsulating
crystals have a thickness of 25 and 40 nm, respectively. The
stack is then etched to a butterfly shape using CHF;/O,
plasma with a PMMA mask (defined by electron-beam
lithography) to form the graphene channel. Finally, the Cr/
Au (5 nm/100 nm) drain and source contacts were deposited
to obtain a 3 gm X 3 ym h-BN/G/h-BN channel matching the
optical beam waist (see Figure la).

Using the DC experimental setup of Figure 1b with Ve =
50mV, we plot in Figure lc the graphene conductance as a
function of the voltage applied to the silicon substrate, acting
as a back gate (V). The charge neutrality point (CNP) gate
voltage Viyp is about —150 V. Given the graphene channel

length (3 um), the electric field is low (~0.016 V/um) and the
field-effect mobility is equal to 44 000 cm?/V-s. This value is
20 times larger than the field-effect mobility obtained by
Montanaro® in CVD—graphene on SiO,/Si. We also estimated
the contact resistance by fitting the total resistance with the
following formula

Ry

Ve = Vo |
L ()

where R, is the contact resistance, V; is the gate voltage, AV =
en*/Cg is the characteristic voltage width of the resistivity
curve and is related to the puddle electronic density n* ~ 2.4 X
10" ecm™2, and R, is the channel intrinsic resistance (Rg() =
poL/W, where p, is graphene resistivity at charge neutrality
point and L and W are, respectively, the length and width of
the channel, which are equal for our device). We deduce a
contact resistance of 130 €, approaching the intrinsic limit
(~40€Q in our sample for a Fermi energy of 0.1 eV).

As illustrated in Figure le, the h-BN/G/h-BN channel is
embedded in the gap of the signal line of a gCPW with a
characteristic impedance of 50 . This structure allows one to
perform high-frequency photodetection measurements accord-
ing to the setup shown in Figure 1d, whereas Figure If
describes the optoelectronic measurement experiment. The
intensity-modulated laser beam with f; varying from 2 to 67
GHz is focused on the graphene channel with a spot size of 2.5

pm.
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Figure 2. Photodetection measurements. (a) 67 GHz photocurrent amplitude as a function of Vg — Vyp for Vpc biases varying from 0 to 0.2 V
with a step of 0.01 V. Close to Viyp (shaded region), the photocurrent and the optical signal are in phase. For [V — Veypl > 20V, they are
opposite in phase. (b) Absolute value of the channel photoconductivity computed using eq 1 as a function of the Fermi level

Ep [meV] = 11.7,/Vg — Venp (equivalent to the carrier density). Channel photoconductivity is negative and follows a linear variation.

B OPTOELECTRONIC PERFORMANCE

Figure 2a shows the amplitude of the 67 GHz photocurrent as
a function of the gate voltage Vg — Vinp for an increasing
drain—source bias (Vp varying from 0 to 0.2 V). Near CNP (|
Vg — Venel < 20V), the photocurrent results from the
photoconductive effect, which is relatively small in this
experiment but significant when the laser beam impinges on
one of the graphene—metal contacts (see the Supporting
Information). In this case, the photocurrent and the modulated
optical signal are in-phase.®

For [Vg — Venpl > 20V, these signals are in opposite phase;
i.e., the conductance decreases under illumination, indicating
that the photocurrent results from a photobolometric effect.’
This effect is a two-step process by which the incoming light
heats the electron gas inducing a conductivity decrease. A
photocurrent maximum is reached for Vg — Vip ~ 80 V
regardless of the bias value. Varying V; — Vxp from 50 to 300
V, the channel resistance decreases from 384 to 204 Q whereas
the contact resistance remains almost constant (130 Q). Thus,
the channel bias decreases, and the photocurrent drops
accordingly.

In order to shed light on the photocurrent mechanism, we
plot in Figure 2b the channel photoconductivity as a function
of the Fermi level according to the relation

(R, + 2Zo)IDc]
Voc — Rdpc (1)

where the denominator accounts for the voltage drop within
the graphene channel and the right-hand correction factor
accounts for the RF impedance matching with the detection
chain; Z; = 50 Q is the impedance of the measurement system
(see the Supporting Information).

We observe in Figure 2b that, above 50 meV, the intrinsic
photoconductivity is proportional to the Fermi energy,
revealing that the observed saturation and decrease of the
photocurrent in Figure 2a is due to the influence of the contact
resistances as well as the impedance mismatch between the

rRe _ L Lon
Cph WV R
DC CIDC

device and the measurement system. The small decrease in
photoconductivity with increasing bias is due to the current
saturation effect in such a high-mobility device."’

We now turn to optoelectronic mixing. In this mode, as
sketched in Figure le,f, the DC bias Vi is substituted by a RF
bias of power —20 dBm and frequency frz = 2—65 GHz, with
the local oscillator frequency being fixed at fio = f,,, = 67
GHz.

In the mixing mode, the applied voltage is a rapid and small
variation around a zero DC bias. Therefore, the mixing current
for a given Fermi level Ep can be written

T
Imm(fm) - szh (fopt)VRF(fRF)

pt

)

diff _ 9L
where G, = T

contrarily to %Rll: , is experimentally measured with respect to
Vpc and encompasses the two phenomena related to contact
resistance and system impedance mismatch. It depends on Eg
and is modulated at the laser modulation frequency f, and

Vre(fre) is the applied RF voltage. The factor % comes from

is the differential photoconductance which,

the fact that an up-converted current at f,, + fgpp is also
generated.

The voltage Vir can be written in terms of the power P
delivered to the device taking into account the total impedance
of the device Z; and the measurement system impedance Z,
(50 Q for our experimental setup) yielding

Zr

Llfy) = GH (L )~ (7P
IF P opt ZT + 2Z0 (3)
The down-conversion efliciency can be written as
2 2
Pr  Zolnw af 2t
= O o7 G
Ppe P Zr + 27, (4)

When the reactive part of the device impedance is
neglected,18 it becomes
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= 67 GHz. (a) Comparison of the power conversion efficiency calculated from the

photoresponse (blue dashed curve) at 67 GHz with the amplitude of the measured power conversion efficiency at fiz = 65 GHz (red curve) with
respect to gate voltage Vg — Vnp. (b) Power conversion efficiency (Pys/Pygg) as a function of the intermediate frequency f5 for Vg — Venp = 80 V.

2
P ag  Rr
I = |R G ——
Pes Ry + 2R,

©)
For a large W/L value and low contact resistance, eq S

. 2
1 . .

reduces to (—Gd}ff X R ) where R, is the channel resistance.
2P 8

Figure 3a shows the power down-conversion efficiency (blue
dashed curve) computed with eq S using the derivative of the
measured photocurrent measured at various gate voltages. It is
compared to the actually measured power conversion
efficiency (red curve). The very good agreement between the
computed and experimental values validates this simple model.

Figure 3b shows that the conversion efficiency Pp/Prg is
constant with frequency, indicating that our gCPW device has
a bandwidth larger than 65GHz. In the doped regime
considered here, the heat conductance of the device is limited
by the contact thermal resistance, which according to the

Wiedeman-Franz law, is upper bounded by R, < RE—TM. From
ph

this, we deduce an upper bound for the characteristic
thermalization time of the hBN-encapsulated optoelectronic
mixer of 7y, ~ RyCy, =~ 7.5 ps, where the characteristic heat
capacity of hBN-encapsulated monolayer graphene is C =
LW, with ¢, ~ 1.8 X 1077 JK'm ™" This explains the
ultrafast response of the device enabling microwave optoelec-
tronic mixing.

The obtained conversion efficiency of —40 dB is more than
4 orders of magnitude higher than the previously obtained
value of —85 dB by Montanaro et al.® This means that the
carrier mobility of the graphene layer integrated in the gCPW
is a crucial parameter to the optoelectronic mixing perform-
ance, which raises the question of an upper performance limit.

B DISCUSSION

We now turn our attention to the photodetection mechanism.
The absorbed photon energy from the incoming near-infrared
light is mostly transferred to the electron gas with two
important consequences: (i) the buildup of an electron—hole
distribution and (ii) a hot carrier multiplication effect because
each photon energy hv promotes the characteristic energy kgT,
of many electrons via Auger scattering. At large doping, the
temperature increase upon illumination leads to an increase of
the channel resistance, resulting in a negative photo-
conductance (NPC).

The physical origin of NPC depends on frequency. At low
frequency, both electron and phonon temperatures increase
with optical power, leading to an increase of the phonon
resistivity, at least in high-mobility graphene as recently
investigated in ref 20. The situation is different at high
frequency where lattice temperature is decoupled, and the
modulation of the electronic temperature is the main source of
photoresistance. The origin lies in the reduction in screening of
both impurity and lattice disorder potentials with electronic
temperature.'® The frequency crossover, in the tens of MHz
ra.nge,20 involves the electron—phonon thermal coupling and
the phonon heat capacity.

The photobolometric effect has first been observed in low-
mobility graphene (graphene on SiO,),"” where it is revealed
by a NPC at large doping. However, at low doping, this
manifestation is obscured by the dominant positive photo-
conductance (PPC) due to the ambipolar conduction
produced by electron—hole pair generation.”’ In contrast,
with the high-mobility device considered in this study, PPC is
limited to a very small doping range (Inl < 0.2 X 10> cm™).
The low doping threshold for the disappearance of PPC is
specific to high-mobility graphene in which electron scattering
is dominated by electron—electron collisions, and the current
from the majority carriers dra§s the minority carriers due to
electron—hole viscous drag.zz’ > As a consequence, the total
current is proportional to the total charge density but is mostly
unaffected by the number of electron—hole pairs induced by
illumination and involved in transport.””

To quantitatively compare the photobolometric effect in
low- and high-mobility graphene, it is necessary to first
consider electronic temperatures reached under illumination in
each case. The electronic temperature results from the
competition between the electron gas heating by light
absorption and its cooling by contact with its environment.
For graphene on SiO,, energy transfer is dominated by
supercollision cooling due to short-range scatterers.”*™>° In
contrast, in high-mobility hBN-encapsulated graphene, super-
collision cooling is suppressed and the dominant cooling
mechanisms are electronic heat conduction to the leads (in-
plane heat transfer) and hyperbolic phonon polariton radiative
cooling (out-of-plane heat transfer; see the Supporting
Information). At low doping, electronic heat conduction is
limited by the channel thermal conductance, but at large
doping, it is limited by thermal contact resistance. In parallel to
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in-plane heat transfer, the hot electron gas radiates energy in
the hyperbolic phonon polariton branches of hBN (dressed
OP phonons).'”*” The out-of-plane radiative cooling efficiency
is independent of the electronic mobility, whereas, according
to the Wiedeman-Franz law, the in-plane electronic heat
conduction is proportional to the electronic mobility.

To shed light on the photobolometric mechanism at play in
hBN-encapsulated graphene, Table 1 compares the photo-

Table 1. Comparison of Photothermobolometric Effect
between Low- and High-Mobility Graphene®

device (b): see

device (a): ref  the Supporting  device (c): this

17 Information work
LXw[um X um] 6X1 10 X 6 3x3
u [em> Vs ~2700 4800 ~44 000
o [mS] 0.6 1.1 10
method optical, 1.1kHz  optical, 0.7kHz  optical, 67 GHz
o (18] —0.7 —45 —800
P, [mW] 0.37 30 100
A [pm] 0.69 1.55 1.55
dominant cooling  supercollisions  supercollisions  electronic heat
mechanism conduction/
HPhP
radiation
AT, [K] 3.7 41 940
conduction Coulombian Coulombian random strain-
mechanism impurity- impurity- limited
limited limited
_ %h Eg
Zop = LAt 08 127 —0.12
Bolometric theory — —1 -1 —[0.01; 0.080]

“The temperature rise AT, is computed using the methods described
in the Supporting Information.

bolometric effect for three devices with different mobilities: (a)
the graphene on SiO, device considered in ref 17, (b) a
graphene on SiO, capped with Al,O; used as a reference for
this study, and (c) the hBN-encapsulated graphene device.

The temperature increase is deduced from the power
balance between the absorbed incident laser power and (i)
supercollision cooling for the two graphene-on-SiO, devices
(a) and (b) (see the Supporting Information) or (ii) electronic
heat conduction for hBN-encapsulated graphene (see the
Supporting Information). Device (b) is interesting because it
bridges the gap between the experiments of (a) and (c):
Device (b) has similar characteristics as (a) but is excited at
the same wavelength and characteristic laser power as (c). To
compare the experiments (a), (b), and (c), we assume that the
dependence on the irradiation wavelength is irrelevant as most
of the photon energy goes in the electronic bath.

The electronic temperature increase results in a reduced
screening of the scattering centers of the electrostatic
potentials (Coulombian impurites, ripples). As a consequence,
electronic conductivity decreases when the light is shone on
the graphene channel. This observed negative photoconduc-
tance is the experimental signature of the photobolometric
effect. For room temperature devices, the thermoconductance
kyAT,

EF
coefficient, which should approach —1.0 according to theory
(see the Supporting Information).

change is Ao ~ yo , where y is the thermobolometric

Table 1 reports the values of the experimentally deduced
thermobolometric coefficient y,, for the low-mobility
graphene (devices (a) and (b)) and the high-mobility
graphene (device (c)). Whereas both graphene-on-SiO,
devices (a) and (b) present values in line with the theoretical
expectations, the hBN-encapsulated graphene device’s coef-
ficient is strikingly smaller. This observation is emblematic of
high-mobility graphene: hBN encapsulation leads to a high
carrier mobility (g > 40000 cm?/V-s), and Coulomb
impurities are inherently absent. For this kind of high-mobility
devices, several studies'”*" have shown that mobility is limited
by strain disorder. Strain disorder brings two contributions to
the electron dynamics. The first is due to the random scalar
potential (s), and the second is due to the random gauge
potential (g). The random scalar potential leads to a mobility
Uy which has the same sensitivity to electronic screening as the
Coulomb impurity carrier mobility g, In contrast, the
dominant gauge potential contribution is independent of
screening. Therefore, under illumination, the relative variation

- Ap .
of the photoconductivity % = =2 is the same for Coulomb

impurity scattering and for the random scalar potential. In
high-mobility devices, the electronic mobility consists of the
scalar and gauge potential contributions: y~' = ;™' + ,ug_l and
K| Ap . . .

= [) . Using the theoretical expressions (The
hBN L Sio,
large uncertainty in the theoretical estimate is mainly due to
the square dependence in the deformation potential values,

which are not well-known parameters.) for y, and Hg allows
one to compute a reduction in the relative conductivity by a

A
2

factor of % ~ [0.01; 0.08], depending on the exact value of the
g

electron—phonon coupling strength (see the Supporting

Information). The experimental thermobolometric coefficient

Xexp = 0.12 deduced from Table 1 approaches this calculated

range but remains slightly larger, presumably due to the few

remaining Coulombian impurities within the sample.

Therefore, when one compares devices with increasing
carrier mobility, this coefficient tends to decrease because the
carrier mobility turns from Coulombian impurity scattering
limited to random gauge potential scattering. However, the
photoconductivity, which quantifies the intrinsic efficiency of
the complete photothermobolometric process, is the product
of the thermobolometric coefficient y by the laser-induced
temperature increase AT and the graphene conductance o at
fixed laser power and doping. Consequently, with increasing
carrier mobility, photoconductance first increases rapidly with
carrier mobility as conductance increases and supercollision
cooling is suppressed, yielding a larger channel temperature,
and then slows down due to the reduced thermobolometric
coefficient.

To summarize, our comparison reveals that high-mobility
hBN-encapsulated graphene transistors are dissimilar in two
ways with respect to lower mobility graphene devices: (i) the
cooling mechanisms of the electron gas are radically different,
and (i) the conduction mechanisms at stake are also less
sensitive to electronic screening and, therefore, to a temper-
ature rise.

B CONCLUSION

We have reported an in-depth study of a 65 GHz
optoelectronic mixer made of an hBN/graphene/hBN
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heterostructure embedded in a coplanar waveguide. We have
observed a record mixing conversion efficiency of around —40
dB over the whole bandwidth, 45 dB higher than previously
reported, and quantitatively related this figure to the device
transport and photodetection performances.

We proposed a microscopic model of the photobolometric
detection in high-mobility graphene, supported by exper-
imental observations on three devices, which explains the
photodetection performance with respect to low-mobility
graphene, resulting from the competition between two
phenomena: the suppression of the supercooling mechanism
and the change in electronic scattering mechanism sensitivity
to electronic screening. They both enhance the photodetection
efficiency by increasing the photothermal effect and electronic
outcoupling, respectively.

The quantitative understanding of optoelectronic mixing in
graphene and its intrinsic limits brought by this work opens the
door to rational device optimization. Beyond this exploratory
work, in which the graphene channel was illuminated by a free
space laser beam, an important performance boost will also be
gained by increasing light absorption via an integrated
photonic circuit.
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