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Electron-electron interactions in graphene are sufficiently strong to induce a correlated and momentum-
conserving flow such that charge carriers behave similarly to the Hagen-Poiseuille flow of a classical fluid. In the
current work, we investigate the electronic signatures of such a viscous charge flow in high-mobility graphene
field effect transistors (FETSs). In two complementary measurement schemes, we monitor differential resistance
of graphene for different channel widths and for different effective electron temperatures. By combining both
approaches, the presence of viscous effects is verified in a temperature range starting from 178 K and extending
up to room temperature. Our experimental findings are supported by finite element calculations of the graphene
channel, which also provide design guidelines for device geometries that exhibit increased viscous effects. The
presence of viscous effects near room temperature opens up avenues for functional hydrodynamic devices such
as geometric rectifiers like a Tesla valve and charge amplifiers based on the electronic Venturi effect.
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I. INTRODUCTION

The dynamics governing the flow of charges in conductors
is heavily dependent on the ratios of the different physical
length scales present in the system. These length scales dictate
how the charge carriers interact with each other, with the
system boundaries, and with defects or impurities. Micro-
scopically, the flow of charge carriers is resisted by scattering
from defects and lattice vibrations (phonons), characterized
by the length scale s, which is the average distance traveled
by the charge carriers between two such momentum-relaxing
scattering events. The charge carriers also interact with each
other in a momentum-conserving fashion, with a length scale
lee. The third relevant length scale is the channel width w
(assuming channel length / > w), dictating how often charge
carriers interact with the boundary of the system.

In most conductors, diffusive scattering prevails (L <
lee, w) and charge transport is Ohmic. Charge carriers
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traveling across the channel suffer many momentum relaxing
collisions leading to a constant drift velocity along the direc-
tion of the applied electric field [1]. Alternatively, transport
is ballistic, when the channel dimensions are the smallest
length scale in the system. Under these circumstances, charge
carriers travel collision-less from the source to the drain ter-
minal, dissipating energy only at the contacts [2]. However,
a third, and relatively unexplored transport regime emerges,
when interparticle scattering dominates (/.. < lgiff, w). These
strong interparticle interactions lead to a correlated, viscous
charge flow, similar to the flow of fluids and governed by the
theory of hydrodynamics [3—10]. A direct consequence of this
behavior is the nonuniformity of the carrier velocity in the
channel, which follows a Poiseuille-like flow profile, similar
to fluids [Fig. 1(a)]. In the context of electrical transport,
this translates to a (nonuniform) position-dependent current
density, being largest in the center of the channel and decreas-
ing on approaching the channel edges, following a parabolic
profile.

Fulfilling the criteria of charge hydrodynamics requires
high-mobility devices with reduced scattering from defects
and phonons (large /q4i¢r) and strong interparticle interactions
(small /,.). Graphene fulfills both these requirements. First,
the electron-electron interaction strength is enhanced due
to the 2D confinement effects and weaker mutual screen-
ing of charges in graphene when compare to metals (small
lee) [11,12]. Second, graphene has a weak electron-phonon
coupling strength [13-15] and advancements in fabrication
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FIG. 1. Device structure and electrical performance.
(a) Schematic depiction of the graphene heterostructure used
in the current work. The Poiseuille flow profile is depicted above
the top A-BN. The arrows and the curve represent the particle
velocity and the velocity profile expected for Poiseuille flow,
respectively. (b) Transfer characteristics of a typical GrFET device
at different values of 7. (c) Diffusive scattering length scale
(lgigr) of GrFET device extracted from the transfer characteristics
in (b).

techniques make it possible to limit scattering from extrinsic
disorders, in particular by encapsulation in hexagonal boron
nitride (h-BN). h-BN also serves as an ideal substrate for
graphene, due to its atomically flat surface and low lattice
mismatch (~1.7%) [16] [Fig. 1(a)]. These lead to graphene
heterostructures having outstanding electronic properties and
large ldiff.

In recent years, hydrodynamic transport of charge has at-
tracted significant theoretical attention [5,17-21], and several
experimental signatures have been reported [6-8,22-25]. Of
particular interest is the direct observation of the parabolic
flow profile. Recent investigations utilizing direct imaging of
Hall field [26] and local magnetic field [23,27] have hinted at
the presence of viscous effects in charge transport in graphene
and layered Weyl semimetals. Additionally, unique transport
properties like formation of vortices, negative local resistance

and superballisticity have also been linked to a hydrodynamic
charge flow [6,24,28]. Apart from the Coulomb mediated
electron-electron interactions [5,17-20], recent reports also
indicate the possibility of phonon mediated electronic inter-
actions generating a correlated charge flow at higher carrier
densities [27,28]. Though electrical signatures of Poiseuille
flow in graphene have been reported [6,24], a comparative
study of the transport signatures from multiple types of ex-
periments and a determination of the temperature range for
the viscous effects is lacking.

In the current work, we perform electrical transport
measurements in A-BN encapsulated graphene field effect
transistors (GrFETs) to investigate the presence of electronic
Poiseuille flow. For this purpose, two separate measurement
schemes are used: (1) current bias measurements (Sec. III)
and (2) width-dependent measurements (Sec. IV). For the cur-
rent bias measurements, we look into the scaling of channel
resistance as a function of DC bias current in a sample of
constant width [schematic in Fig. 2(a)]. The width-dependent
measurements investigate the flow of charge carriers in chan-
nels of different widths [schematic in Fig. 3(a)]. We observe
signatures of correlated charge flow for temperatures starting
from ~178 K and persisting upto 300 K. Further, finite el-
ement calculations are performed to verify the experimental
observations (Sec. V). Our results demonstrate the presence
of strong electronic correlations near room temperature open-
ing up possibilities of utilizing the viscous electronic flow in
graphene for functional devices.

II. ELECTRICAL PERFORMANCE OF GrFETS

The quality of the fabricated GrFETs was assessed by
measuring the conductance of the channel as a function of gate
voltage, as called a transfer characteristic at different tempera-
tures [Fig. 1(b)]. The devices were fabricated using a standard
dry transfer technique [29] and measurements performed in
a four-probe geometry to remove the contact resistance (see
Methods). #-BN encapsulation allows fabrication of edge con-
tacts, which are known to outperform conventional surface
contacts [30]. Figure 1(b) demonstrates a typical graphene
transfer characteristic, with a maximum of resistance near
the Dirac point and a sharp decrease with increasing number
density (n). This corresponds to the transition from insulating
behavior, caused by the formation of charge puddles near
the neutrality point, to metallic behavior [31,32]. The high
quality of our FETs is demonstrated by a large carrier mo-
bility (1 > 2 x 10° cm?/(Vs)) (Fig. S1 in Ref. [33]) and a
large tgir > 1 um [Fig. 1(c)], thereby relaxing the criteria for
hydrodynamic behavior (/,, < lgitf, w) for properly designed
channels. The value of Iy is computed considering a Drude
model,

om*vy
laifr = —— L, ey
ne

where o is the channel conductivity, m* the cyclotron mass
[34],and vy = 10% ms~!, the Fermi velocity of graphene. We
observe a reduction in the 4 with increasing temperature (es-
pecially at T = 337 K), which can be attributed to increased
momentum relaxing scattering events [16]. Temperature de-
pendence of /4 is provided in Fig. S1 [33].
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FIG. 2. Current bias measurements in GrFETs. (a) Schematic depiction of a typical GrFET device with circuit connections for current bias
measurements. Iyc and Ipc represent the AC and DC bias current. V, is the gate bias. (b) Optical image of the device used for current bias
measurements. Red and yellow dot lines highlight the bottom and top h-BN flakes, respectively. The scale bar is 5 um. (c) Color plots of
dV /dI as a function of Ipc and n at T = 9 (left) and 150 K (right). (d) Plots depicting the Ipc dependence of differential resistance at T =
9 K for three different n values indicated by white dashed lines in (c). The number density ranges for the different dV /dI scaling behaviors
are indicated at the top of the color plot (left panel in c) by solid lines of the same color as the corresponding scatter plot in (d). (e) Evolution
of dV /dI curves at n = 1.6 x 10'' cm~2 (white dashed line for T = 9 and 150 K data in (c) for increasing values T from 9 (top) to 300 K
(bottom). The Knudsen, Poiseuille, and diffusive transport regimes are indicated by color bars in the top panel.

With the high quality of our GrFETs established, we turn
to current bias measurements which consist of measuring the
device conductance for increasing DC bias current. The role

III. CURRENT BIAS MEASUREMENTS

of the DC bias (|Ipc| < 300 A) is to increase the electronic
temperature (7,) of the devices, thereby providing a knob
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FIG. 3. Width-dependent measurements in GrFETs. (a) Left: schematic overview of GrFET design and circuit connection used for width-
dependent measurements. Regions of different widths (w) are fabricated on the same heterostructure using EBL and RIE (see Methods).
Top right: false colored scanning electron microscopy (SEM) image, used for measuring the channel dimensions. Scale bar is 1 um. The
SEM image is from a region depicted by a red dotted line in the left panel. Bottom right: schematic of the device cross-section depicting the

correction introduced in the calculation of w due to the etching angle. (b)

Scaling of o as a function of w at 7 = 200 K. Solid line is a fit to the

measured values (closed circles) following Eq. (5). (¢), (d), and (e) represent Ly, D, and [, values, respectively, as a function of T, extracted
from the fits in (b). Red line (both solid and dotted) and shaded region in e. represent theoretically predicted scaling of /,, following Eq. (7)
and the temperature range for Poiseuille efffects in GrFETs from width-dependent measurements, respectively. The red colored bar above (e)
represents the temperature range for Poiseuille effects observed from the current bias measurements (Fig. 2 and Sec. III). Error bars in (c), (d),

and (e) are calculated from the fitting error in (b).

which would lead to an increase in diffusive scattering pro-
cesses, and hence a decrease in lgisr [13—15]. The decoupling
of the two length scales therefore creates an ideal scenario for
hydrodynamic charge flow [9]. We discuss the validity of this
assumption below.

In the current work, we use Ipc to induce hot electrons in
the GrFET. The dissipated power heats up the charge car-
riers and follows a 3. scaling. Following previous reports
[35,36], we can calculate a value of AT, ~ T, — T ~ 200 K
(at T =9 K), in the measured device. This is similar to
values reported for graphene field effect transistors [6,36].
However, the lattice remains largely unaffected by Ipc. This
was experimentally verified by measuring the shift in the 2D
peak of graphene as a function of input bias voltage [36]. The
authors of the aforementioned work report a 30 K/V increase
in lattice temperature due to bias induced phonon heating. For
the devices in the current work, this would correspond to a
lattice temperature change of AT ~ 10.5 K at Ipc = 300 nA
(at T =9 K). The value of AT is negligible when compared
to AT, ~ 200 K. Additionally, the bias induced phonon heat-
ing process shows negligible temperature dependence [36],

enabling an effective control of 7, for a wide range of tem-
peratures using Ipc.

Figure 2(a) presents the device geometry and circuit con-
nections used for the current bias measurements and Fig. 2(b)
is an optical micrograph of the measured device. The mea-
sured device has a channel length and width of 1.1 and 0.55
pm, respectively. The transfer characteristics, mobility and
lgige of the device are presented in Fig. S2 [33]. Figure 2(c)
shows color plots of dV /dI as a function of n and Ipc recorded
at 9 and 150 K. At T =9 K, for changing number densities,
three types of Ipc curves are observed. The number densities
in which these behaviors are observed are indicated above the
color plot. For each behavior, a typical Ipc curve is plotted in
Fig. 2(d), with the number densities highlighted by the vertical
dashed lines in Fig. 2(c). For low n (scaling behavior 1),
the dV /dI values follow a monotonic decreasing trend with
increasing Ipc until about 5 x 1075 A (Jmin ~ 0.09 mA/um).
For larger values of Ipc, the curve is stable with only a minute
increase in resistance. This behavior results in a central bright
spot in the color map. With increasing n, we observe a non-
monotonicity in the measured dV /dI, as apparent from the
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central bright spot that splits into two ridges and a valley
appearing in the center (scaling behavior 2).

For scaling behavior 2, the Ipc curves exhibit three dis-
tinct regions. First, for low DC currents, the dV /dI values
increase with current. dV /dI then reaches a peak and in
the second region, decreases for increasing current (reaching
a minimum of dV/dI), while in the third region, dV /dI
steadily increases with DC current. The experimentally ob-
served nonmonotonicity in the differential resistance hints
towards the presence of viscous effects [n = 1.6 x 10'! cm™
in Fig. 2(d)], as we will discuss later on. Finally, for the largest
n (scaling behavior 3), the negative slope region vanishes and
the dV /dI is constant for small Ipc with a monotonic increase
for higher current values.

The three different scaling behaviors with changing »n can
be rationalized as follows. For scaling behavior 1, electrical
transport is dominated by the formation of charge puddles,
leading to an insulating behavior at low DC currents, with
a transition to metallic behavior for increasing DC current
[31,32,37,38]. The initial drop in resistance is associated
with electric field assisted interband carrier generation [37].
We can calucate the charge inhomogeneity (An) near the
Dirac point from the minima in the dV /dI. This gives
An = Jyin/evy ~ 5 x 10! cm™2, which is similar to those
reported in encapsulated graphene [38]. The metallic behavior
at higher Ipc has been attributed to a Schwinger production
of electron hole plasma in graphene [38]. For scaling be-
havior 2, increasing the DC current leads to three distinct
regions in the Ipc curve in which the charge transport is
quasiballistic/Knudsen, hydrodynamic/Poiseuille and diffu-
sive, respectively. For low DC currents, the charge carriers
flow nearly collisionless, leading to a quasiballistic transport,
also known as the electronic Knudsen regime. The trans-
fer characteristics also indicate the presence of quasiballistic
transport (Fig. S2 [33]) [39,40]. Upon increasing Ipc, the
electron temperature increases and consequently the interpar-
ticle collisions are increased. Even though such collisions are
momentum conserving and lead to no resistance, they make it
more probable for the carriers to reach and diffusively interact
with the sample boundaries [9], leading to an increase in
the resistance [d(dV /dI)/dIpc > 0]. A further increase in
Ipc until [, < w brings about a transition to the Poiseuille
regime. Here, the interparticle collisions actively prevent a
large fraction of the charge carriers (ones near the center
of the channel) from seeing the boundaries, resulting in a
slope reversal, d(dV /dI)/dIpc < 0, and a minimum in the
differential resistance. This negative slope for intermediate
Inc and minima of dV /dI in clean conductors are signatures
of the electronic Gurzhi effect [41]. This has been experimen-
tally observed previously and is indicative of the presence of
viscous/Poiseuille flow [6,9]. This regime lasts until diffu-
sive scattering processes within the sample gain prominence,
restoring the positive slope of dV /dI as expected in standard
metallic behavior or the diffusive regime (d(dV /dI)/dIpc >
0). A similar behavior is observed in four different samples
(see Methods for details). Finally, for higher number densities
(scaling behavior 3), the interparticle interactions are screened
(larger l..) [42,43] while the diffusive scattering remains
largely unaffected [constant /4 in Fig. S2 [33] and Fig. 1(c)]
[6]. A combination of these effects leads to the vanishing of

the Poiseuille flow (negative slope of dV /dI). The dV /dI
values are nearly constant for low Ipc (quasiballistic regime)
and show an increasing trend once diffusive scattering starts
dominating the transport around DC currents of 3 x 107> A
(0.05 mA/um). Similar observations were also made for hole
transport in GrFETs (negative n), and are presented in Fig. S3
[33].

We also investigate the effect of the lattice temperature (7")
on the Gurzhi effect by recording the conductance maps at
different temperatures. The color plots at all temperatures are
presented in Fig. S4 [33]. First, we compare the conductance
map at 150 K [Fig. 2(c) (right panel)] to the one obtained
at 9 K [Fig. 2(c) (left panel)]. Two major differences are
observed. First, the central bright spot has a reduced inten-
sity and, second, the Knudsen flow is absent for higher T
values. Color plots at intermediate temperatures are presented
in the Fig. S4 [33]. The reduction in intensity of the central
bright spot is indicative of a reduced Dirac point resistance
at higher values of T" in GrFETs. This is an effect of the en-
hanced particle-hole excitation, similar to our observations in
Fig. 1(b). The disappearance of the Knudsen regime is better
visualized when the Ipc curves for an intermediate number
density of n = 1.6 x 10'! cm~2 are investigated for all tem-
peratures [Fig. 2(e)]. At low T, all three regimes, Knudsen,
Poiseuille and diffusive are visible. However, with increasing
T, the Knudsen regime first reduces in size, until it disappears
at T = 150 K. Thereafter, at T = 300 K, the Poiseuille regime
also vanishes and the GrFETs only demonstrate signatures of
diffusive transport.

This T dependence can be understood by considering the
variation of /., and /g with lattice temperature. At T = 9 K,
lee, laife = w, which results in a quasiballistic or Knudsen flow
persisting upto large values of Ipc (Fig. S2 [33]). A transi-
tion from Knudsen to Poiseuille flow occurs when /., < w.
With increasing 7, the Poiseuille flow condition is satisfied
at smaller values of Ipc, leading to a diminishing Knudsen
flow regime. This trend persists until the lattice temperature is
high enough for the sample to enter the Poiseuille flow regime
at Inc = 0. This is indicated by the absence of the Knudsen
regime and is observed at T = 150 K (Fig. S2 [33]). The
sample remains in the Poiseuille regime until diffusive scatter-
ing processes gain prominence (lgir < l..) and the differential
resistance shows a monotonic positive slope [300 K data in
Fig. 2(e)]. Our differential resistance measurements, thus, hint
towards the presence of a viscous Poiseuille flow in GrFETs
at temperatures between 150 and 300 K.

IV. WIDTH-DEPENDENT MEASUREMENTS

In addition to differential resistance measurements, we also
verify the presence of Poisuille flow using geometric effects
in the channel conductivity (o). For diffusive transport, o
is a material parameter and therefore the current density (J)
is uniform in the central part of the channel, vanishing at
the boundaries, as shown in Ref. [23,26,44]. However, in the
Poiseuille regime, the parabolic profile of J (or carrier veloc-
ity) [Fig. 1(a)] manifests itself as a strong width-dependence
in 0. For a 2D Fermi liquid in the Poiseuille regime, the
transport equations are given by [20]

V.- Jr) =0, @)
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where Eqgs. (2) and (3) are the electrical analogues of the
continuity and Navier-Stokes equations, respectively. oy is
the Drude conductivity, ¢(r) the electric potential and e the
electronic charge. D,, the Gurzhi length, is a charcteristic
length scale determining the strength of viscous effects. Its
functional dependence is given by

Lai
D, = |4 )

vf

where v is the kinematic viscosity. The second term of Eq. (3)
is the viscous term and is responsible for the geometry de-
pendence of o. An analytical relation for o is obtained by
solving Egs. (2) and (3) with a diffusive/no-slip boundary
condition. Our choice of no-slip boundary condition follows
from current profile imaging experiments in similar devices
which demonstrate a decrease of the flow velocity near the
channel boundaries [23,26,44]. The resulting functional de-

pendence is
=22 ann (2 (5)
o =o0p|1 —2—tan .
0 2D,

w
From Eq. (5), we can define an asymptotic limit of strong
Poiseuille flow using the condition D, >> w. In this case, we
obtain, 0 = oow?/12D,. This w? scaling of o has been re-
ported previously in the Fermi liquid of Weyl semimetals [8].
However, comparing the values of w used in the current work
(0.6 < w < 5 um) and previously reported values of D, ~
0.2-0.4 pm in graphene [6], we expect that the measured
GrFETs do not satisfy the conditions for strong Poiseuille
flow. Hence, unlike previous reports [8], we find it suitable to
fit the experimental o with the nonasymptotic relation given
by Eq. (9).

Figure 3(a) shows a schematic of the GrFETs used for
our width-dependent measurements. To fabricate these de-
vices, the h-BN encapsulated graphene heterostructure was
shaped into channels of different widths using reactive ion
etching (RIE) (see Methods). Channel widths (w;) and lengths
(I) were confirmed by scanning electron micrographs [top
right panel of Fig. 3(a)]. The actual channel width (w) was
estimated from the observed width (w;), plus taking into
consideration the height of the top #-BN and the 45° angle
generated by the RIE process [bottom right panel of Fig. 3(a)]
[30]. The width-dependent fitting allows us to extract several
flow parameters, providing further insight into the viscous
charge transport in GrFETs. A detailed discussion of the pro-
cess is presented below.

The transfer characteristic and /g4 of the width-dependent
device is presented in Figs. 1(b) and 1(c), respectively. Fig-
ure 3(b) shows the fitting of o for lattice temperature 7 =
200K andn = 7 x 10'! cm™2. This particular choice of T and
n is guided by previous reports of viscous effects in graphene
at similar values of these parameters [6]. The closed circles
are measured values of o, while the solid line is a fit following
Eq. (5), with oy and D,, as fitting parameters. From the fit, one
can directly extract the values of oy and D,. The extracted
value of oy enables us to compute the diffusive mean free path

laigr using Eq. (1). We find lgier ~ 1 um, which is a common
occurrence in high quality graphene devices [Fig. 3(c)] [6,30].
The value of D, ~ 0.2 um [Fig. 3(d)], obtained from the fit is
also in close agreement with previous reports [6]. Substituting
laige and D, in Eq. (4) gives us an estimate of the viscosity
(v) of the charge carriers. We obtain a high kinematic vis-
cosity, v &~ 0.04m?s™! (T = 200 K), making the flow more
viscous than honey, a phenomenon which has been reported
previously (Fig. S5 [33]) [6]. This high viscosity is also one
of the assumptions for using the linearized Navier-Stokes
equation in Eq. (3). Additionally, the flow viscosity, which
arises due to the interparticle scattering, can be directly related
to the viscous mean free path, /,,, a parameter which is closely
related to /., [6,19]. The exact relationship at low excitation
frequencies (f << 10'? Hz) is given by

L= dm*v
T

The extracted [, &~ 0.14 um at T =200 K, is the small-
est length scale in the system (I, << w, lgg), indicative of
the presence of Poiseuille flow in GrFETs at 7 =200 K
[Fig. 3(e)]. To explore further, we repeat the width-dependent
measurements at different lattice temperatures and explore the
temperature dependence of Iy, Dy, I, and v in Figs. 3(c)—
3(e), and Fig. S5 [33], respectively. The flow parameters
demonstrate a T dependence only in an intermediate temper-
ature range of 178 < T < 300 K and saturate (except for lgif)
forT <178 Kand T > 300 K.

To understand the physical relevance of these values, we
compare the extracted /, with its predicted T dependence for
the Dirac fermionic liquid in a doped graphene sheet [19]. The
analytical relation for /, is given by

451)f(1 +NfOlee)2h€f
Ly =— -, D
647 /2N a2, (kpT )

(4

(6)

where Ny =4 is the number of Fermionic flavours in
graphene, «,, = 7.3 the fine structure constant, and kg the
Boltzmann constant. «,, is computed from the relation [19,45]

62

ee — s 8
* ehvy ®)

where € is the electrical permittivity. For the current work,
we have used the permittivity of 4-BN considering a dielec-
tric constant of 4 [46]. Eq. (7) [solid line in Fig. 3(e)] has
no fitting parameters and matches the extracted values of /,
[closed circles in Fig. 3(e)] for the intermediate temperature
range, 178 < T < 300 K [shaded region in Fig. 3(e)]. The
extracted flow parameters are thus physically relevant only
for these intermediate temperatures. Additionally, we note that
the assumptions of viscous flow made in the formulation of the
transport equations [Eqgs. (2) and (3)] limit their validity, and
as a result, the validity of the geometry-dependent analysis for
values of T where Poiseuille flow is present. In combination,
the physical relevance of the extracted flow parameters and
the validity of the viscous flow equations confirm the presence
of Poiseuille flow for 178 < T < 300 K in GrFETs. Finally,
this observation is strengthened by the fact that similar T
values are obtained for both the current bias measurements
(Sec. III) and width-dependent measurements [Figs. 2(e) and
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FIG. 4. Finite element modeling of graphene channel. (a) Plots of J,,m, as a function of w and Position (norm.) at T = 178 K depicting a
parabolic current flow profile for small values of w and a uniform J,o, for the largest simulated widths. (b) Flow curvature (solid line) as a
function of w computed from flow profiles in (a) at Position (norm.) = 0. Filled circles indicate the curvatures for measured values of w in the
current work. The dashed line represents curvature for an ideal parabolic flow. Shaded region indicates w values for strong Poiseuille flow (from
inset of (d). [(c), (d), (e), and (f)] Experimental (filled circles) and simulated (solid line) values of o as a function of w for T = 40, 178, 250,
and 337 K, respectively. Dashed line in (d) and (e) indicates the w? scaling of o expected for strong Poiseuille effects. Inset of (d) compares
the w? scaling and simulated o for w < 0.5 wm. Shaded region represents the predicted w values for strong Poiseuille flow. The finite element

modeling is performed at n = 7 x 10'' ecm™2.

3(e)]. We also look at the number density dependence of
the flow parameters in Fig. S6 [33]. The geometry-dependent
measurements indicate the presence of hydrodynamic effects
for number densities >10'' cm~2. Further discussions are
provided in Fig. S6 [33].

V. FINITE ELEMENT METHODS

Finally, we turn to finite element calculations (imple-
mented in COMSOL MULTIPHYSICS 5.6) to model the Poiseuille
flow in GrFETs. This process involves numerically solving
Egs. (2) and (3) with an uniform electric field (V¢) and
no-slip boundary conditions for different values of w. The
input parameters, D,, and oy, are calculated from the theoret-
ical predictions of [, [Eq. (7)] and the field effect mobility
(w). Our channels are oriented along the x axis while their
width follows the y axis. An example of a simulated flow
profile is depicted in Fig. 4(a) for T = 178 K. We observe
strong Poiseuille effects for small channel widths, indicated
by the parabolic dependence of the normalized current den-
sity [Jnorm = Jx(¥)/Jx(y = 0)] on the normalized channel
position [Position (norm.) = y/(w/2)], and a weak Poiseuille
flow, indicated by a constant Jyom, for larger values of w. The
curvature of the flow profile computed at the center of the

channel [Position (norm.) = 0] also exhibits a width depen-
dence [solid line in Fig. 4(b)]. It saturates to a value of 2 for
the smallest widths with a parabolic flow profile [w = 0.1 um
in Fig. 4(a)] and reduces to O for larger widths with a constant
Jhorm [w = 5 um in Fig. 4(a)]. The filled circles in Fig. 4(b)
correspond to the measured values of w in the current work.
Further, we extract the channel conductivity (o) from the
simulated flow profile. In Figs. 4(c) to 4(f), the simulated
(solid red line) and experimental (filled circles) values of ¢ are
compared for four different values of 7. The simulated results
match experimental data for temperatures in the Poiseuille
flow regime (T = 178 and 250 K), with mismatches at lower
(T =40 K) and higher (T = 337 K) temperatures, where our
experiments indicate the absence of hydrodynamic effects.

In what follows, we quantify our observations and predict
the values of w necessary for a strong Poiseuille flow. As
discussed before, the strong Poiseuille regime is characterized
by a w? scaling of o. This is indicated by the dashed blue
lines in Figs. 4(d) and 4(e), computed with the same param-
eter values as in the simulation (solid red line). Indeed, the
experimentally measured widths in our GrFETs devices are
too large for observing this effect as the flow is in the weak
Poiseuille regime. The strong Poiseuille regime is determined
by computing the relative difference between the simulated
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(solid red line) and strong Poiseuille (dashed blue line) values
of o. Values of w for which the relative difference remains
below 10% are considered to be in the strong Poiseuille
regime. The criteria is satisfied for w < 0.15 um, indicated by
the shaded region in the inset of Fig. 4(d). Another indicator
of the strong Poiseuille regime is the saturation of the flow
curvature to a value of 2 [shaded region in Fig. 4(b)]. In
conclusion, our finite element model confirms our GrFETs are
in the weak Poiseuille regime and predicts strong Poiseuille
flow for w < 0.15 um in GrFETs. Comparing the measured
values of [, [Fig. 3(e)] with the computed length scale for
strong hydrodynamics, we would expect this behavior to be
present at a slightly higher temperature than the range in-
dicated in the current work in order to satisfy the criteria
le < w.

VI. DISCUSSIONS AND CONCLUSIONS

Fabrication related constraints, specifically, the availability
of sizes of exfoliated graphene and 4-BN flakes, governed the
design of the width-dependent device measured in the current
work. The design, presented in Fig. S10 [33], was adopted
to increase the number of widths in a single graphene flake.
This led to a variation in the aspect ratio of the channels in
the regions of different widths. Notably, for the two largest
measured widths, the separation between the voltage probes
(~1.5 um) is smaller than w ~ 2.5 and 5 um, making the
channel length, the smallest geometric length scale. To inves-
tigate the consequences of such a design choice, we simulate
the flow profile in the measured device and compare it with
that of a model geometry (Fig. S10 [33]). The geometry of the
measured device is obtained from the gds file used to shape the
device during fabrication. The model geometry is obtained by
modifying the measured device and increasing the length of
the segments with the largest widths (i.e., w= 2.5 and 5 um).
Comparing the flow profiles in the two geometries we find
no difference for the smallest measured widths (w = 0.6, 0.8
and 1 pm), and a slight variation for the two largest widths
(Fig. S10(c) [33]). The variation in the flow profile leads to a
variation in the channel conductivity Ao ~ 7 — 15% for w =
2.5 and 5 um when compared to the model geometry. While
these values are not negligible, the extracted flow parameters
from the model geometry fall within the variation introduced
by the width-dependent fitting (demonstrated by error bars
in Figs. 3(c)-3(e) and hence do not modify the conclusions
drawn in the current work.

Additionally, we also investigate the injection effects that
arise due to the connection of channels of different widths.
This is done by extracting the flow profile at various regions
in the channel (details in Fig. S11 [33]). We find negligible
injection effects in the smallest measured widths (w = 0.6,
0.8, and 1 um) (Fig. S11(b) [33]). We observe some injection
effects in the largest measured widths, but these flow insta-
bilities die down within 300 nm of the voltage probes and
the flow in the majority of the measured channel is stable
(although with a slight variation from the model geometry
as mentioned previously) (Fig. S11(c) [33]). This makes us
believe that the charge injection effects do not play a major
role in the measured device. All the simulations are performed

atT =178 Kandn =7 x 11 cm~2, following similar consid-
erations as present in the discussion of Sec. V in the main text.

Strikingly, we observe hydrodynamic effects at different
charge number densities in the geometry dependence study
(n > 1 x 10" cm™2) (Fig. S6 [33]) and the current bias mea-
surements (1.6 x 10'" < n < 2.4 x 10! cm™2), for which we
have no clear, unique explanation. Similar behavior has been
seen in previous reports, with current bias measurements
showing viscous effects for lower number density ranges com-
pared to negative vicinity resistance [6]. This could indicate
either a number density selectivity in the transport probes of
charge hydrodynamics or a number density variability of the
hydrodynamic regime in graphene.

In conclusion, we demonstrate the electrical signatures
of Poiseuille flow in charge transport through graphene
channels using the Gurzhi effect and geometry-dependent
measurements. We observe a negative slope in the differential
resistance measurements and a strong geometry dependence
of the channel conductivity, both indicative of the presence
of viscous effects. The two different measurements types, in
conjunction, enable us to define a temperature range for the
viscous effects to occur, which reaches as high as 300 K.
Moreover, we provide an electrical transport-based character-
ization framework for detecting Poiseuille flow in conductors
that can easily be extended to other conductors. Our ex-
perimental observations are corroborated by finite-element
calculations that shed light on the channel geometries required
for a strong Poiseuille flow. Our findings offer promis-
ing prospects for functional hydrodynamic graphene devices
in the near future, such as geometric rectifiers like Tesla
valves and charge amplifiers based on the electronic Venturi
effects [47-49].

VII. METHODS
A. Device fabrication

GrFETSs measured in the current work are fabricated using
the following process: the heterostructure assembly begins
with the mechanical exfoliation of individual layers from
bulk crystals (the graphite is obtained commercially from
NGS Trading & Consulting GmbH and the 4-BN is from our
coauthors in National Institute for Materials Science, Japan).
Exfoliated flakes are optically screened using an optical mi-
croscope (Zeiss Axio Imager M2m). The layer number and
quality of grphene flakes are determined using Raman spec-
troscopy (see Fig. S7 [33]) [50]. We use a Raman system
with a backscattering geometry confocal Raman microscope
(WITec, Alpha 300 R). An excitation laser with a wave-
length of 532 nm from a diode laser is used for all Raman
measurements. The thickness of #-BN layers is characterized
using atomic force microscopy in the tapping mode (Bruker
Icon3 AFM). Selected flakes are aligned and stacked layer
by layer using commercially available micromanipulator (HQ
Graphene 2D Heterostructure Transfer System). The pick-up
process is performed using PDMS backed polycarbonate (PC)
stamps. PC shows good adherence to A-BN for 330K < 7 <
350 K. After successful pick-up of the top i#-BN layer, the
middle graphene layer and bottom /-BN layer are picked
up using the van der Waals interaction between the differ-
ent two-dimensional materials. Finally, the heterostructure is
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deposited on a pre-patterned Sit*/SiO, (285 nm) wafer at
T = 450 K. The PC is dissolved in dchlorometane (DCM).
The transfer process followed is similar to that in Ref. [29].
Following this, a thermal annealing step is performed at 650 K
with H, /Ar 35/200 sccm for 3 hours to improve the quality of
the heterostructures by reducing interfacial bubbles, contami-
nants etc. (See Figs. S8 and S9 [33].) The small electrodes are
defined using EBL and RIE (CHF; = 40 sccm, O, = 4 sccm,
P = 60 mTorr, Power = 60 W). Next, we deposit 5/25 nm
Cr/Au directly using ebeam evaporator for edge-contacted
electrodes and the pattern is lifted off using acetone for
45 min [30]. After that, the second EBL and metals deposition
(5/65 nm Cr/Au) are performed for contact pads. Finally, we
perform the third ebeam processing, followed by the second
RIE for defining the channel shape. The morphology of the
device is recorded by the same optical microscope mentioned
above. Channel widths of devices are acquired from SEM
(Hitachi S-4800). For the width-dependent device the chan-
nel width (w) was varied while keeping the channel length
constant.

For the current bias measurements, four devices on four
different chips were fabricated. All samples demonstrate a
similar scaling of dV /dI at base temperature. We observe the
current biasing measurements have a tendency to generate ir-
reversible hysteresis and electron doping (shifting of the Dirac
point to negative gate voltages) in devices. Due to this we
could perform the temperature characterization in one device
and partial temperature characterization in a second device.

For the width-dependent measurements, the largest four
values of w are from a single large graphene channel which
was shaped into channels of different widths, while the small-
est w value is obtained from a second device on a different
chip made following similar fabrication protocols.

B. Measurement Details

The four-probe resistance of GrFETs was measured using
a lock-in technique, with an AC source-drain current(of Iyc =
100 nA (231.45 Hz); Ipc = 0) while measuring the resulting
voltage drop (Lockins used are SRS 830 or EG&G 7265). The
SRS CS580 voltage controlled current source is used to supply
Izc to the sample. The gate voltage is supplied by an AdWin
Gold 2 connected to a voltage amplifier (Physics Basel SP
908). From the applied gate voltage, the number density is
computed using n = Cy(V, — Vy)/e [51], where, C,, is the
oxide capacitance (series combination of SiO, (285 nm) and
bottom A-BN), e is the electron charge, V, and V; are the gate
and the Dirac point voltage, respectively.

For the current bias measurements, the DC bias is supplied
by an AdWin Gold 2 and the AC bias by a lockin. The two
bias voltages are added using a summing amplifier SIM980.
The current source CS580 converts the summed voltage to the
supplied current bias. An Ixc = 100 nA (231.5 Hz) is used
for the measurements and the output voltage from the sample
measured using the lockin.

The width-dependent measurements follow similar mea-
surement technique as the transfer characteristic measure-
ments.

The current bias measurements are carried out on a closed
cycle manual probe station (Lakeshore). For width depen-
dence measurements, the samples are wire bonded to a chip
carrier and measured in a commercially available closed cycle
cryostat from Advanced Research Systems (ARS).

The data that support the findings of the study are available
from the corresponding author upon reasonable request.
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