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In this work, we fabricated a 2D van der Waals heterostructure device in an inert nitrogen atmosphere by means of
a dry transfer technique in order to obtain a clean and largely impurity free stack of hexagonal boron nitride (hBN)-
encapsulated few-layer graphene. The heterostructure was contacted from the top with gold leads on two sides and
the device’s properties including intrinsic charge carrier density, mobility and contact resistance were studied as a
function of temperature from 4K to 270K. We show that the contact resistance of the device mainly originates from
the metal/graphene interface, which contributes a significant part to the total resistance. We demonstrate that current
annealing affects the graphene/metal interface significantly, whereas the intrinsic carrier density and carrier mobility
of the hBN-encapsulated few-layer graphene are almost unaffected, contrary to often reported mobility improvements.
However, after current annealing, a 75 % reduction in the contact resistance improves the overall performance of such
a heterostructure device and the backgate-dependent transfer curve becomes more symmetric with respect to the Dirac
point. A maximum carrier mobility of 11200cm?>V~!s~! for this hBN/graphene/hBN heterostructure was measured at

4K, showing good device performance, in particular, after current annealing.

I. INTRODUCTION

The recent development of techniques for combining
graphene with other atomically thin van der Waals (vdW)
crystals has led to the exploration of the characteristic prop-
erties of these so-called vdW heterostructures!. Hexagonal
boron nitride (hBN) is one of the most popular vdW materials'
and exhibits extraordinary properties, such as an atomically
smooth surface and a large band gap?, enabling electronic de-
vices with low disorder and impurity concentration. Insulat-
ing hBN has received great attention as a substrate material
for high performance graphene electronic devices with sig-
nificantly reduced electron-hole puddles, compared to a SiO;
substrate material®. Thus, heterostructures based on a combi-
nation of both materials are promising for 2D graphene-based
nanoelectronics*™, such as field-effect transistors. In order to
transfer 2D flakes on top of each other, a robust and efficient
“dry transfer” technique for producing vdW heterostructure
devices is necessary that can be developed, based on existing
transfer techniques’~'2, to produce hBN/graphene/hBN struc-
tures. Contrary to the “wet transfer” process'>, the dry trans-
fer technique leads to less residues, due to omitting solvents
and chemical preparation steps, and results in less interfacial
bubbles and wrinkles’ and, as a consequence, shows an en-
hanced device performance. It is also a quick and efficient
way to build multilayer two-dimensional vdW stacks'?. Ar-
bitrary exfoliated flakes can be selected by a microscope and
picked up with a transfer stamp in a transfer stage such that
a multilayer stack can be designed for specific requirements.
In order to build a largely impurity-free heterostructure de-
vice we carried out the transfer in a nitrogen filled glove-box
(O2 < 3ppm, H,O < 3ppm) and encapsulated the graphene
sheet by hBN from the top and the bottom. This prevents the
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adsorption of significant oxygen and other impurities, espe-
cially in later device building steps. Beyond the clean fabri-
cation of the stacks, additional improvements have been re-
ported by annealing the stacks by current injection. In partic-
ular improvements of the mobility have been claimed'#, while
the important contact resistance has often been neglected. In
this work, the properties of few-layer graphene, encapsulated
by hBN, are studied with devices fabricated in a special clean
dry transfer process. We measure the key properties of charge
transport in graphene, such as charge carrier densities and mo-
bilities as a function of temperature. We carry out current an-
nealing experiments to optimize the device performance and
to observe its impact on carrier density, carrier mobility and in
particular contact resistance, where large changes occur. All
measurements correspond to a single sample, although several
samples were produced but not characterized electrically.

Il. EXPERIMENT
A. Sample preparation

In order to build a 2D heterostructure stack of various 2D
layers, a dry transfer technique'®!? was used. In our case, this
comprises a clean transfer process with a minimal amount of
bubbles, wrinkles and interfacial contamination’. This tech-
nique is based on the interfacial van der Waals-interaction
between 2D layers. In the case of graphene and hBN, the
attractive force is stronger between these 2D crystals as be-
tween a rough SiO, substrate and graphene or hBN!2. Ini-
tially, a transfer stamp has to be prepared, out of a glass slide,
MMA (methylmethacrylate), PDMS (poly-dimethylsiloxane)
and PMMA (poly-methylmethacrylate) as depicted in Fig. 1a.
Since PDMS is soft, chemically inert and transparent with a
hydrophobic surface!?, it is an appropriate material for a 2D
pick-up transfer. To further enhance the hydrophobic proper-
ties of PDMS and to reduce residues on its surface!®, PDMS
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FIG. 1. In (a), the dry transfer stamp, composed of a glass slide, methylmethacrylate (MMA), polydimethylsiloxane (PDMS) and polymethyl-
methacrylate (PMMA) for the transfer of graphene or hBN onto a silicon wafer or on top of a 2D crystal is illustrated. In (b), a microscope
image of the final structure is shown, where few-layer graphene is sandwiched by two approx. 60nm thick hBN crystals. In (c), the same
structure is presented with uncovered graphene parts contacted by gold electrodes, carried out with electron-beam lithography (EBL).

was treated in a UV-O3 chamber at 1L/min oxygen flow for
20 minutes. Moreover, the silicon present in PDMS reacts
with oxygen atoms to form a 20 — 30nm thick layer of silicon
oxide on PDMS leading to improved surface characteristics!”.
A small PDMS cuboid of 1 mm length was placed on a glass
slide and glued with a drop of MMA (dissolved in ethyl lac-
tate) onto the slide. An additional PMMA layer on top of
the PDMS was used in order to improve the pick-up proba-
bility, due to enhanced cohesion between the 2D crystal and
the PMMA. The whole transfer was carried out in a nitrogen
filled glove box (O, < 3ppm, H,O < 3ppm) with a transfer
stage'® and a microscope.

B. Pick-up transfer process

As afirst step, an exfoliated hBN flake with appropriate size
and thickness from a SiO, substrate is selected and the trans-
fer stamp is then pressed softly onto the flake to have a direct
contact of hBN and PDMS. Thereafter, the substrate is heated
up to about 80°C to enhance the probability of the pick-up
of the flake. After three minutes the stamp can be withdrawn
slowly such that the 2D flake is attached to the transfer stamp.
Next, the substrate is changed to one with exfoliated graphene
flakes and a few-layer graphene flake is picked up. Finally, the
bilayer (graphene/hBN) is dropped onto a larger hBN crystal,
by heating up the stamp to approximately 120°C, resulting in
a clean hBN/graphene/hBN heterostructure, as shown in Fig.
1b.

For this device, the top hBN flake is smaller than the bottom
one and only covers the few-layer graphene flake partially.
This allows for the contacting of the graphene flake from the
top by contacting the uncovered parts with contact leads. The
precise pattering of the contact leads was realized by electron-
beam lithography (EBL). The leads were made out of Snm
chromium and 55nm gold deposited by means of magnetron
sputtering. The area of the graphene sheet, which is covered
by the metal, is approximately 15 um? (at each contact site)

and area encapsulated by hBN approximately 100 um?. An
image of the final contacted structure is shown in Fig. lc.

I1l.  RESULTS AND DISCUSSION

Transfer curves of the hBN/graphene/hBN-device were
measured from 270K down to 4K in a cryostat. The resis-
tance was measured depending on the backgate voltage Vje
applied to the SiO,/Si-substrate in steps of one volt. The volt-
age V;, at the peak of a transfer curve called charge neutral-
ity point or Dirac point appears to be negative for all curves,
which indicates an intrinsically n-doped device according
to: n, —np = C/e x (Vpg — V) with n./n, the electron/hole
charge carrier density, C the capacitance density of the het-
erostructure device and e the electron charge. The capaci-
tance density of the device is determined, as a model of two
capacitors in series, through both dielectrics, SiO, and hBN
by: 1/C =1/Csio, +1/Cipn = dsio, / €0€si0, + dhBN/ €0€nBN.-
Such an intrinsic n-type doping can be caused by covalently
bonded nitrogen atoms'®, which is reasonable, because a ni-
trogen atmosphere was present during the 2D transfer in the
N»-filled glove-box. This intrinsic charge carrier density ng
has to be taken into account when considering the total car-
rier concentration in the graphene-based heterostructure de-
vice. The total charge carrier density can be approximated

by?%: Rorar = /13 + 12 (Vipg — V), with n(Vig — V) being the

gate induced carrier concentration as described above. All
further results are shown as a voltage difference of the ap-
plied backgate voltage V},, and the Dirac point V;, depicted as
ng,d = ng —Vy.

As it can be seen in Fig. 2a, all transfer curves are slightly
asymmetric, meaning that the resistance for a certain Vj_y
value is slightly higher than its corresponding negative value.
This asymmetry likely originates from the charge transfer
at the metal/graphene interface, which acts as a p-p-p junc-
tion for negative Vj,_4 and like a p-n-p junction for posi-
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FIG. 2. Transfer curves at different temperatures ranging from 4K to 270 K, as indicated by different colors. The measured total resistance is
plotted against the voltage Vj, 4 in (a), which is the difference of applied backgate voltage to the Dirac point. Error bars, due to measurement
errors in the range of 15Q, are omitted for the sake of clarity. In (b), transfer curves normalized to zero Vj,,_4, derived from fits (according to
Eq. 1) of the data in a), are shown without the contribution of a contact resistance R.. With increasing temperature the backgate effect on the

relative resistance p increases.

tive Vpg_y values?!22. Experiments often show a clear dif-

ference between the resistivities at exactly opposite back-
gate voltages, which is usually attributed to different scatter-
ing cross-sections of charged impurities for opposite carrier
polarities>>>*. On the other side, this asymmetric transport
property can be explained by the metal/graphene interface®,
which has been shown to be gate dependent®!, resulting in
a strongly gate dependent contact resistance®®. This interfa-
cial effect is here regarded as an additional contribution to the
contact resistance of the device and since it has a positive re-
sistance contribution for positive applied V;, 4 and a negative
contribution for negative V,,_,*>%’, the contact resistance R,
is considered as a combination of a constant factor R..,sians
and an asymmetric contribution aVp,_4, with a being a fitting
parameter, resulting in Re = Reonstant +@Vpg—q. This assumes
a simplified linear dependence of the interfacial effect with
the applied backgate voltage. The total resistance R of the
heterostructure device can then be described by the following
formula®’:

L 1
R=R.+—

w eu,/n%Jrnz(ng — Vi)

where 7y is the residual charge density, n(Vj, —V;) the gate
induced charge carrier density as described above, R, the con-
tact resistance,  the mobility, L the channel length and W the
width of the graphene sheet. R, also comprises the resistance
of the Cr/Au-contact pads, wires and sample holder cables,
which have together approximately the size of 1. However,
in comparison to the contact resistance of a few kQ this is a
negligible contribution.

The effect of the residual density nop on the transport

6]

behavior of graphene is only important near the Dirac
point, and is negligible far away from the Dirac point.
The advantage of this fitting method is the possibility to
extract U, nop and R, by a single fit of a measurement of
a “two-point” contacted device. For all temperatures, the
transfer curves shown in Fig. 2a, were fitted with equation
1 and the parameters U, ny and R. were extracted. To better
assess the temperature influence on the transfer curve of the
hBN/graphene/hBN heterostructure, the relative resistance
change p = (R — Ry)/Ry, with R the measured resistance
of the device and R, the resistance at the Dirac point, is
plotted with the extracted parameters ¢ and ng, but without
the contribution of the contact resistance R, in Fig. 2b. A
consistent trend of a stronger backgate effect on the resistance
for lower temperatures can be observed as expected?®. This
can be explained by the lower intrinsic charge carrier density
ng for lower temperatures, due to less thermal activation of
carriers, thus the total carrier concentration is dominated
by the gate-induced charge carriers?®. This trend for ng as
a function of temperature is presented in Fig. 3b, with the
lowest value for ng of approximately 1.5-10'>cm™2 at 4K.
The increase in carrier density with temperature can be ex-
plained by the thermal activation model for an hBN/graphene
heterostructure®>-3? and by the theory of electron-hole puddle
formation near the Dirac point3!, caused by intrinsic ripples
or extrinsic charge-induced inhomogeneities.

The increase in mobility for lower temperatures, as shown
in Fig. 3a, is caused by less phonon and electron-electron scat-
tering. Phonon scattering, although being weak in graphene??,
always contributes to a reduced mobility with increasing

temperature. The maximum charge carrier mobility of
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FIG. 3. The temperature dependence of mobility (a), charge carrier density (blue diamond data points) and contact resistance (green square
data points) (b) is shown. Error bars are indicated and the red data points are linked to the parameters after the current annealing procedure

(see. 4).

112004 800cm?V~!s~! for this device was measured at 4K
and is higher than for typical SiO,-substrate-based graphene
devices2033-34,

Current annealing

A crucial and often overlooked contribution to the device
performance and total resistance stems from the contact re-
sistance, which is mainly determined by the interface of the
metal contact lead and the graphene sheet. As mentioned
above, a p-p-p junction occurs at the interface for negative
Vig—a and a p-n-p junction for positive ng,du. However,
this contact resistance can be improved significantly by means
of current annealing. Current annealing (CA) is heating of
the device due to ohmic losses®. This localized heating can
lead to chemical desorption of adsorbents and electromigra-
tion (EM) is the transport of material caused by the gradual
movement of ions in a conductor due to the momentum trans-
fer between conducting electrons and diffusing atoms®. In
addition, it could also lead to a rearrangement of interface
atoms, by which the interface conductivity is modified. It is
shown here, that after several current annealing procedures,
the interface conductivity quadrupled. This increase in con-
ductivity or drop in R, is depicted in Fig. 3b as a green square
data point with a red edge at S0K. Contrary to the contact re-
sistance, mobility and intrinsic carrier density were not signif-
icantly affected by the current annealing (shown as red edged
data points in Fig. 3). These results reveal the significant
impact of current annealing on the graphene/metal interface
and for this device for the currents used we find either a clean
hBN/graphene/hBN stack or more likely no significant des-
orption of remaining adsorbates, as corroborated by the lack
of a change of ng.

A change in ng would indicate that impurities of the encapsu-

lated graphene sheet are desorbed or adsorbed to the graphene
which thereby then affect the carrier density. However, this is
not the case here and a more likely explanation is the impurity
contaminated (due to lithography) metal/graphene interface,
which could be improved by means of current annealing. An-
other effect might originate from electromigration at the inter-
face. With an interface contact area of approximately 15 ym?,
the maximum corresponding current density of 1.4 - 10°A /m?
is of an order where electromigration effects such as the ma-
terial transport in the gold electrode, caused by the electron
momentum exchange and the related thermal gradient in the
metal®”-3® or in our case the metal/graphene interface, can oc-
cur. The resulting depletion or accumulation of Cr and Au
atoms at the interface is therefore able to influence the inter-
face conductivity. As there are no particular chemical reac-
tions for graphene/Cr interfaces reported, we do not expect to
have particular chemical reactions occurring due to the current
injection and the resulting heating. The current annealing pro-
cess was conducted with the aid of a LabView program, which
allows for an automatic control of the process. Six CA pro-
cedures were carried out at a temperature of 50K. While con-
ventionally, current annealing is done at room temperature, we
carried out current annealing at 50K to focus on electromigra-
tion effects. These can be induced by large current densities
due to “electron wind” even at low temperatures, while ther-
mal desorption requires mostly elevated temperatures. Each
procedure comprised a start voltage and a target voltage Vr,
which was applied as drain-source voltage and increased until
the target was reached. Thereafter, the program sets the volt-
age back to the starting value and another cycle of incremental
voltage increase is started. This is repeated about 50 times for
each procedure. Fig. 4 shows the last three CA procedures
with target voltages of 5, 10 and 15 volts. For each procedure
the resistance at the start and at the end of the procedure is
plotted as a data point, in Fig. 4a. All cycles for the three pro-
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FIG. 4. The effect on the total device resistance by means of current annealing at a voltage of V;; = 5V is shown in (a). Each color represents
a current annealing procedure (for different target voltages) with pre- and post- resistance values indicated as data points. The dashed line
serves as a guide for the eye. In (b), all cycles for each procedure are presented and the first cycle of each procedure is declared with an arrow.

A significant change in resistance or in source-drain current can be seen.

cedures are plotted in Fig. 4b, where each first cycle is indi-
cated, respectively. A gradual increase in source-drain current
can be seen between CA procedures, indicating EM effects,
as well as among different cycles of an individual procedure.
This suggests an improvement of the device contact resistance
or intrinsic charge carrier concentration. However, in Fig. 3b
it was illustrated that the change in ny is negligible and that the
change in R, is the cause of the improved conductance. In ad-
dition, this shows the effectiveness of current induced anneal-
ing in desorbing contaminants from the interface to reduce the
typically high contact resistivity for a Cr/Au electrode®®. An-
other effect relates to the asymmetry of the transfer curve (see
Fig. 2a), which is affected by EM in a way that the curve af-
ter CA is more symmetric than before, confirming a change
in the metal/graphene interface, since this is the main ori-
gin of the asymmetry in the curve?'. The maximum applied
current density for this 2D heterostructure was approximately
4.4-103 A/m and similar to current densities used for current
annealing treatment in few-layer graphene devices®. As it is
shown in this work, the contact resistance significantly limits
the device performance and current annealing targets this lim-
itation by improving the metal/graphene interface. It is likely
that this improvement is mostly due to the rearrangement of
interface atoms and desorption of adsorbants at the interface
and not at the graphene sheet, since graphene is encapsulated
by hBN (not “free standing”). Also CA affected the sym-
metry of the transfer curve, indicating a change at the inter-
face. Contrary to other graphene field-effect devices, where
current annealing improves the device performance due to an
increase in carrier mobility”’, for our device, the enhanced
performance stems from the impact on the interface, namely
the contact resistance and not mobility. The change in mo-
bility or carrier density due to CA is here negligible. Our re-
sults are valuable for top-contacted hBN/graphene/hBN het-

erostructures devices to reduce the interface resistance and to
enhance the device performance.

IV. CONCLUSION

A hBN/graphene/hBN heterostructure device, fabricated in
a nitrogen atmosphere by means of a dry transfer technique,
was developed on a SiO, substrate and top-contacted with
gold electrodes. Its intrinsic charge transport properties, like
carrier mobility, intrinsic carrier density and contact resistance
were studied from 4K to 270K. The fitting method allowed
us to gain information about these parameters for a two-point
contacted heterostructure device. By means of current an-
nealing, it has been shown, that the graphene/metal interface
can be improved significantly, whereas the intrinsic carrier
density and carrier mobility of the hBN-encapsulated few-
layer graphene are almost unaffected, contrary to other reports
where the annealing affects mobility or carrier density. A 75 %
lower contact resistance improves the overall performance of
such a heterostructure device and therefore is be a valuable
finding for the future development of 2D vdW devices. The
observed asymmetry of the transfer curves is most likely at-
tributed to the charge transfer at the metal/graphene inter-
face and has been shown to be improvable by use of current
annealing. For an increased performance in hBN/graphene
heterostructure devices, current induced annealing should be
considered.
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