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ABSTRACT

Utilizing an interplay between band topology and intrinsic magnetism, the two-dimensional van der Waals (vdW) system MnBi2Te4 provides
an ideal platform for realizing exotic quantum phenomena and offers great opportunities in the emerging field of antiferromagnetic spin-
tronic technology. Yet, the fabrication of MnBi2Te4-based nanodevices is hindered by the high sensitivity of this material, which quickly
degrades when exposed to air or to elevated temperatures. Here, we demonstrate an alternative route of fabricating vdW-MnBi2Te4-based
electronic devices using the cryogenic dry transfer of a printable circuit embedded in an inorganic silicon nitride membrane. The electrical
connections between the thin crystal and the top surface of the membrane are established through via contacts. Our magnetotransport study
reveals that this innovative via contact approach enables exploring the MnBi2Te4-like sensitive 2D materials and engineering synthetic heter-
ostructures as well as complex circuits based on the two-dimensional vdW systems.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0170335

Introducing magnetic order in a time-reversal-invariant topologi-
cal insulator (TI) results in the formation of a non-trivial gap at the
Dirac point, which brings in novel physics, in particular, the quantum
anomalous Hall effect (QAHE).1–11 The central phenomenon brought
in by the QAHE is the dissipationless spin-polarized currents flowing
along the edges of the material. This effect makes magnetic TIs a
promising platform for topological magnetoelectronics having low dis-
sipation losses.12 Recently, the van der Waals (vdW) MnBi2Te4 has
been predicted13–15 and has been experimentally demonstrated1,15–20

to be an antiferromagnetic TI. The MnBi2Te4 compound consists of
the Te–Bi–Te–Mn–Te–Bi–Te layers, where the Mn2þ magnetic
moments are ferromagnetically aligned within each septuple layer (SL)
and are antiferromagnetically coupled when lying in neighboring SLs
below N"eel temperature TN ’ 24K.5 The A-type AFM phase with the
out-of-plane easy axis in MnBi2Te4 determines its topological charac-
ter. Depending on whether the MnBi2Te4 flake has an even or odd

number of SLs, the magnetizations of the top and bottom surfaces
either sum up or fully compensate, resulting in an axion insulator or
Chern insulator state, respectively.13,14,18,21 In the latter case, the
QAHE is expected to arise below TN when an appropriate gate voltage
is applied to shift the Fermi energy close to the charge neutrality
point.1 Nevertheless, the surface magnetic orders, and, hence, the topo-
logical properties of MnBi2Te4, can be easily broken by disorder and
surface degradation, hindering the realization of the QAHE.22 A more
robust way to open the surface gap and induce the chiral edge states is
sandwiching MnBi2Te4 between bidimensional FM insulators in order
to decrease the interlayer AFM coupling and stabilize an FM order by
proximity effects.23 Furthermore, because of the AFM structure and
the low dimensionality, MnBi2Te4 offers additional opportunities for
the next generation of spintronic technologies. Magnetotransport stud-
ies have revealed that MnBi2Te4 hosts the surface and bulk-spin flop
transitions, resulting in the appearance of the magnetic phase that

Appl. Phys. Lett. 123, 223102 (2023); doi: 10.1063/5.0170335 123, 223102-1

Published under an exclusive license by AIP Publishing

Applied Physics Letters ARTICLE pubs.aip.org/aip/apl

 01 February 2024 04:55:01

https://doi.org/10.1063/5.0170335
https://doi.org/10.1063/5.0170335
https://www.pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0170335
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0170335&domain=pdf&date_stamp=2023-11-27
https://orcid.org/0000-0002-1984-4735
https://orcid.org/0009-0008-7453-6007
https://orcid.org/0000-0003-0397-0718
https://orcid.org/0000-0002-2214-5564
https://orcid.org/0009-0000-8962-7878
https://orcid.org/0009-0009-8241-8331
https://orcid.org/0000-0002-1289-2822
https://orcid.org/0000-0001-8944-0640
https://orcid.org/0000-0002-0977-3515
https://orcid.org/0000-0001-6590-1393
https://orcid.org/0000-0003-2271-7726
https://orcid.org/0000-0001-7982-0113
mailto:n.poccia@ifw-dresden.de
https://doi.org/10.1063/5.0170335
pubs.aip.org/aip/apl


exhibits a chiral Hall effect and in the onset of the ferromagnetic/para-
magnetic state emerging usually under applied strong magnetic
fields.24,25 Very recently, MnBi2Te4 was proposed as a novel material
for engineering field-effect transistors possessing a strong rectifying
effect and a spin filtering effect.26 By devising twisted heterostructures
through the stacking of the MnBi2Te4 thin crystals, a Moir"e magneti-
zation texture emerges similar to what was observed in twisted CrI3
bilayers,27 potentially leading to chiral channel networks.28

To keep the disorder under control and realize the pristine inter-
faces in the proposed heterostructures, advanced device fabrication
methods are needed. It is well known that the MnBi2Te4 compound is
not stable in the air since an oxide layer forms, passivating the surface
of MnBi2Te4.

29 Moreover, MnBi2Te4 decomposes into the non-
stoichiometric Bi2Te3 and MnTe at around 150 "C, as revealed by x-
ray diffraction experiments,30,31 and defects as well as a shift of the
chemical potential are induced by heating above 120 "C.32 Therefore,
the preservation of the physical properties of a MnBi2Te4-based crystal
can be achieved through nanofabrication occurring in an entirely inert
environment, with electrical contacts established in a dry and cold
fashion. To minimize interfacial detrimental disorder associated with
highly energetic metallization processes, several transfer techniques
exploiting different materials have been proposed for the integration of
vdW crystals in two-dimensional electronics.33–42 Nevertheless, all
these methods are based on non-scalable exfoliated materials and are
typically limited to simple contact geometries.43 Only very recently, a
wafer scale vdW integration process was developed to realize high-
performance 2D transistors with high-quality contacts.44 This
approach relies on the direct transfer of electrical contacts embedded
in poly(methyl methacrylate) (PMMA) layer onto the two-
dimensional crystal, thereby separating the circuit fabrication stage
from the realization of the device. Nonetheless, due to the high temper-
ature required for melting the polymer after the contact printing, this
methodology turns out to be unsuitable for sensitive material such as
MnBi2Te4.

Here, we report on a via contact method that utilizes the cryo-
genic dry transfer of electrical circuits embedded within inorganic SiNx

nanomembranes for the fabrication of sensitive vdW devices. We
employ this experimental technique to realize and measure a Hall bar
device based on a thin MnBi2Te4 crystal. We show that this technology
offers a unique opportunity for devising functional vdW heterostruc-
ture based on the TIs45 that are introduced into complex circuits. Our
experimental approach can also be extended to other sensitive vdW
materials, including high-temperature cuprate superconductors, which
will allow for the realization of heterostructures and devices with the
tunable properties,46,47 including topological superconductivity.48

The high quality single crystals of the MnBi2Te4 [Fig. 1(a)] are
grown by slow crystallization from a melt of stoichiometric Bi2Te3 and
a-MnTe. The homogenized precursor is placed inside an evacuated
quartz tube. After sealing the ampule, it is heated up to 950 "C in a
tube furnace. The single crystals form during slow cooling in the nar-
row Ostwald–Miers region (3 "C below 600 "C) and are tempered at
the subsolidification temperature 590 "C for several days. Finally, the
temperature is lowered to room temperature. The platelet-shaped crys-
tals of different sizes depending on the cooling rate and annealing time
are obtained within and atop of the highly crystalline ingot.30

The magnetometric measurements are performed in a supercon-
ducting quantum interference device under a magnetic field applied

along the c-axis of the crystal. The magnetic susceptibility v as a func-
tion of temperature [Fig. 1(b)] in a 1 T-field reveals an AFM transition
at TN ¼ 24:25K. The inverse susceptibility data are well fitted by the
Curie–Weiss (CW) law 1=v ¼ ðT %HCWÞ=C, where C is the Curie
constant connected to the effective magnetic moment of Mn-ion leff ,
and HCW is the CW temperature, related to the sum of all magnetic
interaction in the system. Due to Mn/Bi intersite defects appearing
when the Mn atoms from the Mn layer intermix with the Bi sites in
the Bi2Te3 layers, the obtained leff ¼ 5:43ð1ÞlB/f.u. lies slightly below
the expected value for a pure Mn2þlMn2þ

eff ¼ 5:9 lB/Mn.49–51 The
observed peak in the magnetic susceptibility indicates an AFM order,
while the extrapolated positiveHCW ¼ þ7:26 0:6K suggests the pre-
dominant ferromagnetic correlations. This contradiction is well known
in the layered vdW compounds like MnBi2Te4. Here, the ferromag-
netic intralayer coupling is much stronger than the antiferromagnetic
interlayer coupling so that the spin fluctuations in the paramagnetic
regime are dominated by the FM correlations. The magnetic suscepti-
bility measured at a lower field (H ¼ 0:1 T) shows a peak at a slightly
higher temperature (TN ¼ 24:75K) and discloses a second transition
at the critical temperature Tc ’ 10K [Fig. 1(c)], which coincides with
the ferromagnetic ordering temperature of MnxBi2%xTe3.

52 This addi-
tional phase is also visible in the field-dependent magnetization M(H)
curves at low temperatures. As shown in the inset of Fig. 1(d), a hyster-
esis loop appears at low fields and vanishes for T > 10K. However,
from the remanent moment of ’ 0:01 lB/f.u., it can be seen that the
fraction of this secondary phase is negligibly small (< 1%), in agree-
ment with previous studies.53 Figure 1(d) also reveals a spin–flop tran-
sition occurring at around l0H ¼ 3:5 T and T ¼ 2K, when the field
is applied along the crystallographic c-axis, that leads the system to a
canted AFM state. At 20K, the transition is much more broadened
and appears around l0H ¼ 2:5 T, while it completely disappears
above TN.

To study the magnetotransport in thin MnBi2Te4, we employ a
via contact technique that enables the realization of a Hall bar device
entirely in an argon environment without exposure to heat or chemi-
cals. This methodology relies on the contact printing of a SiNx mem-
brane, hosting a microcircuit, onto the thin vdW crystal. The latter is
contacted by bottom contacts, which are connected through the via
contacts with the bonding pads at the top surface of the membrane.
Therefore, our experimental technique completely separates the for-
mation of the device’s electrical connections from the actual fabrica-
tion of these electrical contact lines using the standard clean room
processes.

An array containing about a hundred membranes is structured
on a 1' 1 cm2 Si/SiO2/Si substrate, where the top sacrificial silicon
layer allows for the creation of freestanding transferable circuits. The
fabrication of the membranes starts by coating the substrate with a
5-nm-thick Al2O3 film by atomic layer deposition. The bottom electri-
cal contacts are defined by standard optical or e-beam lithography and
liftoff process with 80 nm of sputtered Au, as illustrated in Fig. 2(a-I).
Next, the chip is covered by a 500-nm-thick SiNx layer, deposited by
the plasma-enhanced chemical vapor deposition. The via electrodes
connecting the bottom and the top surfaces of the membranes are
formed by lithography and reactive ion etching processes. These and
the top pads are formed by sputtering 5 nm of Cr and 80 nm of Au, as
depicted in Fig. 2(a-II). Finally, a physical pathway through which the
XeF2 gas can flow and selectively remove the sacrificial Si layer beneath
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each membrane is obtained by means of etching processes [Fig. 2(a-
III)]. After the action of the XeF2 gas, the membranes become free-
standing. The details of the nanomembrane fabrication procedure can
be found in Ref. 54.

The preparation of the device in an inert atmosphere starts with
placing the chip hosting the transferable circuits on a liquid nitrogen-
cooled stage kept at %30 "C. A PDMS stamp is brought into contact
with a nanomembrane utilizing a micromanipulator and let it thermal-
ize to enhance its stickiness, as sketched in Fig. 2(b-I). By quickly
detaching the stamp from the chip, we pick up the target membrane
hosting the circuit, as shown in Fig. 2(b-II). Using mechanical exfolia-
tion, we isolate a 120-nm-thick MnBi2Te4 flake on a Si O2/Si, see
Fig. 2(b-III), previously treated with oxygen plasma to enhance the
vdW forces between the crystal and the substrate. Finally, the nano-
membrane is transferred and freely released from the stamp on top of
the flake at room temperature, as shown in Fig. 2(b-IV). The flexibility
of the membranes scales inversely with their thickness; therefore,
membranes with a thickness below 500 nm cannot be easily trans-
ferred to the substrate utilizing a conventional PDMS stamp. The
MnBi2Te4 crystal and the resulting device before the wire bonding are
illustrated in Figs. 3(a)–3(c). Figure 3(d) shows the schematic drawing
of the cross section of the device. With this dry transfer technique, we

achieve a high-quality electrical contact (areal contact resistance
< 50 kX lm2). The stability of the electronic properties of sensitive
devices realized with nanomembranes via contacts is discussed in Ref.
54. Figure 3(e) shows the temperature dependence of the longitudinal
resistance measured in a four-point geometry. Two main features are
apparent in these datasets. First, the electrical resistance shows a metal-
lic behavior with the change in slope in the range 150% 200K, as
already observed in Ref. 55. Next, a pronounced peak arises at
TN ¼ 25K due to the enhanced spin scattering across the AFM transi-
tion. On the other hand, electrical resistance does not show any signa-
ture of additional phases observed in the susceptibility data around
10K. Unlike magnetization measurements, the magnetotransport
properties are much less sensitive to magnetic impurities.

To quantify the magnetoresistance (MR) and Hall effect, we inject
an AC i ¼ 50lA along the x-axis and measure the longitudinal, Vxx,
and transversal, Vyx, voltages using a lock-in amplifier technique while
sweeping an out-of-plane magnetic field in both directions. The longi-
tudinal and transversal resistances correspond, respectively, to the
diagonal and off diagonal components of the resistance tensor.
Respectively, their variations are typically even and odd functions of
the magnetic field. We take advantage of this property to symmetrize
the longitudinal voltage and antisymmetrize the transversal voltage

FIG. 1. (a) Diagram of the MnBi2Te4 crystal structure and a synthesized single crystal. (b) Magnetic susceptibility (purple curve) and its reciprocal (blue curve) vs temperature
under a magnetic field of 1 T. The parameters HCW and leff are, respectively, the Curie–Weiss temperature and effective moment used for the fitting dotted line. (c) Magnetic
susceptibility vs temperature measured with a field of 1 and 0:1 T after a zero field cooling, and with 0:1 T after a field cooling of 0:1 T. Inset: closeup of the two curves with
0:1 T in the temperature range 0–15 K. (d) Magnetization as a function of a field sweep measured at different temperatures. Inset: closeup of the hysteresis loop appearing at
low fields for 2 K and 10 K temperatures.
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with respect to the magnetic field. This way, we can decouple the longi-
tudinal MR and Hall effects, which are otherwise weakly mixed up due
to the geometry of the electric field, which is not exactly parallel to the
x-axis, possibly, due to an irregular shape of the MnBi2Te4 flake.

The MR curves measured in an out-of-plane magnetic field at dif-
ferent temperatures are shown in Fig. 4(a). Below TN, the MR sharply
drops at the critical fieldHc1 where the spin-flop transition occurs, and
the established spin order leads to an AFM state. For T ( 10K, upon

FIG. 2. (a) Key steps for the nanomembrane fabrication. (a-I) Coating of the substrate with Al2O3 film and realization of the bottom contacts by sputtered Au. (a-II) Deposition
of the SiNx layer, etching the via electrodes, and creation of the electrical connection between the bottom and the top surface by sputtered Au/Cr. (a-III) Definition of a physical
pathway through which the XeF2 gas can flow and selectively remove the sacrificial Si layer beneath each membrane, making them freestanding. (b) Printing of the electrical
circuit onto the 2D crystal. (b-I) Thermalization of the PDMS stamp in contact with the nanomembrane embedding the circuit at %30 "C. (b-II) Picking up the nanomembrane by
quickly detaching the stamp. (b-III) Alignment and landing of the nanomembrane onto the fresh exfoliated MnBi2Te4 crystal.

FIG. 3. (a) Optical image of a MnBi2Te4 flake investigated in this study. (b) Microscopy image of the full device with contacts’ printed circuit right before wire bonding. (c)
Closeup image of the contact region. (d) Sketch of a cut through the central part of the membrane, illustrating the via and bottom contacts. (e) Electrical resistance vs tempera-
ture. Inset: the resistance as a function of temperature in the interval 5–40 K.
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further increase in the magnetic field, the MR curve forms a kink at
Hc2 before starting to decrease again since spins get polarized to an
FM state with the suppressed spin fluctuations.18 At T ¼ 10K, this
occurs around H ¼ 6:5 T, exactly where the magnetization in Fig. 1(c)
starts to saturate, whereas at lower temperatures, it occurs at higher
fields, H > 7 T; therefore, a comparison with the SQUID data is not
available. On the other hand, at higher temperatures, the spin canting
is smeared out over a broad field range, resulting in a less sharp and
monotonous drop of the MR. The curves displaying the Hall resistance
Ryx ¼ Vyx=i vs magnetic field are measured at the same temperatures
and displayed in Fig. 4(b). The negative slope of RyxðHÞ demonstrates
that the charge transport is of the electron type. From the linear region
of Ryx, we estimate the carrier concentration n0 ¼ 2:8' 1020 cm%3

and the carrier mobility l ¼ 180 cm2=V=s at T ¼ 2K; n0 ¼ 2:4
'1020 cm%3 and l ¼ 200 cm2=V=s at T ¼ 20K. The carrier mobility
is much smaller than that of pure Bi2Te3 () 1000 cm2=V=s),56,57 in
agreement with previous studies.15,18 This can arise because of the
non-negligible amount of Mn/Bi antisites and cation vacancies.30

Nevertheless, the Ryx traces do not display any hysteretic behavior,
suggesting that the intermixing of Mn and Bi does not dramatically
affect the magnetotransport in the MnBi2Te4 flake.

In summary, we demonstrate an alternative route to integrating
sensitive van der Waals crystals like MnBi2Te4 into nanodevices. This
integration is achieved by the cryogenic dry transfer of microcircuits
embedded into an inorganic silicon nitride nanomembrane where the
via contacts connect the bottom electrical contacts at the 2D crystal
with the top surface of the membrane. By employing this method, we
realize a Hall bar of MnBi2Te4 in an entirely inert environment with-
out exposing the material to chemicals or elevated temperatures. The
fabricated device displays high-quality electrical contacts having resis-
tance below 50 kX=lm2. Our magnetotransport study reveals an AFM
phase transition around 25K, supporting the susceptibility measure-
ments performed in the MnBi2Te4 bulk crystal. Systematic measure-
ments of the magnetoresistance and Hall effect at different
temperatures confirm the existence of the spin flop transitions at the
intermediate magnetic fields, followed by a canted magnetic phase, in
agreement with the field dependence of the magnetization of the bulk
crystal. All these findings suggest that this via contact technique can be
exploited for engineering more complex nanodevices based on sensi-
tive materials.
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