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Since the discovery of graphene in 2004,[1] 
the family of van der Waals (vdWs) mate-
rials has been growing rapidly, presenting 
a wide range of novel physical properties, 
such as semiconductors with spin-valley 
coupling,[2] Ising superconductors,[3] 
topological semimetals with edge trans-
port[4] and Mott insulators with tunable 
charge-density waves,[5] etc. The recent 
addition of magnetic crystals in the two-
dimensional (2D) material family, such as 
CrI3, Cr2Ge2Te6, and Fe3GeTe2, provides 
an ideal platform for fundamental under-
standing of 2D magnetism, as well as 
the applications of low-power spintronic 
devices.[6–8] The electrical control of 2D 
magnetic properties recently becomes 
possible, for example, conversion of 
bilayer CrI3 from interlayer antiferromag-
netism to ferromagnetism by electrostatic 
doping,[9,10] and electrical modulation of 
few-layer Cr2Ge2Te6 coercivity and satu-
ration field.[11] The advances of vdWs 
heterostructures can couple the quasi-
particle interaction between the 2D mag-
netic material and others with engineered 
strain, chemistry, optical and electrical 
properties, providing an additional route 

to realize conceptual quantum phenomena and novel device 
functionalities, such as unprecedented control of the spin and 

The recent discovery of 2D van der Waals (vdWs) magnetic crystals provides 
an ideal platform for fundamental understanding of 2D magnetism, as well 
as the applications of low-power spintronic devices. One can integrate 2D 
magnetic materials into vdWs heterostructures with engineered properties, 
and also manipulate the magnetism via electrostatic gating. However, due 
to their instability, the handing of 2D magnetic materials can only be carried 
out under the help of encapsulation with other 2D materials (such as hexag-
onal boron nitride (hBN)) in a glove box, which is the biggest barrier toward 
its practical applications. Here, an approach about peeling-off and transfer 
of 2D ferromagnetic (Ga,Mn)As layers with thickness of ≈10–20 nm grown 
by the molecular beam epitaxy under ambient conditions is introduced. 
Transmission electron microscopy characterizations confirm the single-
crystalline nature of the lifted-off (Ga,Mn)As. Superconducting quantum 
interference device measurements demonstrate that the lifted-off (Ga,Mn)
As maintains its ferromagnetism. Using vdWs heterostructure assembly, 
technique hBN/(Ga,Mn)As top-gate Hall device and p-(Ga,Mn)As/n-MoS2 
heterojunction diode are fabricated. The electrical transport measurements 
demonstrate the ferromagnetic nature and gate tunable magnetoresistance 
of the lifted-off (Ga,Mn)As layer. This approach makes it possible to sig-
nificantly expand the range of 2D ferromagnetic materials and their vdWs 
heterostructures.
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valley pseudospin in WSe2/CrI3,[12] extremely large tunneling 
magnetoresistance based on graphene/GrI3/graphene sand-
wich structures,[13,14] etc. Despite the intense efforts, a signifi-
cant obstacle in realizing the promise of 2D magnetic materials 
is their instability under ambient conditions. Related work can 
only be carried out under the help of the encapsulation with 
other 2D materials (such as graphene and hexagonal boron 
nitride (hBN)) in a glove box.

(Ga,Mn)As, as representative dilute magnetic semiconduc-
tors, in which the presence of carriers promises the material 
to be a candidate for spintronic material.[15] In the past two 
decades, a variety of spintronic devices based on (Ga,Mn)As 
have been developed, such as gate-tunable ferromagnetism,[16] 
spin light-emitting diodes,[17] and magnetic tunnel junc-
tion,[18] etc. However, the synthesis of (Ga,Mn)As done using 
low-temperature molecular beam epitaxy (LT-MBE),[15,19] 
whereby (Ga,Mn)As is grown with atom layer precision on 
lattice-matched substrate, restricting its integration with 
some main-stream semiconductors, and flexible applications. 
By using an epitaxial lift-off (ELO) technique proposed by 
Yablonovitch et al.,[20] a 70 nm thick (Ga,Mn)As film has been 
lifted-off from the epitaxial substrate.[21] However, peeling off 
nanometer-thick (Ga,Mn)As layer and making its vdWs heter-
ostructure device with other layered materials remain elusive. 
In this work, we introduce a method for lift-off thin (Ga,Mn)
As films (≈10–20 nm) with size of hundreds of micrometers 

from the GaAs substrate, developed the deterministic dry 
transfer technique of lifted-off (Ga,Mn)As layer, and fabri-
cated vdWs heterostructures based on the lifted-off (Ga,Mn)
As. Transmission electron microscopy (TEM) characteriza-
tions confirmed the single-crystalline nature of the lifted-off 
(Ga,Mn)As. Superconducting quantum interference device 
(SQUID) magnetometer measurements demonstrated that 
the lifted-off sample maintained ferromagnetic order. Using 
the vdWs dry transfer method,[22] we fabricated hBN/(Ga,Mn)
As top-gate Hall device and p-(Ga,Mn)As/n-MoS2 heterojunc-
tion diode. Anomalous Hall effect and gate tunable magne-
toresistance were observed in the low-temperature electrical 
transport measurements. The clear rectifying I-V curve of the 
p-n junction indicates the intact contact between the trans-
ferred (Ga,Mn)As and MoS2. It is reasonable to envision that 
the ambient stable lifted-off ultrathin (Ga,Mn)As layer can be 
used as an alternative 2D magnetic materials, which could 
promote its applications, for example, on-chip low-power 
spintronics.

In order to realize epitaxial lift-off of the nanometer thick fer-
romagnetic (Ga,Mn)As layer from the lattice-matched substrate, 
a 1000-nm-thick Al0.8Ga0.2As sacrificial layer was first grown on 
a GaAs substrate (step I in Figure 1a). Subsequently, a nanom-
eter thick (10–20  nm) ferromagnetic Ga0.94Mn0.06As layer was 
grown on the sacrificial layer via low-temperature MBE (step II 
in Figure 1a). Then, a thick layer of wax (Apiezon W) was spin-

Adv. Electron. Mater. 2019, 5, 1900345

Figure 1.  a) Schematic illustrations of peeling off nanometer thick (Ga,Mn)As film from MBE grown substrate. I, A 1000-nm-thick Al0.8Ga0.2As sacri-
ficial layer was first grown on a GaAs substrate by MBE. II, A 10–20 nm-thick ferromagnetic Ga0.94Mn0.06As layer was grown on the sacrificial layer. III, 
A thick layer of wax (Apiezon W) was spincoated on the surface of (Ga,Mn)As as the supporting layer. IV, Hydrofluoric acid was used to separate the 
(Ga,Mn)As from the substrate by selectively etching the (Al,Ga)As sacrificial layer. V, Al0.8Ga0.2As was etched away starting at the exposed edges and 
the (Ga,Mn)As layer was lifted off from the substrate. VI, The (Ga,Mn)As/Apiezon W films detached from the epitaxial substrate and floated on the 
top of the etchant. b) A typical optical image of lifted-off (Ga,Mn)As layer on a Si/SiO2 substrate. c) The AFM image of a lifted-off 20 nm (Ga,Mn)As 
layer on a Si/SiO2 substrate. d) The AFM image of a lifted-off 10 nm (Ga,Mn)As layer on a Si/SiO2 substrate.
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coated onto the surface of (Ga,Mn)As as the supporting layer, 
which guarantees the integrity of the (Ga,Mn)As film (step III 
in Figure 1a). Apiezon W is a well-known etching resist, with 
the advantage of being inert to most acids (including HF) 
and easy removal after use.[20] After being baked at 100 °C for 
30 min, 8% HF acid was used to separate the (Ga,Mn)As from 
the substrate by selectively etching away the (Al,Ga)As sacrificial 
layer (step IV in Figure 1a). Given the high etching selectivity 
between Ga0.94Mn0.06As and Al0.8Ga0.2As in diluted HF (1 to 10 
million),[20] Al0.8Ga0.2As was etched first from exposed edges 
(step V in Figure 1a). However, hydrogen (H2) bubbles formed 
during the ELO process accumulated and rolled up the lifted 
(Ga,Mn)As layer, which are known to prevent further etching 
and even crack the supporting film into small pieces. After sev-
eral hours, the (Ga,Mn)As/Apiezon W films gradually detached 
from the epitaxial substrate (step VI in Figure 1a), which was 
collected manually by Si chips and rinsed in deionized (DI) 
water at least three times. After that, the (Ga,Mn)As/Apiezon W 
film floating on the DI water was manually collected onto a Si/
SiO2 (285 nm) substrate and baked at 100 °C for 30 min. Finally, 
the Apiezon W was removed by trichloroethylene solution. The 
lifted-off and transferred (Ga,Mn)As layer maintains integrity 
over a scale of a few hundreds of micrometer (Figure 1b). Effec-
tively removing the bubbles during the ELO process should 
avoid cracking of the film and result in a faster separation at a 
larger scale. The atomic force microscopy (AFM) height image 
of the lifted-off (Ga,Mn)As exhibits a nearly homogeneous 
color contrast, indicating the uniformity of sample thickness. 
The line profile shows a thickness of about 23  nm, agreeing 
well with the original thickness of the epitaxial (Ga,Mn)As layer 
(Figure  1c). Similarly, an approximately 12  nm thick (Ga,Mn)
As layer was also successfully lifted-off and transferred onto 
the target substrate (Figure 1d). The lifted-off nanometer thick 
(Ga,Mn)As attached to the host substrate via the vdWs force. By 
employing the layer-by-layer assembly technique developed in 
2D materials community,[22] the ferromagnetic (Ga,Mn)As layer 
could be integrated into the vdWs heterostructures with other 
2D materials.

We evaluated the crystallinity of the epitaxial lifted-off 
(Ga,Mn)As flake using TEM, which is of great significance to 
understand its magnetic properties. Conventionally, preparing a 
TEM sample of MBE grown materials, one needs to go through 
the lengthy and precise processes of mechanical polishing and 
Ar ion milling, ensuring the sample is thin enough for elec-
tron beam to pass through.[23] Our above achievement drasti-
cally simplifies the TEM sample preparation process. We can 
easily transfer the lifted-off (Ga,Mn)As onto a copper microgrid 
(Figure 2a). The selected area electron diffraction (SAED) pat-
tern (inset of Figure  2a) apparently shows one set of square 
spots, confirming the single-crystalline nature of the lifted-off 
(Ga,Mn)As. The high-angle annular dark-field scanning TEM 
(HAADF-STEM) image presents an apparent square structure 
(Figure  2b), which agrees well with the zinc blende structure 
of (Ga,Mn)As (inset of Figure 2b). The in-plane lattice constant 
of the (Ga,Mn)As film is measured to be ≈ 0.577 nm from the 
intensity profile (the corresponding inverse fast Fourier trans-
form (iFFT) filtered image of Figure  2b was used for image 
smoothing) along the red line (Figure  2b,c), which is slightly 
larger than that of (001) crystal face of GaAs (≈0.565 nm). The 
experimental results are consistent with the theoretical predic-
tions, where the lattice constant difference is ascribed to the 
point defects (MnGa and MnI) in the (Ga,Mn)As.[19,24]

The magnetic properties of the lifted-off (Ga,Mn)As layer are 
essential to integrate it into vdWs heterostructures with other 
2D materials for spintronic devices. We employed SQUID 
magnetometer measurements to characterize the magnetic 
behavior of a 20  nm (Ga,Mn)As layer before and after lift-off. 
The magnetic moment (M) dependence of the magnetic field 
applied parallel to the as-grown 20  nm (Ga,Mn)As epitaxial 
layer (M-H curve, Figure  3a) exhibits a clear hysteresis loop 
with a coercivity field of ≈80 Oe (inset of Figure 3a), indicating 
the presence of ferromagnetic order. The M-T curve measured 
at 20 Oe (Figure 3b) shows that the Curie temperature (TC) of 
the as-grown (Ga,Mn)As is about 90 K (Figure  3b). The M-H 
curve of the lifted-off (Ga,Mn)As demonstrates the maintained 
ferromagnetic order (Figure  3c) with an increased coercivity 

Adv. Electron. Mater. 2019, 5, 1900345

Figure 2.  a) Large field-of-view HAADF-STEM image of a lifted-off 10 nm (Ga,Mn)As film. The inset is the corresponding SAED pattern, which confirms 
the high single-crystalline nature of the (Ga,Mn)As film. b) Atomic resolution HAADF-STEM image of the lifted-off (Ga,Mn)As film. The inset is the 
schematic diagram of the (001) crystal face of (Ga,Mn)As, in which the lattice constant (a) is indicated by the blue double-headed arrow line. c) The 
line profile (with smoothed intensity) of the HAADF-STEM image in (b) along the red line, from which the in-plane lattice constant is measured to be 
0.577 nm.
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field of ≈328 Oe (inset of Figure 3c), which may stem from the 
enhanced magnetic anisotropy through releasing the growth-
induced strain in (Ga,Mn)As layer and/or the decrease of the 
number of magnetic domains reducing the film size.[25,26] 
TC of the lifted-off (Ga,Mn)As is measured to be about 80 K 
(Figure  3d), slightly lower than that of the as-grown (Ga,Mn)
As. These results clearly demonstrated that the (Ga,Mn)As layer 
maintained its ferromagnetic properties after lift-off.

Researchers have long been desiring to control the magnetic 
properties of (Ga,Mn)As by external electrical field, as (Ga,Mn)
As layer exhibits carrier-mediated ferromagnetism.[16,19] The 
lifted-off ultrathin (Ga,Mn)As layer makes this easy to be real-
ized. To demonstrate this, we constructed a hBN/(Ga,Mn)
As top-gated Hall device (Figure  4a). Pd/Au (10  nm/40  nm) 
ohmic contact electrodes with Hall-bar structure were fab-
ricated by electron-beam lithography on a lifted-off 20  nm 
rectangle-shaped (Ga,Mn)As flake transferred on a Si/SiO2 
substrate. Then, a piece of hBN (≈20  nm) was transferred 
onto the Hall device as the top gate dielectric layer via the 
dry transfer method. Subsequently, the top-gate electrode was 
defined by a similar metallization process. The channel current 
decreases with increasing top-gate voltage (Vg), indicating the 
p-type nature of the (Ga,Mn)As. The channel cannot be fully 
depleted by the top-gate voltage of up to 6 V (Figure 4b), indi-
cating the heavily p-type doped nature of the (Ga,Mn)As. The 

hole concentration (p) is estimated to be ≈ 3.92 × 1020 cm−3. 
The temperature dependence of the longitudinal resistance 
of the lifted-off (Ga,Mn)As layer, Rxx, was measured from 2 to 
300 K (Figure 4c). A local maximum of Rxx, which corresponds 
to TC (i.e., the para- to ferromagnetic phase transition tem-
perature), was observed near 90 K. When the temperature is 
below TC, the Rxx decreases with T decreasing. This is because 
spin-flip scattering decreases when stronger ferromagnetism 
is established.[27,28] A resistivity minimum is observed with a 
corresponding temperature, TM, around 15 K, which may be 
associated with Kondo effect arising from the existence of Mn 
interstitials in the (Ga,Mn)As layer.[29] The observation verified 
again the high quality of the lifted-off layer.

The out-of-plane magnetic field (B) sweeps of Rxx at different 
temperatures are shown in Figure 4d. At low temperature, the 
resistance shows two distinct peaks resulting from the aniso-
tropic magnetoresistance (AMR), that is, positive MR at small B, 
and negative MR at high B. The negative MR is associated with 
the strong alignment of spins at high B, which suppresses spin 
disorder.[30] As the temperature increases, the twin AMR peaks 
decrease, and disappear at temperatures higher than TC. In our 
case, we can easily modulate the MR by gate voltage. Besides 
changing the absolute resistance values, the slopes of the nega-
tive MR became sharper with application of positive back-gate 
voltages (Vbg) measure at 10 K (Figure 4e). This is because that, 

Adv. Electron. Mater. 2019, 5, 1900345

Figure 3.  a) The M-H curve of the as-grown (Ga,Mn)As film before lift-off at 5 K. b) The M-T curve of the as-grown (Ga,Mn)As film before lift-off. c) The 
M-H curve of (Ga,Mn)As film after lift-off at 5 K. d) The M-T curve of the (Ga,Mn)As film after lift-off.
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for the hole-mediated ferromagnetic semiconductor, depletion 
(under positive Vbg) would de-stabilize the coupling between 
Mn magnetic moments, in contrast to the case under nega-
tive Vbg (which causes hole accumulation).[31] Under this cir-
cumstance, the applied magnetic field (0.5–2 T) would align 
Mn moments more at positive Vbg, resulting in larger negative 
MR slopes. The observed saturated curves of Rxy versus out-of-
plane B at temperatures below TC signify the anomalous Hall 
effect (Figure 4f), which is a typical phenomenon in ferromag-
netic semiconductors.[15,19] In the Arrott plot (Figure 4g), where 
(Rxy/Rxx)2 is plotted versus B/(Rxy/Rxx), the transition tempera-
ture at which the sample magnetization crosses the origin at 
zero applied B is determined to be ≈90 K[32] (gray dashed line 
in Figure 4g), agreeing well with the Curie temperature deter-
mined by above electrical transport measurements.

Given the successful lift-off of the nanometer thick (Ga,Mn)
As layer and its high stability in ambient condition, the inte-
gration of (Ga,Mn)As layer with other 2D materials through 

noncovalent interactions extends the research scope and pro-
gress of ferromagnetic vdW heterostructures. For example, 
we assembled a vdWs heterostructure with lifted-off p-type 
(Ga,Mn)As layer and exfoliated n-type few-layer MoS2 using 
the dry transfer method (Figure  5a). First, we picked up pre-
viously lifted-off (Ga,Mn)As layer from Si/SiO2 substrate by 
a poly dimethylsiloxane (PDMS) stamp covered by a layer of 
polypropylene carbonate (PPC) with the help of a glass slide 
(step I in Figure  5b) in ambient. After that, we put the PPC 
with (Ga,Mn)As facing down onto the exfoliated MoS2 flake 
(step II in Figure 5b) and left it on the MoS2 to form the vdWs 
heterostructure (step III in Figure  5b). The Ti/Au (5/20  nm) 
electrodes were defined on (Ga,Mn)As and MoS2 regions, 
respectively. The back-gate voltage transfer curve of the MoS2 
flake exhibits n-type behavior with a turn-on voltage around 
−10 V and on-off current ratio of ≈107 (black curve in Figure 5c). 
The transfer curve of the (Ga,Mn)As exhibits heavily doped p-
type behavior (red curve in Figure 5c). The I-V characteristic of 

Adv. Electron. Mater. 2019, 5, 1900345

Figure 4.  a) The optical image of a typical hBN/(Ga,Mn)As top-gate Hall device. b) Top-gate transfer curve of the lifted-off (Ga,Mn)As layer, showing a 
clear p-type behavior. c) Temperature dependence of the longitudinal resistance of the lifted-off (Ga,Mn)As layer. d) Out-of-plane magnetic field sweeps 
of Rxx of the lifted-off (Ga,Mn)As layer at different temperatures. e) In-plane magnetic field sweeps of Rxx of the lifted-off (Ga,Mn)As layer at 10 K with 
different back-gate voltage. f) Out-of-plane magnetic field sweeps of Rxy of the lifted-off (Ga,Mn)As layer at different temperatures. g) The Arrott plot 
of the lifted-off (Ga,Mn)As layer. The magnetic transition temperature of ≈90 K was determined.
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the (Ga, Mn)As/MoS2 vdWs heterojunction shows a clear recti-
fying behavior when the voltage changes from −2 to 2 V, with 
a rectification ratio of 102 (Figure  5d). The turn on voltage is 
≈1  V. The I-V relationship of a p-n junction can be expressed 
as I = I0 [exp(qV/nkT)-1], where I0 is the reverse saturation cur-
rent, k is the Boltzmann constant, T is the temperature, q is the 
electron charge, and n is the ideality factor. By fitting the meas-
ured I-V curve, n = 5.8 can be obtained. These results infer that 
we are able to integrate the lifted-off (Ga,Mn)As with other 2D 
material with different physical properties into vdWs hetero-
structures using the developed lift-off and transfer method of 
the (Ga,Mn)As layer under ambient condition, which may open 
a new route for novel vdWs spintronic devices.

In summary, we successfully peeled-off 2D (Ga,Mn)As 
of 10–20  nm with sizes of hundreds of micrometers from 
the MBE-grown substrates, developed the deterministic dry 
transfer, and fabricated hBN/(Ga,Mn)As top-gate Hall device 
and p-(Ga,Mn)As/n-MoS2 heterojunction diode. The HAADF-
STEM characterizations confirmed the single-crystalline nature 
of the 2D (Ga,Mn)As. The SQUID magnetometer measure-
ments, as well as the electrical transport measurements, 
demonstrated the maintained ferromagnetic order. The gate 
tunable magnetoresistance and rectification characteristic were 
observed in the top-gate Hall device and pn heterojunction, 

respectively. Our achievement helps to expand the 2D ferro-
magnetic material system and related vdWs heterostructures, 
which benefits in exploring novel physical properties and 
diverse device functionality under ambient condition, such as 
on-chip low-power spintronics devices etc.

Experimental Section
vdWs Transfer Method: The dry transfer method is described by 

assembling p-(Ga,Mn)As/n-MoS2 vdWs heterojunction layer-by-layer 
as an example. A piece of adhesive tape with a hole in the center 
was first adhered to a Si chip. Then, the Si chip was coated with PPC 
(Sigma-Aldrich, CAS 25 511-85-7) at 2000  rpm. The tape with a PPC 
thin film was manually peeled from the Si substrate and placed onto 
a transparent elastomer stamp (PDMS, Gel-Pak PF-40/17-X4) affixed 
on a glass slide. The glass slide with the PDMS stamp was flipped and 
attached to a micromanipulator with the PPC film side down. In parallel, 
the lifted-off 20  nm (Ga,Mn)As layers were transferred onto a Si/SiO2 
(285  nm) substrate, which was placed onto a heating plate under an 
optical microscope. The micromanipulator was used to align the PPC 
with the chosen (Ga,Mn)As layer and bring them into contact. When 
the heating plate temperature was set at 40  °C, the (Ga,Mn)As layer 
would adhere more strongly to the PPC than to the Si/SiO2 and could 
be lifted off from the substrate. After that, the PPC with the (Ga,Mn)
As layer was aligned to contact a chosen n-MoS2 flake (10–30 nm thick) 

Figure 5.  a) The optical image of a typical p-(Ga,Mn)As/n-MoS2 heterojunction diode. b) The schematic diagrams of the dry transfer method to 
assemble the p-(Ga,Mn)As/n-MoS2 vdWs heterostructure. c) The back gate voltage dependent transfer curves of the MoS2 flake (black) and the (Ga,Mn)
As layer (red), respectively. d) Room-temperature I-V characteristics of the p-(Ga,Mn)As/n-MoS2 heterojunction diode in linear scale (black) and semi-
log scale (red), respectively. The blue line shows the curve fitting result with an ideality factor n of about 5.8.
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exfoliated on another Si/SiO2 substrate. Under 90  °C heating plate 
temperature, the PPC began to melt, and the (Ga,Mn)As layer adhered 
more strongly to the MoS2 flake and Si/SiO2 substrate than to the PPC. 
Then, the PPC was removed by acetone. Thus, the p-(Ga,Mn)As/n-MoS2 
vdWs heterojunction was obtained on the device substrate. In order 
to assemble the hBN/(Ga,Mn)As top-gate Hall device, a similar dry 
transfer process was performed.

Atomic Force Microscopy Characterization: AFM measurements 
were carried out with an atomic force microscope (Cypher S, Asylum 
Research) under ambient condition using tapping mode.

Transmission Electron Microscopy Characterization: SAED and STEM 
measurements were carried out by an aberration-corrected Titan Themis 
G2 microscope at 300 kV with a beam current of 50 pA.

Electrical Transport Measurements: The device electrical transport 
measurements were performed in a superconducting magnet system 
(model c-mag vary-14 T research system by Cryomagnetics).
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