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Abstract

Vanadium dioxide (VO2 )-based microactuators with fast and highly efficient dynamic responses
have become one of the best candidates for microrobots and micromuscles. VO2 microstructures
fabricated by rolling nanomembranes with component gradient along the vertical direction are
considered to be promising for future applications, and thus need further investigation. Here, we
quantify the effects of substrate temperature on the initial internal stress of the nanomembranes
and achieve rolled-up single-component VO2 nanomembranes via stress engineering. Through
synchrotron radiation x-ray diffraction (XRD) measurements, we find that the stress of
nanomembranes is negatively correlated with substrate temperature, and its exact value can be
calculated from the shift of the XRD peaks. Moreover, experimental results demonstrate that
VO2 nanomembranes deposited on a Si/SiO2 substrate possess lower phase transition
temperature and narrower hysteresis loops than those grown on quartz and Al2 O3 substrates
with similar surface morphology. The upward bending of the VO2 nanomembrane due to the
tensile stress gradient from temperature changing during deposition is demonstrated, and the
rolled-up VO2 microstructures with tunable stress and narrow hysteresis loops are considered to
have advantageous applications in microactuators.
Supplementary material for this article is available online
Keywords: vanadium dioxide nanomembrane, internal stress, synchrotron radiation x-ray
diffraction, microstructure
(Some figures may appear in colour only in the online journal)

1. Introduction

the development of microrobots and miromuscles actuated
by external stimuli [6, 7], VO2 is considered as one of the
best candidate materials due to its large strain changes at
MIT and simple triggering condition. As a foundation unit of
these intelligent motion systems, microactuators with various
microstructures, such as cantilevers [8], wrinkles [9] and curl
[10–12] have been explored. Among various microstructures,
the curl by rolling two-dimensional (2D) nanomembranes
into three-dimensional (3D) microstructures demonstrates

In recent years, VO2 has attracted more and more attention
as a kind of smart material. It is widely used in various fields
due to its metal–insulator transition (MIT) at a low critical
temperature (68 ◦ C) [1]. The large changes of electrical resistance and near-infrared transmission of VO2 over MIT are
extensively applied in sensors [2], photoelectric switches [3],
infrared-related devices [4] and smart windows [5]. With
1361-6463/20/455105+8$33.00
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is 40:60 and Ts is 500 ◦ C) to grow on other substrates including
Al2 O3 substrate and quartz glasses with different surface morphologies.
The VO2 nanomembranes were characterized by smallangle synchrotron radiation XRD (Shanghai Synchrotron
Radiation Facility). The angle of incidence was fixed at 0.0◦ ,
0.4◦ , 0.7◦ and 1.0◦ , and the measurement was taken by using a
2θ scan configuration. The electrical properties of nanomembranes were measured on a Keithley 4200 Semiconductor
Characterization System. AFM (Dimension FastScan, Bruker,
Billerica, MA) was used to characterize the surface morphology of substrates and VO2 nanomembranes.

the advantages of miniaturization and great structural
designability [13].
The rolled-up nanotechnology combines stress engineering
and a top-down approach that achieves the precise patterning
of nanomembranes, exploring the expandable and fully integrated mesoscopic structure preparation [14]. This method has
strong material compatibility, including various smart materials (VO2 , Pd and so on) [15, 16]. Due to the high elastic energy
density of the nanomembranes, the 3D microstructures fabricated by rolling nanomembranes have faster response speed
and greater deformation under stimulation [17, 18]. Therefore, from the viewpoints of both fundamental research and
practical applications, determining and regulating the initial
internal stress state of the nanomembranes plays a vital role in
the preparation of 3D VO2 microstructures.
A variety of practical and reliable methods are utilized
for depositing VO2 nanomembranes, such as sputtering [19],
sol–gel deposition [20] and chemical vapor deposition [21].
The magnetron sputtering becomes an outstanding method for
deposition nanomembranes due to its excellent film-forming
quality and high controllability of parameters [22, 23]. In the
sputtering process, many parameters, including thickness, substrate temperature, oxygen–argon ratio and the target, affect
the characters of the VO2 nanomembranes [24–26]. Recent
research has shown that the substrate temperature and oxygen–
argon ratio in magnetron sputtering have indirect effects on the
critical temperature of the MIT, because these two parameters affect the internal stress state of the VO2 nanomembranes
[27–29]. As a result, quantitative and qualitative studies on the
relationship between stress and deposition parameters are of
fundamental scientific significance for future applications of
VO2 nanomembranes.
In this paper, VO2 nanomembranes grown with different
parameters, e.g. substrate temperature, oxygen–argon ratio
and substrates used, are tested by small-angle synchrotron
radiation x-ray diffraction (XRD), a semiconductor characterization system and atomic force microscopy (AFM). The
effects of these parameters on the phase transition and initial
stress state of VO2 nanomembranes are discussed in detail,
which provides a good idea for the fabrication of rolled-up
single-component VO2 microstructures and Cr/VO2 bimorph
microstructures with highly controllable internal stress.

2.2. Fabrication and characterization of single-component
VO2 and Cr/VO2 bimorph microstructures

For single-component VO2 microstructures, VO2 nanomembrane was deposited on Si/SiO2 substrate at two Ts : the
lower layer was deposited at 550 ◦ C for 300 s and the upper
layer was deposited at 500 ◦ C for 300 s. The oxygen–argon
ratio and sputtering power were kept at 40:60 and 200 W,
respectively. Then, a layer of photoresist (AZ-5214, Microchemicals GmbH, Germany) with about 1 µm thickness was
spin-coated and etching windows (supplementary figure S1
(https://stacks.iop.org/JPD/53/455105/mmedia)) were defined
by photolithography (HEIDELBERG, UPG501). After development, the window was exposed and etched by reactive ion
etching (RIE) for 60 s (30 sccm CF4 and 30 sccm Ar flow,
300 mTorr chamber pressure and 100 W etching power). For
Cr/VO2 bimorph microstructure on Si/SiO2 substrate, the VO2
layer was firstly deposited at 550 ◦ C for 900 s. The etching windows were prepared in the same way as mentioned
above. After patterning by photolithography, 35 nm Cr was
deposited on VO2 by electron beam deposition. After chemical
removal of the photoresist layer, for the rolling process, patterned single-component VO2 nanomembranes and Cr/VO2
bimorphs were released from the substrate by selectively etching SiO2 sacrificial layer by using 40% HF solution at room
temperature for 5 min. Due to the high selectivity, the property
of the VO2 nanomembrane can hardly be influenced by this
etching process (supplementary figure S2). Finally, critical
point drying (Leica CPD030 Critical Point Dryer) was applied
to dry the rolled-up VO2 microstructures without structural
collapse.
The morphological properties of these microstructures
were characterized via scanning electron microscopy (SEM,
JEOL JSM-6701 F).

2. Experimental detail
2.1. Growth and characterization of VO2 nanomembranes

Firstly, the SiO2 coated Si (i.e. Si/SiO2 ) substrate was cleaned
by ultrasonication in acetone, ethanol and deionized water for
5 min, respectively. After cleaning, VO2 nanomembranes were
grown on Si/SiO2 substrates by direct current magnetron sputtering of a pure V metal target. The substrate temperature (Ts )
was in the range of 450 ◦ C–550 ◦ C, and oxygen and argon flow
rates (in sccm), which can be controlled by a mass flowmeter,
were set as 35:65, 40:60 or 45:55. The growth time and sputtering power during the deposition were maintained at 600 s (the
thickness of VO2 nanomembrane is about 40 nm) and 200 W,
respectively. We chose fixed parameters (oxygen–argon ratio

3. Results and discussion
For 3D VO2 microstructures with potential applications in the
field of microactuators, it is important to prepare high-quality
VO2 nanomembranes with tunable and controllable properties. In our experiment, we have prepared eight VO2 samples
by magnetron sputtering on different substrates, which are
named as S1–S8. The detailed deposition parameters of VO2
nanomembrane samples are listed in table 1 and corresponding
small-angle synchrotron radiation XRD patterns of samples
S1–S5 on Si/SiO2 substrates are shown in figure 1(a).
2
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Figure 1. (a) The small-angle (0.4◦ ) synchrotron radiation XRD patterns of S1-S5. (b) Temperature-dependent resistances (R–T curves) of

S1-S5 with MIT.
Table 1. Deposition parameters of VO2 nanomembrane samples. Ts

Table 2. XRD peak positions of VO2 nanomembrane samples.

represents the substrate temperature.
Sample

O2 flow (sccm)

Ar flow (sccm)

Ts (◦ C)

Substrate

S1
S2
S3
S4
S5
S6
S7
S8

35
40
40
40
45
40
40
40

65
60
60
60
55
60
60
60

450
450
500
550
500
500
500
500

Si/SiO2
Si/SiO2
Si/SiO2
Si/SiO2
Si/SiO2
quartz-2
quartz-1
Al2 O3

Sample

VO2 (011)

VO2 (200)

VO2 (210)

VO2 (220)

PDF#44-0252
S1
S2
S3
S4
S5

27.860
28.79
28.43
28.47
28.55
28.79

36.920
36.58
36.54
36.76
36.91
37.06

42.240
41.41
41.40
41.64
41.80
41.93

55.540
56.11
55.38
55.41
55.51
55.77

Table 3. The contribution of different orientations to the stress of

sample S3.

According to our XRD results, the nanomembranes grown
with different experimental parameters display four characteristic peaks commonly seen in VO2 (M), which correspond to
lattice planes of (011), (200), (210) and (220), respectively.
When the substrate temperature is over 500 ◦ C (i.e. S4) or
oxygen–argon ratio is greater than 40:60 (i.e. S5), some peaks
from high-valence vanadium oxide appear at 16.9◦ and 24.7◦ ,
indicating that the VO2 nanomembranes are further oxidized
at high temperatures and in an oxygen-rich atmosphere. The
positions of the four characteristic peaks of S1-S5 are summarized in table 2. The XRD reference data of VO2 (PDF#440252) are listed in table 2 for comparison. Here, the peak shifts
(∆d) between VO2 samples and reference data of VO2 are
calculated and summarized in supplementary table S1. For
samples S3, S4 and S5, which are both deposited with the
same oxygen and argon flow rates, we can see that ∆d(011)
increases with increasing Ts , but ∆d of other lattice planes
decreases with increasing Ts . These results indicate that the
stress in the nanomembrane is anisotropic. However, we notice
that the influence from the oxygen–argon ratio is relatively
irregular. Therefore, our XRD results suggest that the internal
stress in VO2 nanomembranes is mainly influenced by the
substrate temperature. The variation of oxygen–argon ratio
affects the composition, oxygen vacancy and defect of VO2
nanomembranes simultaneously [23], leading to a complex
situation, and as a result, it is difficult to establish a qualitative

Spacings

K (GPa)

M

σ φ (GPa)

P(k l m)

(0 1 1)
(2 0 0)
(2 1 0)
(2 2 0)

−1.7388
−1.2248
−1.0174
−0.6364

−0.1130
−0.1206
−0.1516
−0.1725

0.1964
0.1477
0.1542
0.1097

32.64%
23.83%
20.21%
23.32%

relationship between oxygen–argon ratio and internal stress of
nanomembranes.
The measurement results of temperature-dependent resistances (i.e. R–T curves) of S1–S5 are shown in figure 1(b).
According to the results, the smallest resistance change during MIT can be observed in sample S1, and the magnitude
change of this transition increases with increasing oxygen–
argon ratio or rising Ts . It has been previously reported in the
literature that the phase transition temperature is affected by
multiple factors that are film composition, stoichiometry and
stress [27, 29]. Here, the sample S1 deposited with oxygen–
argon ratio of 35:65 has the highest phase transition temperature (68.1 ◦ C) and the phase transition temperature of sample
S5 deposited with oxygen–argon ratio of 45:55 is 61.8 ◦ C.
Samples S3, S4 and S5 grown with the same oxygen–argon
ratio of 40:60, and the corresponding phase transition temperatures are 57.1, 63.9 and 66.2 ◦ C respectively, demonstrating
positive correlation between the substrate temperature during
deposition and the phase transition temperature. However, the
influence of the oxygen atmosphere during sputtering on the
3

J. Phys. D: Appl. Phys. 53 (2020) 455105

X Li et al

characters of VO2 nanomembranes is multifaceted [25]. It is
difficult to establish a direct relationship between the phase
transition temperature and the oxygen flow concentration.
Therefore, altering the substrate temperature is considered
to be appropriate to experimentally regulate internal stress
and phase transition temperature of the sputtering-produced
nanomembranes.
It is well known that the substrate should also influence the
feature of the nanomembrane remarkably [30]. In addition, the
selection of substrate is also a key factor in the fabrication of
3D microstructures by wet chemistry-based rolled-up nanotechnology [31]. For the purpose of the nanomembrane releasing, it is necessary that the surface layer of the substrate or the
sacrificial layer should react with an etching solution while the
top functional layer should not. Therefore, oxide substrates
with sufficiently smooth surface, such as transparent quartz,
Al2 O3 and Si/SiO2 substrates, have been selected in our experiment. The average surface roughnesses of quartz-1, quartz2, Al2 O3 and Si/SiO2 are 1.31, 5.48, 0.456 and 0.154 nm,
respectively (please see also supplementary figure S3). We
then carefully studied the influence of these substrates on VO2
nanomembrane growth. As shown in figures 2(a)–(d), the surface morphologies of VO2 nanomembranes on corresponding substrates demonstrate average surface roughness of 1.29,
8.91, 1.70 and 4.70 nm. Compared with the VO2 nanomembranes on Si/SiO2 substrate, the nanomembranes deposited on
quartz and Al2 O3 substrates have lower surface roughness.
The R-T curves of VO2 nanomembranes on different substrates are shown in figure 2(e). The VO2 nanomembranes
grown on quartz-2 (S6) show a linear plot in the R-T curve,
indicating that the crystal structure of S6 is VO2 (B) (please
see also supplementary figure S4). On the other hand, samples
S3, S7 and S8 demonstrate obvious MIT. The phase transition
temperatures of S7 and S8 are 65.2 and 65.9 ◦ C, respectively.
The changes of resistance during MIT in S7 and S8 are less
than 2 orders of magnitude and the phase transition hysteresis width was larger than S1–S5 grown on Si/SiO2 substrate.
Therefore, the quality and property of VO2 nanomembranes
are greatly affected by the substrate used, and the surface
roughness of the substrate might influence the nanomembrane
growth. In addition, substrate effects on transition temperature
of the above nanomembranes have been previously confirmed
and were ascribed to thermal expansion mismatch between
the nanomembrane and the substrate [32–35]. Thus, in the
present work, VO2 nanomembranes grown on substrates with
large thermal expansion coefficients demonstrate lower phase
transition temperatures. The VO2 nanomembranes deposited
on Si/SiO2 and quartz substrate can be better applied in the
field of actuator, because the VO2 nanomembrane on these
substrates possess low critical temperature and narrow hysteresis width (see figures 1(b) and 2(e)).
As mentioned earlier, if the initial internal stress of the VO2
nanomembranes deposited with different parameters can be
calculated quantitatively, it will guide the realization of rolledup single-component VO2 nanomembranes without introducing other materials as a stress layer. Figures 3(a) and (f)
show the XRD patterns of VO2 nanomembranes that were
measured by small-angle synchrotron radiation XRD with

Figure 2. (a)–(d) AFM images of VO2 nanomembranes deposited

on different substrates. (e) Temperature-dependent resistance (R–T
curves) of VO2 nanomembranes on different substrates. During
deposition, the oxygen–argon ratio is 40:60 and Ts is 500 ◦ C.

different incidence angles (ψ). It shows that the peak position
of VO2 shifts to a smaller angle with increasing ψ. So, the
stress state of the nanomembrane can be accurately calculated
by a series of formulae (the detailed calculations can be found
in the supplementary note 1) [36]. The residual stress σφ in the
nanomembrane is
σφ = −

E
π ∂ (2θ)
cotθ0
,
2 (1 + ν)
180 ∂ (sin2 ψ)

(1)

where σφ is the stress of a certain crystal orientation (φ) at
different ψ, ν is the Poisson ratio, E is the Young’s modulus
of the VO2 (~140 GPa) and θ is the Bragg angle.
For the sake of clarity, here we define
K=−

E
cotθ0 ,
2 (1 + ν)

(2)

and
M=
4

∂ (2θ)
.
∂ (sin2 ψ)

(3)
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Figure 3. (a) XRD patterns of sample S3 that were measured by small-angle synchrotron radiation XRD with different incidence angles

(ψ). (b)–(e) Corresponding enlarged spectra show individual VO2 peaks. (f) XRD patterns of sample S4 that were measured by small-angle
synchrotron radiation XRD with different incidence angles (ψ). (g)–(j) Corresponding enlarged spectra show individual VO2 peaks.
Table 4. The contribution of different orientations to the stress of

Thus we obtain

sample S4.

σφ = K × M.

(4)

The XRD scans of polycrystalline VO2 nanomembranes show
the contribution of several orientations, namely (011), (200),
(210) and (220). The relative domain population corresponding to the (k l m)-oriented area, which represents the concentration of different orientations, can be represented as
follows [37]:
P( k l m ) =

I (k l m)
,
(I (0 1 1) + I (2 0 0) + I (2 1 0) + I (2 2 0))

4
∑

P(k l m) σφ(k l m) (x) .

K (GPa)

M

σ φ (GPa)

P(k l m)

(0 1 1)
(2 0 0)
(2 1 0)
(2 2 0)

−1.7388
−1.2248
−1.0174
−0.6364

−0.0981
−0.1021
−0.1323
−0.1451

0.1706
0.1251
0.1346
0.0923

30.29%
24.68%
18.83%
26.20%

figure 3, the calculated stress statuses are given in tables 3 and
4. The average internal stresses σ of VO2 nanomembranes are
calculated to be 0.1561 GPa in sample S3 deposited at 500 ◦ C
and 0.1321 GPa in sample S4 deposited at 550 ◦ C, indicating the tensile stress in VO2 nanomembrane decreases with
increasing Ts . In addition, tables 3 and 4 demonstrate that VO2
nanomembranes have the largest tensile stress in the (011) direction and the smallest tensile stress in the (220) direction.
Therefore, our results prove that the stress should originate
from the mismatch of lattice and thermal expansion in the VO2
nanomembrane [38]. It is worth noting that the calculation of
the exact value of internal stress in the nanomembrane should
be very helpful in tuning deposition parameters for fabricating
stress-driven self-assembled microstructures.
As we have discussed, small internal tensile stress exists
in VO2 nanomembranes deposited at 500 ◦ C and relatively
large stress exists in VO2 nanomembranes deposited at 550 ◦ C.

(5)

where I (k l m) represents the XRD intensity of the (k l m)
reflection. The domain population P(k l m) corresponding to the
(011), (200), (210), and (220) oriented areas can therefore be
determined by XRD diagrams.
Average stress σ in the nanomembrane can thus be calculated by
σ=

Spacings

(6)

i =1

Thus, we propose an approach to determine the residual
stress in VO2 nanomembranes with the help of XRD characterization, and the influence from the substrate temperature
can be investigated. On the basis of the XRD results shown in
5
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Figure 4. (a) The schematic of the fabrication process of rolled microstructures. (b) (d) and (f) are the schematic representations of the

sample structure and the rolling process of single-component VO2 nanomembranes (panels (b) and (d)) and Cr/VO2 bimorph (f). The red
arrows qualitatively represent the contraction after the tensiled layers are released. The values represent the oxygen–argon ratio and Ts . (c)
and (e) SEM images of rolled-up VO2 microstructures with different curvatures. (g) SEM image of rolled-up Cr/VO2 microstructures. Scale
bars in panels (c), (e) and (g): 100 µm.

∆σ = ∆ε × E,

According to these results, we can design and fabricate microstructures by rolling nanomembranes, as schematically shown
in figure 4(a). To introduce the necessary stress gradient for a
rolling process [17], we deposit VO2 nanomembranes at two
different substrate temperatures in one sputtering experiment,
and the corresponding schematic of a nanomembrane consisting of two layers of VO2 is shown in figure 4(b). Here, the two
layers deposited at 550 and 500 ◦ C respectively are in tensile
status with different values. When the nanomembrane with the
vertical stress gradient is released from the substrate, the larger
contraction of the upper part of the nanomembrane compared
to the lower part creates a net bending force with the direction
away from the substrate [39]. Figure 4(c) shows the obtained
microring by rolling VO2 nanomembranes. The radius of the
microring is about ~121 µm, which agrees with the theoretical
estimation by the formula [29]:

(7)
3

R=

(tupper + tlower )
,
6∆ε (1 + v) tupper tlower

(8)

where strain difference ∆ε = ∆σ/E = 0.024GPa/E and
tupper and tlower are thicknesses of the two layers which are
both 20 nm in our experiment.
In order to further demonstrate the controllability of the current approach, we prepared two more samples by manipulating the stress gradient in the nanomembranes. As shown in
figure 4(d), the two VO2 layers in the first sample were deposited at 550 and 450 ◦ C respectively. The obtained microring
(figure 4(e)) possesses a reduced diameter of ~92 µm, indicating the increased vertical stress gradient, while for the second
sample, the two layers were deposited at 500 and 550 ◦ C

6
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respectively (supplementary figure S5(a). Note the reversed
layer order and downward rolling behaviour is observed (supplementary figure S5(b)). We also prepared a Cr/VO2 bilayer
nanomembrane where the Cr layers are remarkably tensiled
(0.1% tensile strain), as shown in figure 4(f). Tubular structure by rolling a Cr/VO2 bimorph is shown in figure 4(g) and
the radius is about ~101 µm. Our experimental results indicate that the current approach of generating a controlled stress
gradient in nanomembrane for rolling is reliable. In addition,
the curvature of the rolled microstructure could be tuned in a
large range, and the rolling direction could be changed because
the required stress gradient is produced by two stressing layers.
The current experimental approach demonstrates good controllability in producing rolled microstructures.
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