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3D mesostructures assembled[1–3] and self-assembled[4–7] with 
organic and inorganic nanomembrane materials have ena-
bled many applications.[1–13] A reduction in flexural rigidity 
allows inorganic nanomembranes less than a few hundred 
nanometers thick to form complex 3D geometries,[1,6] such 
as tubes,[14] helices,[15–18] boxes,[19] and pop-up buckles.[20] 
Diamond has been constructed into micro- and nanoscale 
rings,[21,22] beams,[23,24] and cantilevers,[25] for applications in 
micro- and nanoelectromechanical system,[26] microcavities,[22] 
plastic electronics,[27] and quantum optics.[28] Recently, efforts 
have been focused on freestanding diamond ribbons and mem-
branes,[29–33] which can be fabricated through top-down manu-
facture methods such as ion slicing,[31,34] galvanic etching,[29] 
angle etching,[35] and ion beam milling.[36,37] However, it is 
still challenging to assemble and self-assemble diamond mem-
branes into 3D architectures at the micro- and nanoscale due to 
its extreme hardness.[27]

Rolled-up nanotechnology,[14,38] as one of the self-assemble 
methods combined with top-down approach, has attracted 
great interest and continuous effort for potential applications, 
e.g., lab-in-a-tube,[39] on-chip energy storage,[40] optical micro-
cavity,[41] and micro/nanomotor.[42] In this work, by thinning 
nanocrystalline (NC) diamond membranes, we reduce their 
flexural rigidities and roll them into 3D structures (including 
tubes, jagged ribbons, nested tubes, nested rings, and helices) 

from predefined patterns. The diameter of the tube can range 
from several micrometers to several tens of micrometers by 
changing the thickness and built-in strain of the diamond 
nanomembranes. NC-diamond “hockey-stick”-shaped stripes 
can release from a substrate and transition into helical micro-
scale architectures through controlled debonding.

This process can be simulated using transient quasistatic 
finite-element methods (FEM) and demonstrates a versatile 
method to construct helical microstructures from mechanically 
isotropic NC-diamond membranes. Rolled-up NC-diamond 
tubular microcavities, with a pronounced nitrogen-vacancy 
(NV) center-related photoluminescence emission, present 
optical whisper gallery mode resonance with high quality 
factors (Q-factors) of up to 103. Our work provides a new plat-
form to engineer and assemble diamond nanomembranes into 
3D mesostructures for potential applications in mechanics,[25] 
photonics,[35] and electronics.[27]

Bulk diamonds as shown in Figure 1a-I have carbon atoms 
arranged through tetrahedral sp3 hybridization, giving the 
highest known atomic density, which provides diamond with 
superior mechanical properties such as the highest Young’s 
modulus, hardness, and a very low Poisson’s ratio. For NC dia-
mond, the most obvious deviations from natural diamond are 
the grain boundaries. While forming the boundary between 
crystallites with different orientations, they consist largely of 
disordered carbon bonded by σ bonds. However, as long as the 
bulk properties remain dominated by the grains and not the 
grain boundaries, nanocrystals can be a technologically excel-
lent product showing similar properties to that of bulk single 
crystals.[43] In our experiments, NC-diamond thin films on 
thermal oxidized silicon substrates are deposited by chemical 
vapor deposition (CVD) and are provided by Advanced Dia-
mond Technologies (ADT), Inc. By selectively removing sil-
icon oxide, NC-diamond thin films with a thickness of 40 nm 
release from the substrate and become freestanding nanomem-
branes as shown in Figure 1a-II. Since the bending rigidity of 
a thin plate scales with the cube of its thickness, the thinner 
an NC-diamond nanomembrane gets the lower its bending 
rigidity becomes to facilitate bending or rolling. After NC-
diamond nanomembranes are released from the substrates to 
become freestanding, they can curve or fold out of the plane 
and form scrolls downward as shown in Figure 1a-III. Their 
detailed microstructures are characterized by transmission 
electron microscopy (TEM) as shown in Figure 1a-IV, and cor-
responding selected area electron diffraction pattern (the upper 
image in Figure 1a-V) and high-resolution TEM image (the 
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lower image in Figure 1a-V) reveal ultra-nanocrystalline dia-
monds in our nanomembranes.

Since the rolled-up process is compatible with conventional 
photolithography processing, curved structures could be con-
structed with predefined patterns.[16] For example, a single tube 
was rolled up from a prepatterned NC-diamond nanomem-
brane through an under-etching process shown in upper part 
(I–III) of Figure S1 (see details in the Supporting Informa-
tion). A 500 nm thick silicon oxide film is deposited onto the 
photolithography-patterned samples as a reactive ion etching 
(RIE) template. A predefined NC-diamond nanomembrane 
is formed with RIE process that allows it to be undercut and 
released. Upon immersion into hydrofluoric acid solution, the 
nanomembrane was detached from the substrate and self-rolled 
up into a single tube driven by its intrinsic stress gradient. In 
Figure 1b, the first column shows a rolled-up NC-diamond tube 
formed from a circular pattern and the second column a rolled-
up 3D mesostructure from a jagged ribbon pattern. In contrast 
to the thickness modulation of a defined nanomembrane by 
deposition,[44] we employed an RIE-thinning method to regulate 
the thickness of NC-diamond nanomembranes as shown in the 
lower part (IV–VI) of Figure S1 (see details in the Supporting 

Information) for the fabrication of mesostructures, e.g., nested 
tube (i.e., tube in tube) and nested ring (i.e., ring in ring). A 
thickness-modulated NC-diamond ribbon is self-rolled up into 
the ring-in-ring structure (third column in Figure 1b) whereas 
a thickness-modulated squared nanomembrane is formed into 
the tube in tube structure (forth column). Interestingly, unlike 
circular or squared nanomembranes, a “hockey-stick”-shaped 
nanomembrane is geometrically asymmetric and curls into hel-
ical structures spontaneously in order to reduce elastic energy, 
which provides a new opportunity for precise control of the hel-
ical shape formation and will be discussed in the following text.

It is known that there are two basic parameters that con-
trol the diameter of rolled-up tubes: strain gradient and 
layer thickness.[16] Both parameters can be employed during 
the layer growth and post-fabrication. In our NC-diamond 
nanomembranes, the rolling is always downward as shown in 
Figure S2a,b (Supporting Information). With the assistance of 
Raman scattering measurement (Figure S2c, Supporting Infor-
mation), it is found that NC-diamond films on substrate pre-
sent tensile strain on average. Meanwhile, it is noted that NC-
diamond films reveal tensile or compressive strains depending 
on the deposition conditions.[45,46] Hence, it can be inferred 
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Figure 1.  Diamond nanomembrane characteriztion. a) Self-rolling geometries. Scale bars: II) 10 µm, III) 5 µm, IV) 100 nm, and V) 2 nm. I) Optical 
image of bulk diamonds. II) SEM image of NC-diamond nanomembrane. III) SEM image of an NC-diamond microtube. IV) Enlarged TEM image of 
the diamond tube wall. V,upper) Selected area electron diffraction pattern of NC-diamond nanomembrane. V,lower) High-resolution TEM image of 
NC-diamond nanomembrane. b) 2D patterns, 3D predictions, and SEM images for five 3D mesostructures of NC-diamond nanomembranes. Scale 
bars: 10 µm.
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that NC nanomembranes before rolling present the strain 
gradient as follows: larger tensile strain close to the interface 
between films and substrates and smaller tensile strain close 
to the surface, which is consistent with the previous report[45] 
and our Raman measurement (see details in the Supporting 
Information). Hence, we can refer to the former layer as the 
strain layer and latter one as the relax layer. In another way, 
the layer thickness can fine tune the tube diameter based on 
the classical Timoshenko formula.[47,48] To simplify the calcula-
tion of the diameter but still to obtain accurate values,[48] we 
apply the following equation in our rolled-up NC-diamond 
nanomembranes: 
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where tstrain and trelax are the respective thicknesses of the ten-
sile and relaxed strain layers, m = tstrain/trelax is their ratio, Δε 
is the strain difference between two layers, ν is the Poisson’s 
ratio, and D is the tube diameter. In our experiments, the RIE 
thinning is adopted to control the nanomembrane thickness, 
thereby tuning the tube diameter. As shown in Figure 2a, the 
diameter of rolled-up NC-diamond microtubes is proportional 

to the nanomembrane thickness (black spheres), and their 
scanning electron microscopy (SEM) images are exhibited 
as insets. An array of rolled-up NC-diamond microtubes 
formed on circular etching patterns are exhibited in Figure 2b 
(optical microscope image). The microtubes, about 50 µm in 
diameter and 500 µm in length, are well arranged in a highly 
ordered manner and aligned in the same direction. Based on 
Equation (1), the blue line in Figure 2a shows the calculated 
curve and reveals an obvious variation in comparison with our 
experimental data. The experimental diameter is smaller than 
the theoretical values. Therefore, there could be an unexpected 
effect in the rolled-up NC-diamond nanomembranes. By using 
atomic force microscopy (AFM), we carefully investigated the 
surface morphology of NC-diamond nanomembranes before 
(Figure 2c) and after (Figure 2d) etching with RIE in oxygen 
plasma. Before etching, NC-diamond films grown on the sub-
strate exhibit a smooth and uniform surface. However, their 
rough surface was observed after etching with RIE, which sug-
gests that the effective thickness contributing to rolling could 
be thinner than the AFM-measured thickness as schematically 
shown in Figure 2e. Hence, the thickness of the relax layer 
is reduced from the nominal one (t) to the effective one (teff) 
and thus assisting the rolling as sketched in Figure 2f. When 
teff is used instead of t, the red line in Figure 2a shows the 
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Figure 2.  Diamond nanomembranes thinning and rolling control. a) Diameter of a single tube as a function of the diamond nanomembranes thickness 
after RIE etching. Insets show corresponding SEM images of microtubes with various diameters. b) Optical microscope image of ordered microtube 
arrays from NC diamond. c,d) The surface morphology of diamond films before and after etching with RIE in oxygen plasma by AFM imaging (1 µm × 
1 µm). e,f) Schematic of an inverted rolling up process relevant for partially strain-relaxed films. A region with thickness teff and t represents the region 
of effective thickness and nominal thickness. The arrows represent the contraction and expansion.
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calculated values from Equation (1), which can agree well with 
our experimental data with the fitting parameters, Δε = 0.7% 
and tstrain = 2.0 nm which is equal to the critical thickness of 
NC-diamond films with a tensile strain (see details in the Sup-
porting Information).

Directional rolling can be controlled by anisotropic 
mechanical property[15] and geometry design[49] of pre-rolling 
nanomembranes. The latter one can be applied in isotropic 
materials for long-side directional rolling due to the mini-
mization of the total elastic energy in a rectangular-shaped 
nanomembranes.[49] which is still challenging to achieve, 
although the corner effect has been proposed to guide bilayer 
bending.[50] In this study, we found that a series of helical struc-
tures can be formed in our NC-diamond nanomembranes with 
isotropic mechanical properties when the asymmetric geometry 
is carefully designed. As sketched in Figure 3a, we defined a 
nanomembrane strip like “hockey stick” with the inclined angle 
θ. Such strip can roll from a corner (curved arrow) and form a 
helical structure. Experimentally, such rolling can be controlled 
by rolling chirality as shown in Figure 3b, which well agrees 
with the simulation results (Figure 3c). Although there was 
observation of short-side rolling in a rectangular nanomem-
brane previously,[49,50] directional rolling for helical structure is 

seldom reported on nanomembranes with isotropic mechanic 
properties. The rolling behavior here also defers from the 
rolling of helical ribbons with isotropic mechanical properties 
but subjected to anisotropic driving forces.[51,52]

From the energetic perspective, a nanomembrane always 
starts rolling from the long side to minimize the total elastic 
energy, however, short-side rolling has been observed experi-
mentally, which could be attributed to a history-dependent 
process.[49] During the etching process, an NC-diamond 
nanomembrane with a “hockey stick” shape was cut off from 
the head part and subsequently released from the head to the 
knob parts. Such a release process is due to the narrower width 
in the head part as compared with that in the knob part with 
the same etching rate. We simulated such release process as 
shown in Figure S5 (Supporting Information) with the mini-
mization of the total elastic energy, where the corner area 
(marked by the curved arrow in Figure 3a) started to roll if we 
only released the head part until 9 µm (from head to knob). 
The first release area is determined by the etching rate and 
the nanomembrane geometry. Such corner-dominated rolling 
keeps going when the release continues and thus enables a 
helical structure as shown Figure S6 (Supporting Information), 
which reveals a whole rolling process with a moving boundary 
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Figure 3.  Directional rolling of isotropic diamond nanomembranes. a) Schematic drawing illustrating a 2D “hockey stick” shape with inclined angle 
θ. b) SEM images of helix with inverted chirality. c) Result of FEM simulation. d,e) Optical images of 2D shapes with different inclined angle θ (d) and 
SEM images of diamond helices with different inclined angle θ (e). The sample from left to right have inclined angle θ = 90°, 75°, 55°, 40°, 20°, and 
0°, respectively. f) Comparison of simulation and experiment for periodicity at various inclined angles θ. Insets show the displacement contour plot of 
the FEM of the “hockey stick” shapes at various inclined angles θ.
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condition. This procedure agrees well with our etching process 
due to our designed special shape—“hockey stick”—and the 
principle revealed in this study can be further used to design 
other geometric shapes to control the rolling process with 
history-dependent effect. To showcase the feasibility with a 
simple example, we adjusted the inclined angle θ to control the 
helical periodicity as shown in Figure 3d–f. Prepatterned NC-
diamond nanomembranes are designed to have various angles, 
0°, 20°, 40°, 55°, 75°, and 90°. Their corresponding optical 
microscope images are shown from left to right in Figure 3d, 
while the rolled-up helices are formed after releasing from the 
substrate as shown in Figure 3e (SEM images). The inclined 
angle can well control the helical periodicities of our designed 
NC-diamond stripes. In Figure 3f, we summarize the experi-
mental data and compare it with the simulation results on hel-
ical periodicities. Detailed simulation analysis can be found in 
the Supporting Information. In most cases, simulation results 
agree well with the experimental data, while there is some 
notable discrepancy when the inclined angle is 20°. This dis-
crepancy may be due to the limitation of photolithography and 
RIE resolution, which could lead to the mismatch of patterns 
between the experiment and simulation. It is also worth men-
tioning that the dimensions of the nanomembrane fall into 
the wider regime where the structure would have been multi-
stable if the shape had some symmetry (e.g., being circular or 
square).[52] The calculated value of the dimensionless parameter 
for multistability is η κ= ≥/ 2.5W H , larger than the critical 
value η ν= + =80(1 )/3 2.34 , where W and H are the respective 
width and thickness of stick, ν is the Poisson’s ratio, and κ is 
the curvature.[53,54] However, due to the geometric asymmetry 
and the release (or debonding) history, the result configuration 
is deterministic.

Befitting from the unique optical properties of NV centers,[55] 
a number of studies on diamond have been focused on the 
color center-cavity coupling by using a diamond resonator or 
a separate optical resonator to defect centers.[21–25,28] With the 
rolled-up method, tubular optical microcavities can be con-
structed from defined flat nanomembranes, which can offer 
large flexibility from fabrication to applications.[6] Hence, NC-
diamond nanomembranes can be self-rolled up as tubular 
microcavities as presented in Figure 4. Starting from an NC-
diamond planar film with a circular diameter of 100 µm and 
around 25 nm in thickness, an NC-diamond microcavity 
is formed with rolled-up tube diameters of 12 (upper), 16 
(middle), and 20 µm (down), which are shown in Figure 4a. 
Their corresponding nanomembrane thicknesses are around 
22, 26, and 29 nm. Photoluminescence (PL) spectra of a planar 
film (black line) and a rolled-up tube with a diameter of 20 µm 
(red line) were excited by a 532 nm laser line using micro-PL 
setup (the other two PL spectra are shown in Figure S7 in the 
Supporting Information). As presented in Figure 4b, there are 
three PL emissions: i) a broad emission band from the defect 
states among NC grains[47] which can cover the whole spectra 
range, ii) a peak from NV− centers (marked arrows) located 
at 637 nm, and iii) Raman signals (marked by dashed line) at 
574 and 580 nm originated from graphite and diamond-like 
bonds.[47] In the case of a rolled-up tube, the PL spectrum 
(red line in Figure 4b) shows an obvious intensity modulation 
due to PL light coupled to the whisper gallery modes of the 

microtube with a Q-factor of more than one thousand. Com-
paring to planar films, the spontaneous PL emission of NVs is 
dramatically enhanced by one order of magnitude, which can 
be attributed to the light-trapping effect in the tubular geom-
etry. Interestingly, such rolled-up tubular optical microcavity 
presents stable PL resonance modes when the laser excitation 
power increases as shown in the inset of Figure 4b. The laser 
spot size on the sample was 1.5 µm in diameter and the laser 
power was from 2.5 to 25 mW. The resonance peak position 
(PP) at 641.0 nm (mode #196 marked by the dark triangle in 
Figure 4b) has almost no shift (see details in Section 5 of the 
Supporting Information). It is known that the tube presents a 
poor thermal conductivity because of its hollow structure.[56] 
However, our NC-diamond microtubes are stable even under 
the maximal excitation power (25 mW) of our PL setup since 
diamond has the high thermal conductivity (2000 W m−1 K−1) 
and low thermo-optic coefficient of (dn/dT) = 10 × 10−6 K−1.[22]

The nanomembrane thickness can change the diameter of 
rolled-up microtubes as discussed before, while it can also tune 
their resonance properties, such as resonance peak position 
and Q-factors.[57] As shown in Figure 4c, we adopted rolled-up 
tubes with diameters larger than 10 µm and the nanomem-
brane thickness of larger than 20 nm[58] because there would 
be a critical wall thickness for resonance modes, which can 
confine the light inside.[59] With the increase of nanomembrane 
thicknesses, the Q-factors are enhanced due to the improved 
confinement of light. Such confinement can also be influ-
enced by the tube diameter, which suggests that a tube with a 
larger radius can induce a better light propagation in the tube 
wall with less bending. Hence, it remains a challenge to get a 
strong light resonance in the rolled-up NC-diamond tube with 
a diameter smaller than 10 µm. The polarization state of the 
resonance modes was checked with our NC-diamond tubular 
microcavities as shown in Figure 4d. On the NC-diamond tube 
with a diameter of 20 µm, we measured the transverse-mag-
netic mode polarization by recording PL spectra after a rotating 
lambda half wave plate and a fixed linear polarizer positioned 
in front of our spectrometer. In Figure 4b, the average peak-
to-valley ratio for the mode 196 (marked by the dark triangle 
in Figure 4b) is exhibited as a function of the rotating angle 
between the tube axis and the polarizer axis. This data shows 
that the optical resonant modes observed in the PL spectra are 
strictly polarized along the tube axis, which is caused by the 
total reflection of the light at the tube walls. Therefore, rolled-
up microtubes could be a general platform for optical cavities 
to generate the polarized resonance emission through mate-
rials integration (for example, diamond here) and geometry 
design.[59]

In conclusion, we have rolled up nanocrystalline diamond 
nanomembranes into a variety of 3D architectures, including a 
single tube, 3D jagged ribbon, helix, tube in tube, and ring in 
ring by selective etching. The flexural rigidities of NC-diamond 
nanomembranes are greatly reduced by thinning the thickness, 
and thus enabling large deformation like rolling or bending 
with a wide range of curvatures. Interestingly, strong evi-
dence of pathway-determined rolling is found in helical struc-
tures, which are released from selectively designed patterns 
of NC-diamond nanomembranes, and the mechanical prin-
ciple is unveiled through a combination of experiments and 
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finite-element simulations. Moreover, rolled-up NC-diamond 
tubular microcavities present strong and stable optical reso-
nance and reveal polarization-dependent light emission, which 
is related to NV− centers. The findings imply that such a rolled-
up process can be applied to most of inorganic hard materials 
including diamond and could suggest significant potential in 
self-assembly and assembly of diamond nanomembranes or 
other rigid nanomembranes.

Experimental Section
Nanocrystalline Diamond Film Wafer: NC diamond (known as Aqua 

25 from Advanced Diamond Technologies (ADT), Inc.) was grown using 
the hot-filament-assisted CVD technique at 680 °C on silicon wafers 
(diameter = 150 mm) using a predominantly methane/hydrogen growth 

chemistry. The average film thickness was measured as around 40 nm 
with a uniformity of within 11% across the wafer with the thickness 
greatest at the center.

Fabrication of Rolled-Up Diamond Microtubes: Nanocrystalline 
diamond films on substrates were patterned by photolithography 
and RIE. First, spin casting and photolithography defined patterns of 
photoresist using AZ-5214 (Microchemicals GmbH, Germany) with 
about 1 µm in thickness. Second, the patterned film was etched using 
RIE under the following conditions: oxygen gas flow rate 50 standard 
cubic centimeters per minute, chamber pressure 15 mT, and bias at 
200 V. After that, a 40% HF (hydrofluoric acid) solution was used to 
selectively remove the SiO2 layer to undercut and release the film as the 
nanomembrane. The etching rate is around 60 nm min−1. Finally, critical 
point drying (CPD030 Critical Point Dryer from Bal-Tec AG) was applied 
to dry the rolled-up nanomembranes without structural collapse.

Finite-Element Analysis: The simulation applies linear elastic 
mechanics to analyze the release of 3D “hockey-stick”-shaped 
nanomembranes under an initial biaxial strain. The elastic modulus and 

Figure 4.  Optical characterization of diamond microtubes. a) SEM image of diamond microtube with diameter of 12 µm (upper), 16 µm (middle), and 
20 µm (down), respectively. b) PL spectra of a planar film (black line) and a rolled-up tube (red line). Inset shows a dependence of a resonance peak 
position (PP) (mode number = 196) on excitation power. c) Thickness effect on coupling strength between NVs and tubular diamond resonator. Red 
line showing the relationship between Q-factor and thickness of tube. Black line showing the relationship between diameter of tube and thickness of 
tube. d) PL measurement of diamond microtube at room temperature for different polarization configurations.
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Poisson’s ratio for nanocrystalline diamond nanomembranes are 980 
GPa and 0.069, respectively. The substrate boundary was rigidly fixed, 
and the side boundary was free to move in plane. To simulate initial 
etching process, only the head of the “hockey stick” was selectively 
released by applying the appropriate boundary conditions.

Microtube-Based Optical Resonators: A 532 nm laser line acted as 
the excitation light for both micro-photoluminescence (µ-PL) and 
micro-Raman spectra, while 325 nm laser line was only adopted for 
micro-Raman measurement. The excitation laser was focused through 
microscope objectives and the emission signal from nanocrystalline 
diamond was collected through the same objective to record the spectra.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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