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Releasing pre-strained two-dimensional nanomembranes to assemble on-chip
three-dimensional devices is crucial for upcoming advanced electronic and
optoelectronic applications. However, the release process is affected by many
unclear factors, hindering the transition from laboratory to industrial appli-
cations. Here, we propose a quasistatic multilevel finite element modeling to
assemble three-dimensional structures from two-dimensional nanomem-
branes and offer verification results by various bilayer nanomembranes. Take
Si/Cr nanomembrane as an example, we confirm that the three-dimensional
structural formation is governed by both the minimum energy state and the
geometric constraints imposed by the edges of the sacrificial layer. Large-
scale, high-yield fabrication of three-dimensional structures is achieved, and
two distinct three-dimensional structures are assembled from the same pre-
cursor. Six types of three-dimensional Si/Cr photodetectors are then prepared
to resolve the incident angle of light with a deep neural network model,
opening up possibilities for the design and manufacturing methods of More-
than-Moore-era devices.

24,25

Three-dimensional (3D) structure assembled by releasing pre-strain  transistors***, and microrobots™*. However, the formation of nano-

nanomembrane has become an essential technique for electronic'™,
optical’®, and magnetic’™ applications. The self-assembly of the
nanomembrane depends on the large deformation in ultrathin thick-
ness and the out-plane strain gradient in a multilayer nanomembrane
system. Generally, the strain gradient derives from thermal strain that
is caused by temperature change, recovery of pre-stretched substrate,
and lattice mismatch of epitaxial material. By tuning etching edges,
nanomembrane systems, and deposition parameters, preparation of
tubes”™, helices® ", buckles’”, and other structures®* have
been achieved for applications in photodetectors®”, field effect

membrane is affected by multiple complex factors in the release
process, such as etching trajectory, balance between chemical reac-
tion and etchant diffusion, fluid behaviors of etchant, aspect ratio, etc.
Unpredictable and uncontrollable incorrect formation challenges the
uniformity and yield in device manufacturing.

Many analytical and numerical methods have been used for mor-
phological prediction and design guidelines for pre-strained nano-
membrane structures” >, As early as 1925, Timoshenko has developed
the curvature radius formula of the bi-metal thermostat, which is
applicable to substrates of similar thickness to nanomembranes®.
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In the later development, Nikishkov** and Hsueh® have presented the
analytical solutions of the curvature formula suitable for self-rolling
nanomembranes. In addition, finite element modeling (FEM), as a
numerical method, can intuitively simulate and predict the behavior of
nanomembranes after release’™. Huang et al. have demonstrated a
quasistatic FEM model with moving boundaries to simulate the self-
rolling process of nanomembranes®. Generally, the rolling behavior of
completely released nanomembranes from long sides is regarded as a
preference in minimal elastic energy®?***, Nevertheless, short-side
rolling has been observed in many experimental results, which is
interpreted as the dependence of rolling trajectory®*. Idealizing the
boundary movement of the sacrificial layer for specific structural for-
mation or analysis in a local area lacks broad applicability and an
accurate boundary condition model.

It is crucial to adopt a design approach that takes multiple factors
into account to ensure efficient processing and optimal application of
micro/nanoscale self-assembled devices. Here, we propose a quasi-
static multilevel FEM that emphasizes the geometry and boundary
condition of nanomembrane for 3D self-assembly structure. By con-
sidering the non-uniformity and geometric dependency of the etching
process, we reproduce the anisotropy of boundary movement of the
sacrificial layer. The multilevel FEM method is successfully applied in a
wide range of material systems, nanomembrane thicknesses, pattern
types, and pattern sizes, demonstrating excellent generalizability. We
take Si/Cr rectangular nanomembrane as an example to study the
mechanism and application of the self-assembly process in detail. An
idealized model is used to simulate and calculate the elastic energy
changes corresponding to different geometric characteristics
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Fig. 1| Releasing of pre-strain rectangle bilayer nanomembranes. a Basic model
of pre-strain nanomembrane. b Wet release process of pre-strain bilayer nano-
membrane with a fixed edge. ¢ Schematic of sacrificial layer wet etching model:
etchant diffusion from liquid phase to solid-liquid interface and chemical reaction
between etchant and sacrificial layer in interface. d Self-assembled 3D structure
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quantitatively. The gradual shift observed in the rolling direction
reflects the transition of minimal elastic energy and explains the
change in 3D structural forming behavior with varying aspect ratios.
Based on this FEM model, large-scale, high-yield, and high-uniformity
3D configurable structures are successfully achieved. In addition, we
develop a range of 3D structure photodetectors for angle detection of
incident light at an accuracy of 10° to demonstrate the potential in
manufacturing electronic and photoelectronic devices.

Results

Release of pre-strained bilayer nanomembrane

We established a standard strain nanomembrane release model con-
sisting of a rectangular nanomembrane with width W, length L, and in-
plane strain gradient Ag, sacrificial layer, and substrate, as shown in
Fig. 1a. A fixed edge is deployed to ensure the on-chip self-assembly of
nanomembrane, resulting in the morphological difference between
opposite edge rolling and adjacent edge rolling. Once the sacrificial
layer is etched, the pre-strained nanomembrane will release from the
substrate and then self-assemble due to strain gradient, as shown in
the right panel of Fig. 1b. During the release process, etching of the
sacrificial layer can be modeled as a gradual movement of boundary, in
which the velocity and direction of movement depend on the chemical
reaction parameters at the solid-liquid interface, as shown in Fig. 1c.
Geometric size of nanomembrane will lead to a diversity of etching
velocity and direction at the solid-liquid interface, which can be
intuitively represented by ’% the velocity ratio of the velocity per-
pendicular to the length direction and width direction of a coordinate
on nanomembrane, which is shown in the inset of Fig. 1d. The method
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of etching FEM is provided in Methods and Supplementary Fig. 1.
In previous studies*****"~*% the structures of nanomembranes exhibit a
transition from ring to arch, taper, and finally tubes with an increase in
aspect ratios. When the long side is much longer than the short side
(W»L or W<l ), the etching from the long side will dominate the etching
direction, and short-side etching is negligible due to the short distance
between opposite edges. When the W/L is close to 1, etching from both
sides needs to be considered because the rolling direction may be
competitive in similar geometric size (Fig. 1d). For example, Chalapat
et al.’® discovered the transition between ring and arch structures via
fabrication of Ti/Al/Cr nanomembrane with increasing aspect ratios.
The above phenomenon shows the potential of structural design with
different aspect ratios. In pre-strained nanomembrane with various
aspect ratios, there are differences in elastic energy after release from
two directions. We set up a series of FEM models that release from
different directions to simulate the change in elastic energy during
etching. As shown in Fig. 1e, when the etching direction is fixed to
adjacent and opposite edge, the gap in elastic energy from FEM cal-
culation indicates that the distinct release direction may result in two
types of 3D structures. Eagjacene aNd Eqpposice F€present elastic energy of
adjacent and opposite edge release during etching, and £y is the elastic
energy of unreleased nanomembrane. As for W/L=0.1and W/L =1, the
elastic energy decreases fast in the adjacent side release at the initial
state, which will cause the adjacent side rolling in the same etching
depth. Compared to the common tubular structure rolling from
opposite edge, the obvious decrease from adjacent side indicates the
possibility of adjacent side rolling and potential of multi-morphic 3D
assembly from one pattern. In the situation of W/L=2, the elastic
energy of the opposite rolling is in a low energy state throughout the
entire process, proving the change in the prior rolling direction. As
mentioned above, etching velocity, etching direction, and aspect ratio
are both important factors for 3D structural assembly, and they need
to be considered in FEM modeling.

Quasistatic multilevel finite element method modeling

In order to reproduce the formation process and find the mechanism
of boundary condition during the release process, a multi-field cou-
pling FEM model is utilized to simulate the etching process in the
sacrificial layer via COMSOL Multiphysics software package**~". In the
etching FEM model, the bilayer is initially fixed with constraints to
simulate the unreleased state. Considering the etchant flowing and
boundary movement of the etching system, Fick’s law, Navier-Stokes
equations, and liquid-solid reaction model are introduced to establish
the FEM model:

%L +u-Vc=V-(DVo)
DVc-n= —kc
PkEtchant %_l[l +pEtchant(u : V)u =V. [_pEtchant' +ll (Vu + (Vu)T)] ! (1)

_ kcDMsacrificial
Psacificial

v

where c is etchant concentration, u is velocity of etchant flow, D is
diffusion coefficient, k is reaction rate coefficient, n is normal vector,
p is density, u is dynamic viscosity coefficient, v is normal velocity of
mesh, and M is molar mass. The relationship between etchant con-
centration and reaction rate depends on the balance of diffusion and
chemical reaction process, and the effect of each parameter is dis-
cussed (Supplementary Notes 1, 2, and Supplementary Figs. 2-5). As
can be seen in Fig. 2a, since the FEM model is made up of a set of small
units, the etching process of the sacrificial layer is realized by normal
movement of unit meshes with a velocity v.

We perform a series of analytical steps in a time sequence and
then realize the whole dynamic release process of bilayer nanomem-
branes. Geometrical features of boundary variation obtained from

previous simulations are applied to the feature division along the
thickness direction of the Si/Cr bilayer in coordinates (x; y;),i=1, 2,...,
node numbers, as shown in Fig. 2b. After geometric partitioning,
boundaries under multiple discrete time points are divided into
boundary conditions. In the elastic mechanical analysis step, the
boundary conditions will be set as a series of constraints in chron-
ological order to realize the continuous release of the nanomem-
brane (Fig. 2c).

Due to the asymmetric boundary conditions, complex practical
release process, and large geometric deformation of the one-ended
fixed bilayer nanomembrane structure, it is inaccurate to apply the
large deflection equations of thin elastic plates (such as the Foppl-von
Karman equation®?) for structural design. Considering only the release
from the opposite edge, the 3D assembly of the nanomembranes will
exhibit only tubular structures (Supplementary Note 3 and Supple-
mentary Fig. 6). In contrast, the simulation results of the bilayer
nanomembranes are guided by the multilevel design model during the
release process, demonstrating better accuracy and successfully
reproducing morphologies varying with width (Fig. 2d). Quasistatic
FEM results prove that the etching trajectory of the sacrificial layer
plays a crucial role in tuning the release of bilayer nanomembranes. In
addition to the Si/Cr rectangular patterns, the multilevel FEM model
has been designed for various types of patterns such as semicircular,
triangular, and parallelogram patterns (Fig. 2d, Supplementary Note 4,
Supplementary Figs. 7-14, and Supplementary Movies 1, 2), as well asin
the high-frequency/low-frequency SiN, (LF/HF SiN,) nanomembrane,
NiTi nanomembrane, and VO,/Cr nanomembrane systems, which
demonstrate the potential for a wide range of applications (Fig. 2e-h,
Supplementary Note 5, and Supplementary Figs. 15-17). Meanwhile,
the method demonstrates cross-scale compatibility for models from
the hundred nanometer scale to the hundred micrometer scale (Sup-
plementary Note 6 and Supplementary Figs. 18-22). In this study, we
choose the rectangular Si/Cr rectangular nanomembrane for detailed
analysis and discussion of the self-assembly behavior due to their
moderate parameter complexity and high geometrical symmetry.

Experimental verification

To verify the design model, a series of silicon (Si)/chromium (Cr)/
germanium (Ge) heterostructure with gradient aspect ratio was
deposited by electron beam evaporation (Supplementary Note 7 and
Supplementary Fig. 23). Si/Cr bilayer nanomembrane system is selec-
ted for experimentation, in which Cr can introduce large pre-strain and
Si is the most widely used semiconductor materials. The lithography
and reaction ion etching then define the one-end fixed rectangular
sacrificial layer area by photoresist to produce a window for sacrificial
layer etching. As shown in Fig. 3a, a series of one-end fixed Si/Cr bilayer
nanomembranes with length L =40 pm are selected as an example,
and the width Wis increased from 2 um to 80 pm with a step of 2 um.
The photoresist was removed via acetone immersion and supersonic
cleaning to avoid surface residue of organic solvents. After rinsing the
surface in deionized water and drying, the Ge sacrificial layer is etched
to realize Si/Cr bilayer release. Ge sacrificial layer was removed by wet
etching (30% H,0,, 75 °C). When Si/Cr bilayers in the etching area are
released, they are transferred to acetone and dried in critical point
dryer in liquid CO, to prevent morphological defects caused by con-
ventional drying. When the length L =40 pm, there are obvious tran-
sition regions (W= 8-10 pm, 16-18 pm, 28-30 pm, and 56-58 pm) and
stable regions (W=2-6 um, 12-14 pum, 20-26 pum, 32-54 pm, and
60-68 um) in the distribution map of various morphology, which
confirms that 3D assembly is stable and related to the aspect ratio of
geometric shapes (Fig. 3a). The morphologies of the released nano-
membrane exhibit a transitional change as the width increases: five
types of 3D structures of ring, arch, helix, taper, and tube (Fig. 3b). For
patterns in transition regions, the unstable structure formation
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demonstrates the competition of two rolling directions and a relatively
small gap in elastic energy. To systematically analyze the relationship
between structural transition and aspect ratio, patterns with different
lengths L from 20 pm to 80 pum (step of 5 pm) were prepared. As shown
in Fig. 3c, the probability distribution of five types of morphology and
pattern sizes is discussed from a statistical point of view. With the
increase in length, the transition width of each structure increases
accordingly due to the variation in aspect ratio. For patterns with large
lengths (L = 80 pm), the structure will lack the transition from taper to
tube, but it can be fabricated by a design with larger width. The
forming morphology of nanomembranes also follows the order of
ring-arch-helix-taper-tube with increasing aspect ratio, corresponding
to the structure distribution in Fig. 1d and Fig. 2d. Moreover, we
designed Si/Cr systems containing Si nanomembranes (15 nm/30 nm/
90 nm) and Cr nanomembranes (10 nm/20 nm/60 nm) of different
thicknesses to analyze the initial strain and average strain of Si and Cr
nanomembranes after release (Supplementary Note 8, Supplementary
Figs. 24-30 and Supplementary Table 1). As shown in Fig. 3d,e, we
collected the radii of tubular structures with the same Si thickness
(tsi= 60 nm) and different Cr thicknesses, and the same Cr thickness
(tcr=40 nm) and different Si thicknesses. With the increase of the
thickness of Cr layer, the radii of assembled tubes with t5;= 60 nm are
13.21+0.55pum  (tc,=10 nm), 8.13+034pum (tc,=20 nm),
748+028 ym (tc,=40 nm), and 6.22+0.59pm (tc,=60 nm),
respectively. Meanwhile, with the increase of the thickness of Si layer,

the radii of assembled tubes with t;,=60 nm are 6.95+0.93 um
(tsi =15 nm), 3.67 + 0.21 pm (¢5; =30 nm), 7.48 + 0.28 pm (ts; = 60 nm),

and 7.06+1.93 um (t5;=90 nm), respectively. We used the above
experiments and the force-moment balance formula to estimate the
strain magnitude in the Si/Cr layer, that is

(ESi)Ztgl (ECr) tér + 2ES|ECrt51tCr (Zté + Zt%:r + 3tSltCr)

R=
6ESlECrtSItCr (tSI + tCr)AS

2

where E is Young’s modules, ¢ is thickness of nanomembrane, and
Ag=¢, — & is the initial strain difference between Si and Cr layer. We
substitute the thicknesses of nanomembranes and tube radius
(Fig. 3d,e) into this formula for fitting, and the prestrain of the Cr layer
obtained by fitting is &c, -~ 0.65%,while the pre-strain of the Si layer is
determined to be &5 ~ — 0.55%. The corresponding stress gradient is
approximately Ao = e E; — &6E5=2600 MPa, which is consistent with
the preset condition in our simulation (Ac=2000 MPa), providing an
important guarantee for high-accuracy structural design. In addition,
we used the thickness and pre-strain of nanomembranes as parameters
to calculate the strain relationship in the Si/Cr nanomembrane. The
average strain of Si and Cr nanomembranes are also in good
agreement with the experiment, providing an effective method for
strain characterization of multilayer nanomembrane systems (Supple-
mentary Fig. 31).

Elastic energy of released bilayer nanomembrane

The assembly of nanomembranes is well simulated. However, the
essence of formation and the size dependence of different structures
need to be explored. The optimized elastic energy calculation is derive
from the Nikishkov’s analytical solution model** (Supplementary
Note 9 and Supplementary Figs. 32-34). We approximate the geo-
metric parameters of the model as boundary conditions with sym-
metrical specific divide angles a to combine the effect of etching
direction a = arctan®* and aspect ratio W/L during release. Patterns
with a length L of 40 pm and a width W of 10-80 um are set with a
series of direction angles for unilateral (Supplementary Note 10 and
Supplementary Fig. 35) and bilateral (Fig. 4a) release models. The
divided boundaries are parallel, and the divided area is classified as
Region I. The constraint of the nanomembrane in the Region I will be
removed inward from the boundary to simulate directional release.

When Region I is completely released, the nanomembrane in Region Il
starts to release. Finally, the elastic energy of the released nanomem-
brane is collected via FEM. The geometric characteristics of FEM
results are provided to idealized analytical elastic energy equations to
verify the results of simulations.

It can be observed in Fig. 4b that among the relative strain energy
of different widths, we can find the direction angle a,,, with the
minimal relative elastic energy shifts to a larger direction angle with
increasing width. The an;, of the bilateral-released model shifts from
~70° to ~45° when the width increases from 10 um to 80 pum. This
decreased transition of o, indicates long-side rolling along the
opposite edge. When the rolling direction decreases to 0°, the rolling
will become the classic model of opposite rolling in Fig. 1d. Then, the
Amin shifts back from ~70° to ~50° after the width decreases from 10 pm
to 4 um. The shift back of &, is due to the dominant of long-side
rolling from length direction, which is both restricted by high 7 ”W and a
small aspect ratio W/L < 0.25. Therefore, the pattern of W=4 um with
Omin=~50° assembles into a ring rather than rolling from adjacent
edges. Generally, the existence of the an;, verifies the dependency
between aspect ratio and etching direction and the relationship to the
minimum energy theorem. For other a with higher relative elastic
energy, the bilayer nanomembranes show reduced possibilities for
rolling. The elastic energy calculation shows the same increasing and
decreasing trend of the an, shift. Fluctuations in relative elastic
energy derived from estimation errors in selecting idealized regions.

Moreover, the transition of a contributes to the differences in the
3D structures of nanomembranes (Supplementary Note 11 and Sup-
plementary Figs. 36-39). Taking L =40 pm as an example, the prob-
ability of occurrence of various structures exhibits gradient change
from 4 pm to 80 pm, which corresponds to the shift of anm, (Fig. 4¢).
For each structure, there are five corresponding areas of a,;, to
assemble: ring (30°-40°), arch (50°-80°), helix (65°-75°), taper
(50°-65°), and tube (40°-55°). It is confirmed that the structure with
the minimal relative elastic energy possesses a higher probability of
rolling up along the a,;, assembling into the corresponding structure
(Supplementary Note 12 and Supplementary Fig. 40). As shown in
Fig. 4d, the quasistatic FEM model simulates the change of a with
etching time during the assembly process, and generally restores the
relationship between a and etching time during the sacrificial layer
etching process in the experiment (Fig. 4e, Supplementary Movie 3).
When the etching finished, the distribution of « are as follows: ring
(25°-35°), arch (70°-80°), helix (50°-65°), taper (60°-75°), and tube
(40°-55°). The a angle obtained at the end of etching between model
calculations and experimental results is highly consistent with the
calculated a,i; corresponding to each structure in Fig. 4c, providing
an observation scheme for tracking intermediate states in the assem-
bly process. We noticed that there is an obvious difference of the a
between the multilevel model and the experiments in the early stage of
etching, which is mainly due to the non-ideal release of sacrificial layer
release and local non-uniform etching caused by insufficient accuracy
in micro-nano processing (Supplementary Note 13 and Supplemen-
tary Fig. 41).

Regarding the Si/Cr bilayer with different widths, we anticipate
that the a,,,;, will also shift as the width increases with the instruction of
FEM-based multilevel design model. With the guidance of the elastic
energy map in Fig. 4c, we employed the multilevel design with a single
stable energy state to prepare large-scale arrays with only one struc-
ture. As shown in Table 1, all five structure arrays (0.8 cm x 0.8 cm)
exhibit high yield (Supplementary Note 14 and Supplementary Fig. 42),
demonstrating good accuracy in designing 3D structures from self-
rolling.

Configurable structures with controlled etching edges
By introducing sequential etching in designed spatiotemporal order at
targeted locations, diverse structural configurations can be achieved
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as a Source Data file.

for identical patterns. The orientation of the patterns and adjustment
of the etchant level position are utilized to control etching at specific
locations, resulting in the formation of two distinct 3D structures.
During the etching process, the solid-liquid interface rises slowly due
to the capillarity between the nanomembrane and the etchant (Sup-
plementary Movie 4). The first method of etching control is bottom
etch, in which the fixed end is in contact with the etchant first. Then,
the liquid level of the etchant will rise due to the capillary force in the
etched pattern (Fig. 5a). In this situation, etching happens at the

adjacent edges first. (Fig. 5b). Then, another method for etching con-
trol is top etch, and the opposite edge is in contact with the etchant
first, as shown in Fig. 5c. For etching starting from the opposite edge
(Si/Cr top etch, Fig. 5d, Supplementary Note 15, and Supplementary
Movie 5), the etchant interface prefers to contact the free end initially
than adjacent edges. A quasistatic multilevel FEM model with selective
release is designed to guide the 3D assembly (Fig. 5e). In the bottom
etch, the boundary of the sacrificial layer will change from adjacent
sides rather than the overall layer, artificially reducing the 1177
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Table 1] Yield of large-scale prepared different 3D structures

w/L Target struc- Other struc- Damaged (%)
(um/um) ture (%) tures (%)

Ring  4/40 98.785 1.026 0.189

Arch  10/40 99.699 0.192 0.110

Helix  25/40 99.376 0.416 0.208

Taper 40/40 95.815 3.778 0.407

Tube 80/40 98.242 1.628 0.130

The formation of tubular structures benefits from the wrinkle in the
partial release process by bottom etch. In local wrinkle structures,
the bilayer tends to roll from the directions of wrinkling, when the
assembly for other structures faces a higher energy barrier (Supple-
mentary Fig. 43, Supplementary Movie 6). Compared to models in the
normal etching process, the movement of the opposite edge in the top
etch is larger at the beginning. More area will be released corre-
spondingly in mechanical FEM modeling, leading to a larger a and "U—”LV in
the local area (Supplementary Note 16 and Supplementary Fig. 44).
Therefore, there is a significant variation in bilayer morphology in
bottom etching and top etching. Selective etching introduces con-
trollable regulation of etching direction and etching area, playing an
important role in structural assembly. The successful preparation of
the multi-morphic structure also proves the correctness of elastic
energy analysis. By introducing extra boundary conditions, etching
direction, and velocity ratio 'fJ—VLV can also be simulated and realized. With
proper control of surface tension, reconfiguration of different struc-
ture can be achieved (Supplementary Movie 7). The local etching
method is also applicable to the polymorphic design of other patterns
(Supplementary Note 17 and Supplementary Figs. 45-57). As shown in
Fig. 5f, in parallelogram patterns, there is an additional parameter tilt
angle that define the geometric feature of patterns. In such patterns,
the bottom etch will result in the free-end of the patterns being
released at the end of the etch, when the structure will tend to
assemble along the shorter diagonal or the free edge of width. Con-
versely, when the top etching start at the free-end first, and the loca-
lized etching will allow the assembly to develop along a longer
diagonal section to satisfy the lowest elastic energy'. We have suc-
cessfully utilized inclined etching to assemble the same parallelogram
patterns along different diagonals, thus forming two types of struc-
tures with significant differences (Fig. 5f, Supplementary Figs. 53-57).
It is worth noting that the premise for the preparation of polymorphic
microstructures is that there are multi-stable strain energy states when
the pattern is assembled, and there is an enough elastic energy barrier
between the stable states. Otherwise, the pattern will only assemble
into one type of structures (Supplementary Figs. 46-52). To summar-
ize, we employed the multilevel design method based on the FEM
etching and elastic mechanical model to achieve the 3D assembly of
pre-strained nanomembranes, offering fresh opportunities for pro-
spective device design through strain engineering.

Angle-sensitive detection of incident light

The multilevel structural design for nanomembranes is also applicable
to guide the fabrication of micro/nanoscale electronic devices. A wide
range of incident light angle detection of tubular photodetector has
been observed, indicating that anisotropic photodetection can be
realized via structural design. Here, incident light angle detection can
be achieved by combining the angular response difference of a series
of photodetectors. As shown in Fig. 6a, a hemispherical omnidirec-
tional incident light controller is designed to achieve a photodetector
with incident light traversing the spherical surface at the selected angle
(6, @). The controller consists of a transparent PMMA hemispherical
shell and an array of optical fiber interfaces, in which the laser can be

incident at a specific angle through the interface connected to the
corresponding coordinates of the spherical surface. The prepared Si/
Cr photodetector is placed on a platform at the same height as the
bottom of the incident light controller. Then the controller is cali-
brated to ensure that the projected coordinate on YZ plane of (90°,0°)
input laser port is aligned with the center of photodetectors (Fig. 6a,b,
Supplementary Note 20 and Supplementary Figs. 60-61). Then, the
collected photodetection data will be imported into neural network to
analysis the incident angle (Fig. 6¢). The Si/Cr photodetectors are
prepared by a similar method to the Si/Cr bilayer while Cr layer is
defined as a 5 um channel in the middle of the pattern to realize the
photodetection of the Si layer (Supplementary Figs. 58, 59). Si/Cr
photodetectors exhibit a maximum responsivity of 60 mA/W,
response time of 100 ~700 ps, and external quantum efficiency of
7~12%, which can effectively respond to 520 nm incident light to
achieve photodetection (Fig. 6d, e, and Supplementary Figs. 62-64).
After measurements of photoresponse of light incident from different
coordinates, the photocurrent of each coordinate will be normalized
and classified by structure types. To facilitate visual data comparison,
the normalization photocurrent of each structure will be displayed
through the projection of light controller on YZ plane. To aid in
identifying the position of incident light on the projection sphere, we
established spherical coordinates denoted by 6 and ¢. Compared to
the unreleased Si/Cr planar photodetector of Fig. 6f, the ring (Fig. 6g)
and tube photodetectors exhibit a wider detection angle of high
photocurrent®”, confirming that the 3D microstructure contributes to
the anisotropic detection of incident light and enhancing the detection
of @ in area of §=70°-110°. For the arch photodetector (Fig. 6h), the
increasing trend of photocurrent from 6=-0° to 6=90°, which
derives from the out-of-plane bending of the arch structure, exhibit
angle detection feature in @ direction, and significantly distinguish the
incident light from 8 <90° and 6>90°. Helix photodetector exhibits
an inclined high photocurrent detection angle from ¢ =-30° to ¢ = 0°
because of the asymmetric rolling behavior via instability during the
release process helping the angle identifying whether ¢ <0°or
@ > 0°(Fig. 6i). In the taper photodetector, obvious high photocurrent
appears in and ¢ =130°-140°, 40°-50°, benefiting from multiple
reflections within a specific range (Fig. 6j), focusing on the detection in
above area. Compared to ring structure, the tube photodetector
exhibit a better stability in wide angle detection, which contributes to
the detection of ¢ in area of 6=50°-130° (Fig. 6k). The results above
illustrate the sensitivity of photoelectric coupling in 3D configurations
and can be extended and utilized for functionalizing 3D-assembled
nanomembrane electronic devices.

Neural networks have made significant advances in handling
complex environmental information and ambiguous inference
rules®>>, Thus, based on the difference in incident angle detection
between the above structures, the deep neural network (DNN) algo-
rithm can establish the angle-sensitive detection model based on
photodetectors with different structures. A data set containing 275
photocurrents for each channel from Fig. 6f-k is collected to establish
the incident angle prediction model. After training initial DNN models,
two sets of photocurrent data are input for additional validation. As
shown in Fig. 6l, training sets from the longitudinal (¢ = 0°) and lati-
tudinal (8=40°) direction exhibit an accuracy of 95% and 78%,
respectively. In Fig. 6m, the relationship between DNN-predicted
incident angle and experimental angle demonstrates an accuracy of
83% and 71% for incident angle detection in an angle resolution of 10°
from the longitudinal and latitudinal directions, respectively. As can be
seen in Fig. 6n, 83% of the weight of the corresponding angle (¢ = 0°)
exhibit >10 times compared to the weight other angles, indicating the
effectiveness of incident light detection. Profited from high accuracy
prediction, these 3D self-assemble photodetectors show potential in
wearable devices, intelligent furniture, and intelligent driving systems.
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Discussion

In summary, we have established a quasistatic multilevel FEM to
simulate and predict the self-assembly 3D structure of pre-strain
nanomembrane, solving the formation design problem under the
coupling of complex etching trajectory and geometric pattern of 2D
nanomembranes. Quasistatic multilevel FEM reproduces the dynamic
release process by collecting coordinates of etching trajectory in
chronological order and predict the transition of 3D structure varies
with aspect ratio. This FEM method shows good applicability in a
variety of material systems, precursor pattern types, pattern sizes, and
nanomembrane thicknesses, which can also conduct preliminary
geometric feature analysis of the self-assembly process and results. Si/
Cr bilayer rectangular nanomembrane is adopted to verify the gradient
change of structures. The analysis of elastic energy proves the corre-
lation between aspect ratio, etching trajectory, and final morphologies.
By controlling the spatiotemporal order of the etching process,
diverse 3D structures can be realized in the same 2D pattern. The
mechanism of multi-morphic construction can be explained by FEM
modeling. Furthermore, as a proof-of-concept demonstration, six
types of 3D nanomembranes are prepared, realizing incident light
angle detection with the assistance of DNN. Our established quasistatic
multilevel FEM lays a theoretical foundation for 2D nanomembrane
self-assembly behavior, providing a construction paradigm for future
optoelectronics, micro-electro-mechanical systems, and microrobots.

Methods

Finite element method simulation

Simulation of boundary movement of the sacrificial layer is computed
by COMSOL Multiphysics 5.5. Deformation geometry, transport of
diluted species, and lamina flow modules were applied to simulate
fluid movement and etching process. To realize the reaction condition
of Ge/H,0O, system, the default parameters were set as: T=343K,
D=107 m? s, k3y3x=10"%, c=10 mol L™, u=0.39 Pa-s. Simulation of
release process of Si/Cr bilayer is realized by ABAQUS CAE 2021. After
the simulation of boundary movement, the mesh coordinates are
collected. The whole etching process is sampled as N>80 of time
points at equal time distances. The coordinates of each time step will
be set as the constraints of the geometric boundary of the corre-
sponding time point on the bilayer model. Every boundary movement
at the discrete time point will be regarded as a static analysis step**°.
In the subsequent analysis step, the geometric boundary constraint in
the previous analysis step will be released to realize the continuous
change of the sacrificial layer boundary with time. The static analysis
step will be repeated cyclically until the last fixed boundary is removed.
Linear elastic constitutive models were adopted for the Si and Cr lay-
ers. The Young’s modulus of Si is 170 GPa, and the Poisson’s ratio is
0.282°° when the Young's modulus of Cr is 248 GPa, and the Poisson’s
ratio is 0.223%. The pre-stress difference between Si and Cr is set as
—-2000 MPa. Six-node 3D solid elements (C3D6) were used for bilayer
models. Due to the large deformation during the release process, the
geometric nonlinearity is considered. The effect of the steady/
unsteady reaction-diffusion model in the H,0,/Ge system is shown in
Supplementary Note 21 and Supplementary Figs. 65, 66. For model
with complex deformation and significant volume overlap, contact
module is applied to ensure the accuracy of FEM simulations (Sup-
plementary Note 22 and Supplementary Fig. 67).

Fabrication of three-dimensional Si/Cr structures

The Ge/Si/Cr were grown by e-beam evaporation on 4-inch Si wafer
with 500 nm SiO,. Photoresist S1813 was spin-coated at 3000 rpm for
30s, and etching windows were defined by the direct laser writing
system. After development, the etching window was exposed, the Cr
layer was wet etched using chromium etchant (HNOs: cerium ammo-
nium nitrate: H,O =1:3:16), and Si/Ge layer was then etched by reactive
ion etching in condition of 18 sccm CHF; flow rate, 35 sccm SF¢ flow

rate’®, 30 mT chamber pressure, and 50 W power. After reactive ion
etching, the photoresist layer was removed in acetone via ultrasonic
cleaning for 120 s. To release the Si/Cr bilayer from the Ge sacrificial
layer, the samples were immersed in 30% H,O, solution at 80 °C for
20-25 min. When the Si/Cr bilayer is released, critical point drying was
utilized to remove acetone on the Si/Cr bilayer to prevent structural
collapse caused by surface tension.

Characterization of Si/Cr bilayer and photodetectors
Morphological characteristics of the released Si/Cr bilayer and pho-
todetectors were characterized via SEM Zeiss Sigma 300. Optical
images are captured via Zeiss Axiolab 5. The optoelectrical properties
of Si/Cr photodetectors were performed by Keysight B2902B at tem-
perature. Keysight 33500B waveform generator, Stanford Research
Systems Model SR830 DSP lock-in amplifier, and Stanford Research
Systems Model SR570 low-noise current preamplifier were utilized to
extract photocurrent signals from current signals. TEM characteriza-
tion and crystallographic analysis of the Si/Cr nanomembrane is per-
formed by JEOL ARM200F (Supplementary Note 23 and
Supplementary Figs. 68, 69).

Setup of deep neural networks

To analyze the relationship between incident angle and photocurrent
of photodetectors, we start with the hypothesis that the incident angle
is two function f, g of the photocurrent (Jpianar fring farchr Ihelixe liapers
l.ube), Which can be written as:

0= f(Iplanarvlring'larch 'Ihelix vltaper 'Itube)' (3)

9=g (Iplanar'lring'larch 'Ihelix'ltaper "tube) . (4)

In the deep neural networks, the loss function and optimization
algorithm are cross entropy and stochastic gradient descent, respec-
tively. A multichannel data set contains 275 photocurrent data in each
channel, which is collected from traversing measurements of various
structures and introduced into a 7-layer hidden layer. Function f, g are
independent of each other because they are orthogonal in the sphe-
rical coordinate system. Therefore, there is no correlation between the
output of 8 and ¢.

Data availability

All the data supporting the findings of this study are provided in the
Supporting Information and Source Data file. Source data are provided
with this paper.

Code availability

The script supporting the findings of this study is provided in the
Script file. The source code is available for download from CodeOcean
at https://doi.org/10.24433/C0.5689289.v2. (ref. 59).
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