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A B S T R A C T   

Silicon microribbon (SiMR), as an intermediate structure format between silicon nanowire and silicon nano
membrane, is of great interest to serve as the functional material for flexible electronics, which represents an 
unusual electronic platform with widespread applications and promising future. However, the scalable pro
duction of SiMRs and/or devices on flexible substrates, in a deterministic assembly manner, still faces significant 
challenges. Herein, inspired by the matryoshka doll, referring to a set of dolls with decreased size and placed one 
inside another, we develop a universal and convenient approach to continuously and deterministically assemble 
flexible SiMRs and electronic devices through the selective transfer printing technique. By optimizing and 
repeating the selective transfer printing, continuous assembly of flexible SiMRs and devices are realized. Both 
theoretical calculation and simulation are performed to analyze the influence of the utilized viscoelastic stamp on 
the adhesive energy with SiMR, thus providing guidance for optimizing the design of stamp microstructure and 
enhancing the transfer efficiency of SiMRs. Finally, matryoshka-like flexible photodetectors, as an example, are 
fabricated by utilizing the sequentially prepared SiMRs via the proposed approach. This matryoshka-inspired 
assembly approach can be extended to prepare other functional semiconducting microribbons or devices in 
high controllability and yield, thus implying a promising future in the field of flexible electronics.   

1. Introduction 

Low-dimensional semiconducting materials, such as quasi-0D [1,2], 
1D and quasi-1D [3,4], 2D and quasi-2D [5,6], usually offer extraordi
nary electronic, optical, thermal, mechanical, and chemical properties 
that cannot be reproduced in other material formats, and of importance 
to the expanding frontiers in nanoscience and technology [7–9]. Com
mon low-dimensional structures include quantum dots [10], tubes [11], 
wires [12], rods [13], ribbons [14], sheets [15], membranes [16], 
core/shell structures [17], and other related. Among them, semi
conducting microribbons have drawn great attentions due to their 
widespread applications in sensing devices such as photodetectors 

[18–20], biosensors [21,22], electrochemical sensors [23], energy har
vesting and storage devices [24–26], 3D structures self-assembly [27, 
28], and stretchable electronics [29,30]. Compared with 0D and 1D 
structures, semiconducting microribbons can be more compatible with 
available microfabrication techniques, thus facilitating the fabrication 
of electronic device with various functionalities [31]. However, signif
icant challenges exist in terms of production and deterministic assembly 
of these semiconducting microribbons (about 1 μm in width) [32,33]. 

Promising results can be obtained via precise patterning and etching 
of the donor materials via high-resolution lithographic processing [21, 
34], such as electron beam lithography (EBL) [35,36] and 
focused-ion-beam (FIB) [37,38], although they are not suitable for 
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large-scale production [39]. Nanoimprint lithography (NIL) [40,41] 
provide the possibility for large-scale production, while the molds 
fabrication still requires high-resolution lithographic processing [42]. 
Moreover, the following deterministic assembly of the produced semi
conducting microribbons on flexible substrates, which is known as the 
key step for the manufacturing of flexible electronics, especially for 
those in sub-micrometer scale, is also highly demanded. Besides, tradi
tional patterning and etching processes need to remove the undemand 
parts from the donor, which even worse for the fabrication of semi
conducting microribbons and devices, thus causing the severe con
sumption of the donor materials. For the development of approaches 
that are utilized to produce functional semiconducting microribbons, 
important considerations include: i) large-scale production in a conve
nient manner that without involving the complex and precise fabrication 
process; ii) capable of deterministically assembling the obtained semi
conducting microribbons; iii) cyclic use of the donor materials to reduce 
the costs. 

Here, we propose a matryoshka-inspired approach for continuous 
production and deterministic assembly of flexible silicon microribbons 
(SiMRs) and electronic devices via selective transfer printing. The ob
tained SiMRs from the donor silicon-on-insulator (SOI) exactly maintain 
the alignment of the pre-defined pattern through the anchoring effect of 
the partly etched buried silicon dioxide edge. Repeating the processing 
loop of “wet etch-selective transfer-printing” leads to the large-scale and 
repeatable production of SiMRs on desired substrates, as well as the 
cyclic use of the donor SOI. Both experimental and theoretical in
vestigations are performed to optimize the surface morphology of pol
ydimethylsiloxane (PDMS) stamp, which strongly determines the 
selective transfer efficiency of SiMRs. Finally, the as-prepared SiMRs via 
the first and second processing loop are functionalized into photode
tectors, as an example, which exhibit the similar optoelectronic re
sponses. These presented results imply the capability of the proposed 
approach for preparing other flexible semiconducting microribbons, 
which can be integrated with metals, dielectrics, and patterns of dopants 
for high-performance flexible electronics. As a universal approach, the 
transfer printing technique involved in our research could maintain its 
advantages in the flexible or stretchable electronics, such as the as
sembly of heterogeneous materials/junctions [43,44], the fabrication of 
sensors or circuits on three-dimensional curved surfaces [45], the inte
gration of various functional devices to form a standalone stretchable 
sensing platform [46], and other related. 

2. Experimental section 

2.1. Selective transfer printing of SiMRs 

Thin SiMRs (about 1 μm in width) were prepared from commercial 
(100) SOI wafers (top silicon: 20 nm and buried oxide: 150 nm). First, 
SOI wafer was ultrasonically cleaned with acetone, ethanol, and 
deionized water. Then, photoresist (AZ-5214) was spin-coated on 
cleaned SOI wafer with a speed of 4000 rpm for 30 s. After the exposure 
by conventional photolithography and development, reactive ion 
etching was used to define the pattern on SOI by O2/SF6 (3/15 sccm) for 
40 s at a pressure of 100 mTorr. The patterned SOI wafer was then 
immersed in HF solution (5%) for 15 min to partially remove the buried 
oxide layer, and suspended SiMRs (about 1 μm in width) were emerged 
at the edge of patterns. A viscoelastic stamp was used to selective 
transfer printing of these SiMRs to target substrates. PDMS (Sylgard-184, 
Dow Corning, thickness ~2 mm) slabs were prepared by mixing base A 
and curing agent B with a weight ratio of 10:1, which was cured at 70 ◦C 
for 2 h. The stamp was put conformal contact against the wet etched SOI 
wafer with suspended SiMRs, then peeling-off the stamp a speed of 
about 10 cm/s completed the selective transfer of SiMRs. The transferred 
SiMRs were then put on the target substrate with a half-cured SU-8 2002 
adhesion layer (spin coating at 4000 rpm for 30 s, annealed at 65 ◦C for 
2 min). After full curing SU-8 adhesion layer (annealed at 90 ◦C for 2 

min, exposure for 5 min using a general ultraviolet lamp), the stamp was 
peeled up slowly (at a speed of about 1 mm/s) from the substrate to 
complete the printing of SiMRs. 

2.2. Fabrication of grating PDMS stamp 

Grating PDMS stamps were prepared on by casting and curing the 
precursor against Si wafer with a grating surface. The grating Si wafer 
contains periodic groove and protuberance on the surface, with the 
period, or total width, of 10 μm. After mixing base A and curing agent B 
with a weight ratio of 10:1, the mixture was poured onto the grating Si 
wafer. Curing the mixture at 70 ◦C for 2 h and peeling off from the 
grating Si wafer can obtain the grating PDMS stamp. Grating Si wafers 
were fabricated through photolithography and dry etch. For the opti
mization of grating PDMS stamps, a set of groove widths, including 2 
μm, 3 μm, 4 μm, and a set of groove depths, including 100 nm, 200 nm, 
300 nm, 400 nm, 500 nm, 700 nm, were prepared. 

2.3. Fabrication of SiMR-based NPN photodetector 

A slightly boron-doped p-type SOI wafer (top silicon: 220 nm and 
buried oxide: 2 μm) was patterned into square (side length: 60 μm) array 
through photolithography and dry etch processes. Then, silicon dioxide 
layer with a thickness of 600 nm was deposited as the barrier layer for 
the following doping. Photolithography and etching processes defined 
the doping window. Phosphorus-based spin-on-dopant was spin-coated 
on the sample at a speed of 3000 rmp for 30 s. After annealing at 
1000 ◦C for 15 min in a nitrogen condition, the residues were removed 
by HF. Immersing the sample in 5% HF formed the suspended NPN 
SiMRs, and the wet etch time was optimized to control their width. 
Then, the suspended NPN SiMRs were assembled on SU-8/Si substrates 
via the selective transfer printing. Cr/Au (10 nm/30 nm) electrodes were 
deposited by electron beam evaporation. Notably, repeating the selec
tive transfer printing, matryoshka-like SiMR-based NPN photodetectors 
were fabricated. The time consumption in fabricating flexible SiMR 
array using the proposed selective transfer printing approach is signifi
cantly shorter than that using traditional approach, especially for the 
second and more fabrication loops, as estimated in the Supporting 
information. 

2.4. Characterizations 

Morphologies of SOI patterns and transferred SiMR arrays were 
characterized with an optical microscope (OLYMPUS BX51) and a 
scanning electron microscope (SEM, Zeiss Sigma). Optoelectronic 
characterizations were carried out using a probe station equipped with a 
precision source/measure unit (Keysight B2902B) at room temperature 
and an excitation laser. The wavelength of the excitation laser was 450 
nm, and the square wave (0.5 Hz, 4 Vpp) was achieved through a 
waveform generator (Keysight 33500B) for transient optoelectronic 
response tests. The light intensity was tested using an optical power 
meter (Thorlabs S130C). 

2.5. Finite element analysis 

Finite element analysis was used to study the stress distribution and 
contact area for grating PDMS stamp with different geometrical pa
rameters. The simulation was performed by the commercial software 
ABAQUS with a simplified two-dimensional model. Both PDMS and Si 
were simplified as isotropic and linear elastic body, because only the 
mechanical deformation and the stress distribution which mainly caused 
by the elasticity of PDMS stamps are investigated in the simulation. At 
the interface, the PDMS surface was considered the slave surface while 
the rigid surface (Si surface) was considered the master one. The 
Surface-to-Surface scheme was used. The mesh type both PDMS and Si 
was free quad-dominated. The load type was a uniform stress. The 
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mechanical parameters of PDMS are referred to in previous literature 
[47]. 

3. Results and discussions 

Matryoshka dolls are known as a set of dolls with similar shape but 
gradually decreased size nested one inside another, as schematically 
shown in Fig. 1A. Inspired by matryoshka dolls, continuous production 
of the flexible SiMR array is achieved by repeating the selective transfer 
printing, as displayed in Fig. 1B. As a result, multiple SiMR-based 
electronic device arrays with the same function are available after a 
single pre-doping process. The selective transfer printing of SiMRs is 
illustrated in Fig. 1C. Starting with a cleaned SOI wafer, the successive 
photolithography, dry etching, and selective doping processes induce 
pattering and doping of top silicon nanomembranes (SiNMs). Immersing 
the patterned SOI into wet etchant and controlling the etching time can 
partly remove the buried oxide layer, forming the suspended SiMRs 
which exactly maintain the pre-defined order through the anchoring 
effect by left oxide edge. After conformal contact and peeling-off of the 

PDMS stamp, the suspended SiMRs can be selectively transferred via the 
so-called edge-cutting process [48]. Finally, the obtained flexible SiMRs 
are printing on desired substrate (herein, SU-8/Si substrate, or other 
substrates as shown in Fig. S1) for the following device fabrication. 

Fig. 1D shows the optical microscopy images of the multiply pre
pared flexible SiMRs on PDMS through three times repeating the se
lective transfer printing, and the remaining SOI is shown in the right of 
Fig. 1D. Fabrication of other complex structures, consisted with SiMRs, 
such as stars (Fig. 1E), circles, crosses, ovals and alphabets (Fig. S2) are 
also available and repeatable by this matryoshka-inspired assembly 
method. The uniformity of transferred SiMRs over large areas across 
multiple peeling steps is shown in Fig. S3. The precise control and 
reproducibility of SiMR dimensions across different peeling cycles is 
shown in Fig. S4. Since the pattern definition is accomplished by a 
laboratory level ultra-violet lithography, large-area production of flex
ible SiMRs is convenient, as shown in Fig. 1F with a 1 cm × 1 cm 
assembled SiMR array on PDMS. Notably, the width of the obtained 
SiMR can be simply controlled by tuning the wet etching time (Fig. S5), 
which is also much smaller than the resolution limit (about 2 μm) of our 

Fig. 1. (A) Schematic illustration of the layer-by-layer separate mode of a matryoshka doll. (B) Schematic illustration of the matryoshka inspired continuous as
sembly of SiMR arrays. (C) Schematic illustration of the selective transfer printing process of SiMRs, and the right of step 4 shows a SEM image of a typical transferred 
SiMR on the even PDMS stamp. The scale bar is 1 μm. Optical microscope images of the first, second, third peeling of the SiMR array and the remaining SOI pattern 
with: (D) stripe, and (E) star shape. All scale bars are 25 μm. (F) Optical image of a large-area (1 cm × 1 cm) SiMR array selectively transferred on PDMS stamp with a 
grating structure. 
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utilized photolithography, as demonstrated in the inset of Fig. 1C. 
The production efficiency of SiMRs is strongly depended on the 

competition between the adhesive energy of PDMS/SiMR and the 
atomic bond energy inside silicon crystal for the selective transfer pro
cess, and on the competition between the adhesive energies of PDMS/ 
SiMR and SiMR/substrate for the printing process. Since the Si–Si bond 
energy (222 kJ/mol [49,50]) and SiMR/substrate adhesive energy 
(determined by the Van der Waals force [51]) are relatively constant, the 
production efficiency of SiMRs can be, therefore, optimized by tuning 
the adhesive energy of PDMS/SiMR, which should be larger enough to 
break the Si–Si bond during the peeling-off, and be small enough for the 
release on target substrates. In this case, microstructured PDMS stamp 
with grating surface is designed, as shown in Fig. 2A. The even PDMS 
stamp with a flat surface is prepared for comparation, as shown in 
Fig. 2B. Switchable surface adhesion energy of PDMS/Si is realized by 
the change of contact area between PDMS and Si, which is induced by 
inflicting and releasing the external pressure on viscoelastic PDMS [52], 
as schematically shown in Fig. 2C. Optical microscope images of the 
selectively transferred SiMRs by using even and grating PDMS stamps 
are shown in Fig. 2D and E, respectively. Obvious enhancement in the 
transfer efficiency of SiMRs is obtained when utilizing the grating 
structured PDMS stamp. A scanning electron microscope (SEM) image of 
the transferred SiMR appears in Fig. 2F, in which the transferred SiMR 
suspends on the groove with a reduced contact area with PDMS, thus 
facilitating the following printing process on desired substrates. 

To investigate the reasons for the enhanced transfer efficiency by 
using a grating structured PDMS stamp, both theoretical and finite 
element analyses are performed. Detailed calculations about the rela
tionship between the contact area of PDMS/Si interface and the adhesive 
energy can be found in the Supporting Information. Briefly, for an even 
stamp, the energy release rate G can be calculated based on the elasto
meric model [52,53], G = F

w , where F is the peeling force normal to the 
interface, w is the width of the stamp. The parameters and their de
notations are schematically defined in Fig. S6. The transfer process by 
using an even stamp is realized by comparing the critical energy release 
rate, i.e., 

Gfilm/substrate
crit < Gstamp/film

crit (1)  

where Gfilm/substrate
crit and Gstamp/film

crit denote the critical energy release rate 
for the film/substrate and stamp/film interface during transfer and 
printing, respectively. For the designed stamp with a grating surface, the 
corresponding critical energy release rate for printing is modified as 
αGstamp/film

crit , where α is a coefficient depended on the geometry and 
applied pressure of the grating PDMS stamp. The parameters and their 
denotations, in this case, are schematically defined in Fig. S7. Therefore, 
to realize the transfer process by using the grating PDMS stamp, the 
following relationship should be satisfied, i.e., 

Gfilm/substrate
crit < αGstamp/film

crit (2) 

Since α is always smaller than 1 (see calculations in the Supporting 
Information), which means the contact area of grating PDMS/Si is al
ways smaller than that of even PDMS/Si. At the same peeling velocity, 
critical energy release rate for the cases of using grating and even stamps 
are compared as, 

αGstamp/film
crit < Gstamp/film

crit (3) 

From Equation (3), the critical energy release rate for the case of 
using an even stamp is always larger than that of using a grating stamp. 
Therefore, the elastomeric model alone cannot explain the results pre
sented in Fig. 2D and E. Notably, an external pressure that opposites 
with the peeling force direction is applied to induce collapse of the 
grating PDMS stamp. Since PDMS is actually viscoelastic, the applied 
external pressure can affect the interface stress between PDMS and the 
underneath silicon or devices [54]. In this case, finite element analysis is 
performed with a simplified 2D model. The key geometry parameters 
and the stress distribution and deformation of the PDMS stamp appear in 
Fig. 3A. The width and height of protuberant parts are named as a and h, 
respectively, with a spacing of d. When a uniform vertical pressure is 
applied to the pre-contacted stamp, the middle part of the groove col
lapses to contact with the underneath Si. Nevertheless, the contact area 
of the grating PDMS/Si is smaller than that of the even PDMS/Si, but 

Fig. 2. (A) Optical image (left) and optical microscope image (right) of a grating PDMS stamp, and the scale bar is 10 μm. (B) Optical image of an even PDMS stamp. 
The inset shows the SEM image of the stamp surface, and the scale bar is 10 μm. (C) Schematic illustration of the selective transfer printing process of SiMRs, and the 
right of step 4 shows a SEM image of a typical transferred SiMR on the even PDMS stamp. The scale bar is 1 μm. Optical microscope images of the transferred SiMR 
using: (D) even stamp and (E) grating stamp, and all scale bars are 100 μm. (F) SEM image of a typical transferred SiMR suspended on grating PDMS stamp. The scale 
bar is 500 nm. 
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resulting in much larger pressure under the same external pressure. This 
large pressure leads to an increased peeling-off force of grating PDMS 
stamp, which contributes to the energy release rate during the transfer 
printing [54]. Therefore, the enhanced transfer efficiency of SiMRs by 
utilizing the grating PDMS stamp (98.5% when d/a = 2/8, h = 100 nm) 
compared to that with the even PDMS stamp (48.5%) can be attributed 
to the synergistic effect of contact area and interface stress. 

Optimizations on the geometry (including h and d/a) of the designed 
grating stamp are conducted. Fig. 3B and C presents represented 
experimental and simulated results by using several grating stamps with 
different values of h and d/a. More detailed results can be found in 
Fig. S8. Fig. 3D and E summarized the contact area varying with h and d/ 
a. For a fixed d/a (e.g., 2/8), as shown in Fig. 3B, variations in the value 
of h lead to heterogeneous stress distribution at the interface. Define the 
PDMS/Si contact before external pressure applied as the pre-contact. 
Simulation results in Fig. 3B show the deformation of PDMS stamp 
and the interface stress distribution under a constant external pressure. 

d/a is fixed as 2/8 for all cases. For an even stamp (h = 0 nm), although 
complete contact with the underneath Si can be realized, stress at the 
interface of PDMS/Si is small. Previous report has demonstrated that 
greater interface stress will result in a better PDMS/Si interface adhesion 
[54]. Therefore, uncomplete transfer of SiMRs (see the experimental 
results) appears in this case. For a grating PDMS stamp, the interface 
stress is much larger than that of an even stamp. However, the defor
mation of grating stamp with overlarge h (e.g., 300 nm) is unable to 
provide good contact with the underneath Si, as shown in Fig. 3D and E 
with black dots, thus inducing a dash-like SiMRs after the transfer (see 
the experimental results). Fig. 3C provides the optimization of d/a, 
while h is fixed as 300 nm. When d/a is small (for example, 2/8), 
although the interface stress is large (see the left-bottom panel of 
Fig. 3C), the deformation of groove is unable to provide good contact 
with the underneath Si (see the simulation result in Fig. 3D), so the 
transferred SiMRs are dash-like (see the experimental results). When d/a 
is large (for example, 4/6), although good contact with the underneath 

Fig. 3. (A) Simulated results of the deformation (or collapse) and stress distribution of a grating PDMS stamp induced by an external pressure with a scale bar of 500 
nm, and the concept constant is highlighted. Parameters and symbols of the grating PDMS stamp are shown in the bottom. (B) Experimental results (top panels) of the 
variations of transfer efficiency with h (Scales bars: 25 μm), and simulated results (bottom panels) of the variations of stress distribution with h. For all cases, d/a is 
fixed as 2/8 (Scales bars: 2 μm). (C) Experimental results (top panels) of the variations of transfer efficiency with d/a (Scales bars: 25 μm), and simulated results 
(bottom panels) of the variations of stress distribution with d/a. For all cases, h is fixed as 300 nm (Scales bars: 2 μm). (D) The relationship between contact length 
and h with different values of d/a. (E) The relationship between nomarlized contact area and h with different values of d/a. 
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Si occurs (see the simulation result in Fig. 3D), incomplete transfer of 
SiMRs is obtained from the experimental results, which is caused by the 
reduced interface stress (see the right-bottom panel of Fig. 3C) compared 
to that of a small d/a value. According to the presented results, the 
optimized grating PDMS stamps (d/a = 2/8, h = 100 nm) are used in the 
following researches. 

Since the proposed selective transfer printing technique can contin
uously assemble multiple SiMRs with similar structure, multiple elec
tronic devices with the same function are expectable by controlling the 
pattern of dopants prior to the transfer. Herein, SiMR-based NPN 
photodetector is demonstrated as an example. Fig. 4A schematically il
lustrates the fabrication process. In this case, the SOI (1 cm × 1 cm) is 
pre-patterned into square (side length: 60 μm) array, and each defined 
square is pre-doped into NPN type. After two times of selective transfer 
printing, multiple functionalized NPN SiMR arrays can be determinis
tically assembled onto target substrates without internal strain, as 
demonstrated by the Raman results in Fig. S9. Then, the following 
metallization process yields matryoshka-like SiMR-based NPN photo
detectors, named as first-peeling photodetector, and second-peeling 
photodetector. 

Fig. 4Bshows the I–V characteristics of the first-peeling photode
tector under an illumination of a 450 nm laser with different power 
densities. Significant enhancement in photocurrent with the increase of 
the illuminated light power density is observed. To reveal the respon
sivity, photocurrent density defined as (Ion − Ioff)/S, where Ion and Ioff 

are the measured current at light-on and light-off conditions, respec
tively, S is the device area is extracted. Fig. 4C presents a good linear 
relationship, with a linearity (R2) of 0.997, between photocurrent den
sity and power density. And the responsivity is calculated as 24.325 mA/ 
W. A decrease in the responsivity (7.392 mA/W) of the second-peeling 
photodetector is obtained, as shown in Fig. 4E and F, which can be 
attributed to the shrinkage in the contact area between electrodes and 
SiMRs with different rounds of selective transfer printing. The difference 
in the responsivity between the first-peeling photodetector and the 
second-peeling photodetector can be significantly reduced by opti
mizing the structure design of electrodes, as shown in Fig. S10, where 
the contact area between electrodes and SiMRs maintain the same. 
Transient optoelectronic responses of first-peeling and second-peeling 
photodetectors to a pulsed light irradiation with varying power den
sities are presented in Fig. 4D and G, respectively, which exhibiting 
quick and stable optoelectronic responses. The response time reaches 
about 50 ms, as shown in Fig. S11. The matryoshka-inspired photode
tector shows comparable responsivity and fast response time with recent 
reported literature [55–57]. More detailed performances about photo
current, responsivity, and detectivity varying with the wavelength (from 
300 nm to 1000 nm) of incident light can be found in Figs. S12 and S13. 
These demonstrated results imply the convenience and potential of the 
proposed approach for the large-scale production of flexible SiMRs and 
electronic devices. 

Fig. 4. (A) Schematic illustration of the fabrication of matryoshka-like SiMR-based NPN photodetectors. Optoelectronic charactorizations on the first-peeling 
photodetector: (B) I–V characteristics in response to a 450 nm laser with different power densities, (C) photocurrent density varying with the power density, (D) 
transient optoelectronic response to a pulsed light irridiation with h different power densities. Optoelectronic charactorizations on the second-peeling photodetector: 
(E) I–V characteristics in response to a 450 nm laser with different power densities, (F) photocurrent density varying with the power density, (G) transient opto
electronic response to a pulsed light irridiation with h different power densities. 
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4. Conclusion 

In summary, inspired by the famous matryoshka doll, we developed 
a convenient approach to continuously assemble flexible SiMRs and 
photodetectors via selective transfer printing. Scalable productions of 
SiMR array with similar geometry and alignment and SiMR-based 
electronic device with the same function are realized by repeating the 
selective transfer printing. Experiments, theoretical analyses, and sim
ulations demonstrate that utilizing a grating PDMS stamp can provide 
large adhesive energy during the selective transfer process. Optimiza
tions about the geometry of grating PDMS stamp are performed, and the 
synergistic effect of contact area and interface stress offered by grating 
PDMS stamp induces an enhanced transfer efficiency of SiMRs. Finally, 
matryoshka-like flexible photodetectors, as an example, are fabricated 
by utilizing the sequentially prepared SiMRs. Photodetectors fabricated 
by the first and second round of selective transfer printing exhibit 
consistent and stable optoelectronic performances. These presented re
sults demonstrate the capability of the developed approach for contin
uous, large-scale and deterministic assembly of flexible SiMRs, or other 
semiconducting microribbons, which can be integrated with metals, 
dielectrics, and patterns of dopants for high-performance electronics. 
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