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 Deterministic Assembly of Flexible Si/Ge Nanoribbons 
via Edge-Cutting Transfer and Printing for van der Waals 
Heterojunctions 
   Qinglei    Guo     ,        Miao    Zhang     ,        Zhongying    Xue     ,        Gang    Wang     ,        Da    Chen     ,        Ronggen    Cao     ,    
    Gaoshan    Huang     ,        Yongfeng    Mei     ,   *        Zengfeng    Di     ,   *       and        Xi    Wang   

  1.     Introduction 

 High-performance fl exible electronics demonstrated on 

unconventional substrates such as plastic, elastomer, metal 

foil, and silk [ 1–3 ]  have been considered as an emerging tech-

nology, due to its versatile applications in displays, silicon 
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 As the promising building blocks for fl exible electronics and photonics, inorganic 
semiconductor nanomembranes have attracted considerable attention owing to their 
excellent mechanical fl exibility and electrical/optical properties. To functionalize 
these building blocks with complex components, transfer and printing methods in 
a convenient and precise way are urgently demanded. A combined and controllable 
approach called edge-cutting transfer method to assemble semiconductor 
nanoribbons with defi ned width (down to submicrometer) and length (up to 
millimeter) is proposed. The transfer effi ciency can be comprehended by a classical 
cantilever model, in which the difference of stress distributions between forth and 
back edges is investigated using fi nite element method. In addition, the vertical van 
der Waals PN (p-Si/n-Ge) junction constructed by a two-round process presents a 
typical rectifying behavior. The proposed technology may provide a practical, reliable, 
and cost-effi cient strategy for transfer and printing routines, and thus expediting its 
potential applications for roll-to-roll productions for fl exible devices. 
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photonics, electronic sensory skins, energy harvesting, and 

structural health monitoring devices. [ 4–9 ]  Conventional mate-

rials for this purpose typically involve small-molecule organic 

and polymer materials, [ 10 ]  polycrystalline silicon, [ 11 ]  and 

single crystal inorganic semiconductors. [ 12–15 ]  And, simple 

and convenient methods [ 16–23 ]  have been widely developed 

and explored to meet the manufacturing requirement in 

micro- and nanoscale. Owing to their good mechanical fl ex-

ibility and high carrier mobility, inorganic semiconductor 

nanomembranes (NMs) [ 24,25 ]  in forms of wires, [ 26,27 ]  rib-

bons, [ 28 ]  and meshes [ 29 ]  have attracted considerable attention 

as the promising building blocks for fl exible electronics. Con-

ventional approaches for the manufacturing of these building 

blocks with the feature size less than 1 µm generally involve 

high-resolution lithographic processing, even electron beam 

lithography [ 5 ]  and nanoimprint lithography [ 30,31 ]  are recently 

implemented for the dimension scaling of the building 

blocks. In addition, these nano- or microscaled elements, like 

wires [ 23 ]  and ribbons, [ 32 ]  can be produced by prudently aniso-

tropic etching. However, such approach can only be applied 

to the crystalline semiconductors with superior anisotropy, 
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e.g., Si, but not suitable for other semiconductors with poor 

anisotropy, e.g., Ge. [ 33 ]  Hence, an universal approach for the 

manufacturing micro/nanoscale building blocks for the appli-

cations of fl exible electronics is still lacking. 

 Transfer printing [ 34,35 ]  as a versatile set of techniques can 

heterointegrate single crystalline semiconductor NMs on 

rigid substrate [ 36 ]  for heterointegrated photonic circuits, [ 37,38 ]  

or on fl exible substrate [ 1–3 ]  for electronics [ 39 ]  and pho-

tonics. [ 5,40 ]  Favored by van der Waals forces, micro/nanoscale 

NMs tethered to underneath substrates can merely maintain 

their lithographically defi ned geometries to some extent, but 

surely do not meet the high demand for the development 

of nanoscience and nanotechnology. [ 41,42 ]  To maintain the 

original spatial order, tethers and anchoring structures [ 43–45 ]  

are introduced to fi x the released micro/nanoscale elements 

in the defi ned positions by photolithography. However, 

although these special structures with designed tethers and 

anchors can well preserve the original spatial order during 

the transfer process via controlled fractures, the extra occu-

pation of the source materials (e.g., silicon-on-insulator 

(SOI)) for tethers and anchors, [ 43,44 ]  the complex design for 

the “perimeter pedestal”, [ 45 ]  and the minimum dimension of 

the elements limited by the resolution of photolithography, 

impede the wide application of this technique. 

 Here, we develop a combined approach, including edge-

cutting transfer (E-CT) to transfer Si/Ge nanoribbons to 

fl exible substrates (e.g., polydimethylsiloxane (PDMS)) in 

a convenient and controllable way. The arrangement of Si/

Ge nanoribbons exactly duplicates the same spatial order 

of the pattern predesigned on SOI or germanium-on-insu-

lator (GOI) substrates. Herein, the correlation between the 

geometry (width and thickness) of the transferred nanorib-

bons and the transfer effi ciency has been investigated in 

detail. In addition, the stacked Si/Ge nanoribbons are dem-

onstrated for vertical van der Waals PN junction.  

  2.     Results and Discussions 

  Figure    1   presents a schematic illustration of the procedure 

to fabricate the fl exible Si/Ge nanoribbon arrays by E-CT 

method. The process starts with a cleaned (100) XOI [ 36 ]  (SOI 

or GOI) wafer, as displayed in Figure  1 a-i. Then the XOI 

wafer is patterned into strips with the length from microm-

eter to millimeter and several tens of micrometers in width 

by traditional photolithography and reactive ion etching 

(RIE) (Figure  1 a-ii). The suspended Si/Ge nanoribbons can 

be released from the edges of the strips by the selective 

etching of buried oxide (BOX) layer with 5% HF solution 

(Figure  1 a-iii), and the width of the suspended nanoribbons 

can be controlled by the etching time. The choice of 5% HF 

solution is due to its moderate and quite stable etching rate, 

which will be discussed later. Then a slap of cured PDMS is 

put into contact against the substrate, and then pulling away 

of the PDMS from the substrate with constant speed [ 34,46 ]  

can cut the suspended Si/Ge nanoribbons off from the sub-

strate in a controllable manner via fractures exactly at the 

fi xed etching edge, as shown in Figure  1 a-iv. Finally, the Si/Ge 

nanoribbon arrays are obtained by E-CT on fl exible PDMS 

substrate as shown in Figure  1 a-v (sketch) and Figure  1 a-vi 

(optical image), where the white area is covered by the 

transferred silicon nanoribbon array. Thanks to the tether 
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 Figure 1.    Si/Ge nanoribbons fabrication and characterization. a) Schematic illustration of the edge-cutting transfer (E-CT) process. The morphology 
of the as-transferred Si/Ge nanoribbons on PDMS substrate: b,c) Optical microscopy images of Si/Ge nanoribbons array on PDMS fabricated by 
E-CT. d) Optical microscopy image of stacked construction on PDMS with a nanoribbons pair fabricated by two-round E-CT processes. e) SEM of a 
Si nanoribbon on PDMS with the width of ≈500 nm. f) Optical microscopy image of an ultra-long Si nanoribbon on PDMS with a length more than 
4000 µm.
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and anchor-like effects provided by etching edge, the spatial 

order of the initial strips is completely replicated onto the 

transferred Si/Ge nanoribbon arrays on PDMS as displayed 

in Figure  1 b,c. The edge cutting leads to the transfer of cir-

cumference of the patterned strip, i.e., ribbon shape, which 

appears in bright color in Figure  1 b,c. The length of the rib-

bons can be easily tuned by the design of the starting strip.  

 The Si/Ge nanoribbons transferred on PDMS are further 

characterized by Raman spectroscopy. The corresponding 

Raman spectra shown in Figure S1b,d (Supporting Informa-

tion) reveal the feature signals of transferred Si (Figure S1a, 

Supporting Information) and Ge (Figure S1c, Supporting 

Information) nanoribbons, respectively. With two rounds of 

E-CT processes under a perpendicular transfer direction, 

bilayered nanoribbons are stacked to form a crossbar struc-

ture on PDMS as shown in Figure  1 d, where both layers are 

silicon nanoribbons transferred from SOI. Such approach 

could be deployed to integrate different materials to form 

heterojunctions under van der Waals force, e.g., Si/Ge het-

erojunction, as discussed later. The prominent advantage of 

E-CT process is that the width of the transferred nanoribbon 

is simply tuned by the corresponding etching time, but not 

restricted to the photolithography resolution limit. Even 

though the resolution limit of the traditional photolitho-

graphy system used in our experiment is 2 µm, Si nanoribbon 

with the width of around 500 nm has been successfully trans-

ferred onto PDMS, as presented in Figure  1 e. The aspect ratio 

of length to width of the transferred ribbons could reach 

more than 1000, even the thickness is only several tens of 

nanometer. Figure  1 f shows ultra-long 50 nm thick Si nano-

ribbons with the width of 2 µm and 4000 µm in length on 

PDMS. 

 It is well-known that the single crystalline Si prefers to 

split along the crystal orientation [110] with the minimal total 

energy. However, there is no crystal-orientation-dependence 

for our E-CT method when transferring Si or Ge ribbons. 

An array of circular patterned Si mesas (diameter: 5 µm) 

without any preferential orientations are constructed by pho-

tolithography and RIE process as shown in  Figure    2  a. With 

the E-CT process, the contour edges of the designed circular 

patterns with certain width defi ned by the etching time are 

transferred, as exhibited in Figure  2 b. And the inset shows 

the scanning electron microscopy (SEM) image of an array 

of as-transferred ring-like nanoribbon structures, which indi-

cates that the proposed E-CT process is almost independent 

on the crystal orientation. Figure  2 c shows a fl ower-like 

nanoribbon structure of Si on PDMS. The original pattern 

fabricated on SOI substrate (Figure S2, Supporting Infor-

mation) can be completely transferred to PDMS with high 

accuracy in the spatial order. Also, an array of square nano-

ribbon structures of Si have been successfully transferred 

onto PDMS, as shown in Figure  2 d. Nevertheless, some minor 

cracks exist in the transferred structures when the circumfer-

ence of the transferred pattern is relatively long (Figure  2 c). 

The cracking formation during the E-CT process will be dis-

cussed later.  

 In order to elucidate the physical mechanism for E-CT 

process, the beam theory [ 47 ]  is adopted for the edge-hanging 

structure ( Figure    3  a). For simplicity, the suspended Si 

nanoribbon is treated as a cantilever. Figure  3 a schemati-

cally shows the sectional view of proposed cantilever beam 

model. The elastomeric PDMS contacts against a cantilever 

with a suspended edge, the adhesion force  F  is typically 

dominated by van der Waals interaction [ 34 ]  at the interface 

between PDMS and the cantilever. Such adhesion force is 

peeling-rate-dependent (that is constant at a certain peel 

rate), and provides uniformly distributed load (named  q ) 

for the cantilever beam to cut the nanoribbon off.  F  is pro-

portional to the active surface area of the suspended nano-

ribbon, expressed as  F  ∝  l  ×  w , where  l  and  w  are the length 

and width of the suspended nanoribbon, respectively, and  q  is 

defi ned as  q  =  F / w . For clarity, the etching edges are classifi ed 

into two kinds, “forth” edge and “back” edge. For the “forth” 

edge, the angle  θ  depicted in Figure  3 a exceeds 90°, while the 

corresponding  θ  is less than 90° for the “back” edge. There-

fore, when peeling off the ribbons from a rectangle pattern, 

the “forth” edge is always cut off prior to the “back” edge. To 

simplify the theoretical analysis, θ forth  and θback  denote the 

angle  θ  for the “forth” edge and the “back” edge, respectively. 

Meanwhile, the “forth” edge and the “back” edge are both 

along the longer edge of transferred rectangle structure and 

the sum of θ forth  and θback  equals to 180°. For the “forth” 

edge, the uniformly distributed load  q  can be disintegrated 

into the vertical component  q  v  = θsin forthq  and the horizontal 

component  q  h  = θcos forthq , which are directly exerted on the 

top surface of the NM, so the dominant stress distribution in 

the cantilever beam is

   σ σ θ σ θ= +( , ) ( sin , ) ( cos , )forth qv forth qh forthq x q x q x   (1) 
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 Figure 2.    Optical and SEM images of the Si nanoribbons with unique 
patterns transferred by E-CT process. a) Optical microscopy image of 
the circle patterns fabricated on SOI wafer for the subsequent transfer. 
b) Optical microscopy image of ring-like Si nanoribbons on PDMS 
transferred from the patterns shown in (a) by E-CT process. c) SEM 
image of fl ower-like Si nanoribbon transferred on PDMS by E-CT process. 
d) SEM image of square Si nanoribbon transferred on PDMS by E-CT 
process.
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 where σ ( , )forth q x  is the stress distribution along 

 x -direction during E-CT process. σ θ( sin , )qv forthq x  and 

σ θ( cos , )qh forthq x  denote the stress induced by vertical 

component and horizontal component of the external 

load, respectively. According to the beam theory, [ 47 ] 

 σ θ( sin , )qv forthq x  can be calculated as (further details are dis-

cussed in the Supporting Information)

    
σ θ

θ
=

× −
( sin , )

6( sin ) ( )
qv forth

forth
2

3
q x

q w x
lt

y
 
 (2) 

 where  t  denotes the thickness of the NM inherited from the 

starting SOI, and  y  is the distance from the center plane of 

the nanoribbon. Meanwhile, the horizontal component  q  h  

which directly acts on the top surface of the nanoribbon 

plays a role of compression on the top surface, and the corre-

sponding tension can be exerted on the bottom surface of the 

nanoribbon. As a result, the upper portion of the nanoribbon 

is compressive, while the lower portion is tensile.  

 According to the discussion above, σ θ( cos , )qh forthq x  

< 0 corresponds to the upper portion ( y  < 0), while 

σ θ( cos , )qh forthq x  > 0 corresponds to the bottom portion 

( y  > 0). Substituting Equation  ( 2)   into Equation  ( 1)  , the 

coordinate of the maximal stress in the cantilever beam for 

“forth” edge is  x  = 0,  y  = ±  t /2, and expressed as (further 

details are discussed in the Supporting Information)
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 For the “back” edge, the similar result is obtained
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 If the consequent stress for either “forth” edge or “back” 

edge exceeds the critical mechanical strength of Si nanor-

ibbon, the corresponding Si nanoribbon can be cut off and 

transferred to PDMS substrate. The proposed E-CT method 

is partly similar to mechanical exfoliation technique for gra-

phene synthesis invented by Novoselov et al., [ 48 ]  as the adhe-

sive force initiates the layer transfer in both two approaches. 

However, other than the weak van der Waals force which 

needs to be overcome during the mechanical exfoliation, the 

Si–Si covalent bonds at the cutting edge of the suspended 

Si nanoribbon should be fractured when transferring Si 

nanoribbon by the E-CT process. Equations  ( 3)   and  ( 4)   sug-

gest that the stress values for both “forth” and “back” edges 

increase proportionately to  w  2  while inversely to  t  2 . Con-

sidering that θ forth  and θback  are complementary, the fi rst 

items for σ ( )forth x  and σ ( )back x  have the same value, and 

the substantial difference between σ ( )forth x  and σ ( )back x  

is the second item caused by the horizontal component of 

the uniformly distributed load acting on the suspended Si 

nanoribbon. For “forth” edge, as discussed previously, the 

second item σ θ( cos , )qh forthq x  < 0 at the top region ( y  < 0) 

and σ θ( cos , )qh forthq x  > 0 at the bottom ( y  > 0). While for 

the “back” edge, the second item σ θ( cos , )qh backq x  reveals 

opposite behavior but its absolute value is same as that of 

the “forth” edge, because the horizontal load components 

are opposite for “forth” and “back” edges. As a result, the 

absolute value of the stress which applies on the suspended 

ribbon for “forth” edge is much greater compared to “back” 

edge, and thus resulting in the ease cutting of “forth” edge. 

 According to the beam theory, a representative pat-

tern, i.e., strips with a series of widths of suspended edges, 

is chosen to analyze the transfer effi ciency of E-CT process. 

The width of the suspended ribbons can be tuned by HF 

etching time. It is observed that the width of the suspended Si 
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 Figure 3.    Theoretical model and transfer effi ciency curves versus the 
width of the suspended Si NMs. a) Schematic illustration of cantilever 
beam model for E-CT process. b) Width of suspended Si nanoribbons 
versus HF etching time. c) Transfer effi ciency curves versus the width 
of the suspended Si nanoribbons with the thicknesses of 30 and 
50 nm under weak generalized adhesion caused by van der Waals force 
and strong adhesion generated by bridging siloxane –Si–O–Si– bonds, 
respectively. The transfer effi ciency data are fi tted using Boltzmann 
function.
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nanoribbon increases linearly with the etching time initially, 

and the slope of the fi tting line represents the etching rate, as 

shown in Figure  3 b. When the width becomes broad, the sus-

pended Si nanoribbon is prone to collapse, thus impeding the 

further etching of buried oxide layer by HF solution. There-

fore, the etching rate will decrease accordingly, as evident by 

the reduced slope of the fi tting line. 

 The transfer effi ciency  η  is defi ned as  η  =  S / S  0 , where  S  0  

is the area of the suspended Si nanoribbons prior to PDMS 

peeling and  S  is the area of the retrieved Si nanoribbons 

on PDMS. In Figure  3 c, two representative images corre-

sponding to the entire transfer state with the transfer effi -

ciency being nearly 100% and the partial transfer state with 

the transfer effi ciency being around 70% are shown. For the 

partial transfer state, it further shows that the transfer effi -

ciency of the suspended Si nanoribbons with “forth” edge is 

much higher than that of “back” edge, which agrees well with 

the theoretical analysis [Equations  ( 3)   and  ( 4)  ]. 

 For 50 nm thick suspended Si nanoribbons, the transfer 

effi ciency  η  versus the nanoribbon width  w  is obtained by 

analyzing optical microscope images (Figure S3a, Supporting 

Information) and the statistical results are displayed in 

Figure  3 c with the red discrete solid triangle. During the incu-

bation period, the suspended Si nanoribbons start to form as 

the etching of BOX proceeds. However, due to the relatively 

narrow width, the adhesion force  F , which is proportional to 

the active surface area of the suspended nanoribbon, is inade-

quate to induce the cutting and the transfer of Si nanoribbon. 

As a result, the transfer effi ciency curve undergoes a fl at seg-

ment with the transfer effi ciency value of 0%. As the width 

of suspended Si nanoribbon reaches 750 nm, the transfer 

effi ciency starts to increase in a quadratic manner against the 

width until saturates at 100% as the width exceeds 950 nm. 

The obtained transfer effi ciency curve versus the width of Si 

nanoribbon agrees with the beam theory in which the stress 

values for both “forth” edge and “back” edge increase pro-

portionately to  w  2 . 

 In addition to the stress dependence on the width of Si 

nanoribbon, the stress distribution appears inverse to  t  2 , as 

suggested by the theoretical analysis. To examine the infl u-

ence of thickness of Si nanoribbon on the transfer effi ciency, 

the transfer behavior of Si nanoribbons with the reduced 

thickness of 30 nm has been explored (Figure S3b, Supporting 

Information), as displayed in Figure  3 c with the blue discrete 

solid triangle. As predicted by the beam theory, the transfer 

effi ciency is considerably enhanced when the Si nanoribbon 

thickness is reduced from 50 to 30 nm. Furthermore, many 

studies have indicated that the van der Waals interactions are 

able to alter the mechanical properties of low-dimensional 

materials. [ 49–51 ]  As the thickness of Si nanoribbon continues 

to shrink, the variation of mechanical properties induced 

by van der Waals interactions may also be responsible for 

the improvement of transfer effi ciency. Hereinafter, only 

30 nm thick Si NMs have been investigated unless otherwise 

specifi ed. 

 Besides the proportional correlation with  w  2  and the 

inverse relationship to  t  2 , the stress exerted on the suspended 

Si nanoribbon is also proportional to the external uniform 

distributed load,  q , which is determined by the interactions 

between PDMS and the suspended Si nanoribbons. Without 

any intentional treatment, the surface of the PDMS is hydro-

phobic and dominated by OSi(CH 3 ) 2 O  groups, and 

therefore, the interactions should be relatively weak and 

are mainly contributed by van der Waals force. It is known 

that the ozone is capable of converting the OSi(CH 3 ) 2 O  

groups on the hydrophobic PDMS surface into O  n  Si(OH) 4-   n   
functionalities. [ 14 ]  The O  n  Si(OH) 4-   n   groups are prone to 

react with the –Si–OH groups on suspended Si nanoribbons 

to form the strong siloxane linkages ( O Si O ). Thus, the 

uniformly distributed external load  q  will be considerably 

enhanced as the PDMS is pretreated by ozone. Accordingly, 

the transfer effi ciency of the suspended Si nanoribbons on 

the ozone-treated PDMS is signifi cantly improved, as evident 

by the distinct “down shift” exhibited in Figure  3 c. Besides 

the chemical modifi cation of PDMS substrate, the transfer 

effi ciency of the suspended Si nanoribbons is also infl uenced 

by the peeling direction of PDMS relative to the host strips 

(Figure S4, Supporting Information). 

 In order to elucidate the physical mechanism underlying 

the transfer process, the fi nite element modeling (FEM) 

simulation using ABAQUS is performed, and the mate-

rial parameters are chosen according to the values reported 

in the literatures. [ 52,53 ]  In the FEM simulation, S 11  denotes 

the component of the stress tensor that along the  x -axis, as 

shown in  Figure    4  a. The tensile component [ 54 ]  of S 11  stress 

is believed to be responsible for the cutting and transfer 

behavior of the suspended Si nanoribbon from the SOI onto 

PDMS in this study. In the FEM simulation, a uniform pres-

sure (0.1 MPa) is assumed to be exerted on the suspended 

Si nanoribbons and the tilted angle for “forth” edge and 

“back” edge are simplifi ed as θ forth  = 135° and θback  = 45°, 

respectively. Figure  4 a shows the distribution of S 11  in a 1 µm 

wide suspended Si nanoribbon with both “forth” edge (right) 

and “back” edge (left). As predicted by the beam theory, the 

compressive stress distributes in the upper portion of the 
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 Figure 4.    FEM calculations of stress distribution in suspended 
Si nanoribbons during the E-CT process. a) Defl ection and stress 
distribution (S 11 ) of “forth” edge and “back” edge. b) Maximum of S 11  
tensile stress as a function of the width of suspended Si nanoribbons 
for “forth” edge and “back” edge, respectively.
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nanoribbons, while the lower portion is in tension. Further-

more, the maximum tensile stress of S 11 , which is crucial for 

the cutting behavior of the Si nanoribbons, is observed to dis-

tribute along the etching edge [the position corresponds to 

 x  = 0 and  y  =  t /2 in Equations  ( 3)   and  ( 4)  ]. Figure  4 b shows 

the maximum value of tensile stress for “forth” edge and 

“back” edge with different widths. It suggests that, for the 

suspended Si nanoribbons with the same physical dimen-

sion, the maximum value of tensile stress for “forth” edge is 

larger than that for “back” edge. Therefore, the suspended Si 

nanoribbons with “forth” edges seem more prone to be cut 

and transferred than those with “back” edges, which is in 

agreement with the experimental observation and the beam 

theory. In addition, for either “forth” edge or “back” edge, 

the maximum stress increases in a quadratic manner as the 

width of Si nanoribbon increases. However, as the thickness 

of Si nanoribbon increases, the maximum stress of S 11  shrinks 

rapidly (not shown).  

 Even the ultra-long Si nanoribbons with 100% transfer 

effi ciency have been successfully obtained by tuning their 

thickness and width as suggested by the beam theory and 

FEM, it is still diffi cult to eliminate the formation of discrete 

cracks, which are frequently observed along the Si nanor-

ibbons (Figure S5, Supporting Information). In order to 

investigate the formation of the cracks in the as-transferred 

Si nanoribbons by E-CT process, seven pairs of Si nanorib-

bons, which consist of both “forth” edge and “back” edge, 

have been transferred onto PDMS, and the length of ribbons 

is designed as long as 8 mm. After analyzing the numbers of 

cracks by optical microscopy, the crack densities of the rib-

bons for both “forth” edge and “back” edge are summarized 

in  Figure    5  a. It is shown that the “forth” edge has less cracks 

compared with “back” edge, indicating the average length of 

the ribbon segment between two adjacent cracks for “forth” 

edge is larger than that of “back” edge. With the statistical 

analysis, it is found that the average length of the ribbon seg-

ment for “forth” edge is about 250 µm, while, it decreases to 

100 µm for “back” edge. Furthermore, the crack density of 

transferred Si nanoribbon is closely correlated to the peeling 

direction of PDMS relative to the host strips, as discussed in 

Figure S6 (Supporting Information).  

 Fracture theory developed by Inglis [ 55 ]  suggests that 

cracks are always formed when the stress concentration 

reaches the certain critical level. Cracks formed in the duc-

tile material like PDMS are stable and grow slowly, while 

in the brittle material like Si or Ge, cracks are unstable and 

will continue spontaneously to induce the complete fracture. 

It should be noted that the bending of ductile PDMS stamp 

during the E-CT process is easy to generate the focal point 

of stress in the Si nanoribbon attached, where the cracks ini-

tiate as the Si nanoribbons are relatively robust. [ 56 ]  Cracks in 

Si, which are controlled by surface tensile strain, have been 

considered as one of the failure modes in fl exible electronics, 

as demonstrated by Rogers’ group. [ 57 ]  Thus, for the poten-

tial applications in the fi eld of fl exible electronics, the crack-

free Si nanoribbons transferred on the fl exible substrate are 

requested. In order to eliminate the possible cracks in the 

transferred Si nanoribbons, we adjust the photolithography 

pattern size of the starting Si strips and ensure the length is 

less than or equal to the average segment length obtained 

in Figure  5 a. Figure  5 b shows the optical microscope image 

of 100 µm long Si nanoribbons transferred on PDMS by 

E-CT process. Since the designed length of 100 µm is rela-

tively smaller than the average segment length, no crack is 

observed along the whole transferred Si nanoribbon arrays. 

When the width of Si nanoribbons is modulated as 1100 nm 

or above, the pair of Si nanoribbons including both “forth” 

edge and “back” edge can be completely transferred onto 

PDMS, and the spatial order is duplicated accordingly. Since 

the tensile stress exerted on Si nanoribbon with “forth” edge 

is always larger than that of “back” edge as suggested by 

the FEM simulation, it is feasible to transfer the Si nanorib-

bons pair or only the “forth” edge by tuning the width of Si 
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 Figure 5.    Cracking behavior for “forth” edge and “back” edge. 
a) Statistical results of crack densities for “forth” edge and “back” 
edge of a series of strips. b) Optical microscope images of crack-
free Si nanoribbons on PDMS consisting of both “forth” edge type 
and “back” edge type. The width and the length are ≈1100 nm and 
≈100 µm, respectively. c) Optical microscopy images of the crack-free 
Si nanoribbons on PDMS consisting of only the “forth” edge type. The 
width and the length are ≈800 nm and ≈100 µm, respectively.
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nanoribbons. In Figure  5 c, only Si nanoribbons with “forth” 

edge have been transferred when the width decreases from 

1100 to 800 nm. 

 Crack-free nanoribbons achieved by E-CT process can 

act as the essential building blocks for fl exible electronic 

devices, which can be further functionalized by the integra-

tion. As illustrated in  Figure    6  a, the van der Waals hetero-

junction consisting of a p-type Si nanoribbon perpendicularly 

stacked on an n-type Ge nanoribbon is fabricated on a 

(300 nm) SiO 2 /Si substrate by two-round E-CT processes. 

The SEM image shows the junction area is about 1 µm 2 , and 

tungsten (W) contacts (100 nm thick) are deposited on the 

Si and Ge nanoribbons by focused ion beam (FIB) deposi-

tion. Figure  6 b shows a transmission electron microscopy 

(TEM) image of Si/Ge van der Waals heterojunction. TEM 

image displays that single-crystalline Si nanoribbon distinctly 

stacks on a single-crystalline Ge layer with a ≈3.4 nm thick 

intermediate layer, and no detectable void is observed along 

the intermediate layer. And the energy dispersive X-ray 

spectroscopy (EDX) result (Figure S7, Supporting Informa-

tion) suggests that intermediate layer is assumed to consist 

of the native oxide of Si and Ge. Without any postfabrica-

tion treatment,  I – V  characteristics of the junction suggest 

that the metal–nanoribbon contacts for both p-Si and n-Ge 

are Schottky type, as displayed in Figure  6 c. And the slight 

asymmetry in  I – V  behavior can be understood by different 

Schottky contacts at the source and drain. [ 58,59 ]  However, as 

p-Si nanoribbon is integrated with n-Ge nanoribbon to form 

the van der Waals PN heterojunction, [ 60,61 ]  a well rectifying 

behavior is obtained, as exhibited in Figure  6 c. Therefore, the 

existence of the ultra-thin intermediate oxide layer may not 

affect the rectifi cation characteristic of the junction. [ 62 ]  How-

ever, the large resistance between Si/Ge junction [ 63 ]  due to 

the presence of intermediate oxide layer is believed to be 

responsible for the relatively low current at forward bias. 

The well-behaved rectifi cation characteristic implies that the 

achieved van der Waals PN heterojunction by E-CT tech-

nique is very promising to be integrated as the basic element 

for fl exible electronic applications.   

  3.     Conclusions 

 In summary, crack-free Si and Ge nanoribbons on PDMS 

substrate, which are the essential building blocks for fl exible 

electronic devices, have been achieved by the proposed E-CT 

process. Since the width of the transferred Si/Ge nanoribbon 

is determined by the etching time, E-CT process is capable of 

delivering the nanoribbon with the width exceeding the res-

olution limit of photolithography utilized. The beam theory 

and the FEM modeling suggest the stress in ribbon increases 

proportionately to the square of its width while inversely to 

the square of its thickness, and the maximum tensile stress, 

which guides the cutting behavior of the Si nanoribbon, 

concentrates along the etching edge. With the appropriate 

design of the photolithography pattern of the starting strips, 

crack-free Si/Ge nanoribbons can be achieved successfully. 

As the building blocks for the fl exible electronic devices, 

crack-free Si/Ge nanoribbons are further integrated into a 

van der Waals PN heterojunction, in which the well rectifying 

behavior is demonstrated. Our study may provide a simple 

and convenient method for the accurate assembly of micro/

nanoscale semiconductor NMs (e.g., Si NMs or Ge NMs), 

which are expected to be further implemented into fl exible 

electronic applications.  

  4.     Experimental Section 

  Transfer Method : p-type Si nanoribbons were deviated from 
(100) SOI wafers (top Si layer: 30 or 50 nm, BOX layer: 120 nm), 
while n-type Ge nanoribbons were obtained from (100) GOI wafer 
(top Ge layer: 50 nm). And all the wafers were patterned by con-
ventional photolithography using AZ 1500 photoresist and etched 
by RIE using SF 6  plasma (for Ge etching, O 2  plasma was also 
introduced and the volume ratio for SF 6  and O 2  is 100:1). After 
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 Figure 6.    Crossed van der Waals PN junctions. a) SEM image of the van 
der Waals p-Si/n-Ge PN junction on SiO 2 /Si substrate. b) TEM image 
showing Si/Ge interface of van der Waals p-Si/n-Ge PN junction. c)  I – V  
characteristics of p-Si nanoribbon, n-Ge nanoribbon, and the van der 
Waals p-Si/n-Ge PN junction, respectively.
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the photoresist was dissolved by acetone, the patterned SOI (GOI) 
wafer was dipped into 5% HF solution to form suspended Si (Ge) 
nanoribbons tethering on the edge of the patterned strips. A cured 
PDMS stamp was put conformal contact against the SOI (GOI) 
wafer, then pulling it back to cut and transfer the suspended Si 
(Ge) nanoribbons on PDMS substrate with a constant rate. 

  Ozone Treatment of PDMS Substrates : Cured PDMS slabs with 
the thickness of ≈3 mm were rinsed with alcohol and deionized 
water, and dried using nitrogen gas blowing. In order to generate 
strong adhesion, the PDMS substrates were exposed to UV radia-
tion and ozone to modify the surface for 1 min. 

  Fabrication of van der Waals PN Heterojunction : An ordered 
array of van der Waals PN heterojunctions was fabricated by two-
round E-CT processes. After the transfer of P-doped n-type Ge 
nanoribbon array with thickness of 50 nm on PDMS stamp by the 
fi rst round E-CT process, the PDMS was used as a stamp to print the 
nanoribbon arrays onto a (300 nm) SiO 2 /Si substrate. The second 
round E-CT process was performed to transfer a B-doped p-type Si 
nanoribbon array with the length of 50 µm on PDMS, and then the 
Si nanoribbon array was printed onto the former n-Ge nanoribbon 
array to form the van der Waals PN heterojunction array. The ori-
entation of the Si nanoribbon was set to be perpendicular to the 
Ge nanoribbon. The 100 nm thick W contact pads were deposited 
onto the terminals of the formed van der Waals PN heterojunction 
by FIB deposition.  I – V  measurements were performed on a probe 
station at room temperature.  
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