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 PIC have been investigated for decades to process informa-
tion imposed on optical signals as an essential component for 
fi ber-optic communications, [ 1 ]  biomedical technology, [ 2 ]  pho-
tonic computing, [ 3 ]  and many more applications. [ 4 ]  Apart from 
indium phosphide (InP), which is the most commercialized 
material platform for PIC, [ 5 ]  Si has been extensively developed 
as an alternative due to its conceivable prospect to be integrated 
with the existing well-developed Si technologies in various 
fi elds. [ 1 ]  However, it has been challenging to build a high-
effi ciency light-emitting component with Si, since the indirect 
band gap and low carrier mobility of silicon lead to low light-
emitting effi ciency and poor optoelectronic performances. [ 6 ]  
Tremendous efforts have been devoted to improving the elec-
troluminescence (EL) properties of silicon through structure 
modifi cations (porous silicon, etc.), [ 7 ]  doping with special ele-
ments (e.g., Er) [ 8 ]  and energy band engineering. [ 9 ]  Particularly, 
it has been reported that forming heterostructures between Si 
and semiconducting materials, such as GaN and ZnO, [ 10 ]  is one 
of the most promising solution to fabricate high-effi cient light-
emitting component based on silicon. 

 In this work, we designed and fabricated ordered LED array 
through inductive coupled plasma (ICP) etching of Si wafer 
and ZnO thin fi lm to produce ZSH for light emissions at 
room temperature. White light LEDs array are achieved and 
characterized by EL spectrum with peaks in both visible and 
near-infrared regions. As one of the wurtzite family materials 
with noncentral symmetric crystal structure, ZnO possesses 
piezoelectric property with  c -axis polarization under strain. 
By pressing the ZSH LEDs array, strain-induced piezoelectric 

  Silicon-based light-emitting diode (LED) arrays as strain sen-
sors to present force/pressure distributions through the light 
emission intensities could revolutionize the current technolo-
gies for the e-skin of the robotics and the human–machine 
interfaces. In this work, n-ZnO nanofi lm/p-Si micropillar het-
erostructure (ZSH) LEDs array are designed to achieve white 
light emissions at room temperature, featuring with emission 
peaks in both visible and near-infrared regions. By applying a 
strain onto the top of the ZSH LEDs, the light emission inten-
sity of ZSH LEDs array was enhanced by 120% under −0.05% 
compressive strains. The reason is that the strain-induced 
piezoelectric polarization charges at the interface between Si 
and ZnO can be utilized to modify the energy band structure 
of ZnO and thus tune/control the transport, separation, and/
or recombination processes of photo-generated carriers. It is 
called piezo-phototronic effect. A pressure map can be created 
by reading out in parallel the change of the electroluminescent 
intensities from all the pixels in the near future. This research 
not only introduces a novel approach to fabricate Si-based light-
emitting components with high performances but also may be 
a great step toward digital imaging of mechanical signals using 
optical means, having potential applications in artifi cial skin, 
touch pad technology, personalized signatures, bioimaging and 
optical Microelectromechanical Systems (MEMS), and even 
and smart skin.Moreover, these technologies are totally compat-
ible with the dominate silicon microelectronic industry, which 
means large-scale integrated device could be easily achieved for 
future assembling in silicon-based photonic integrated circuits 
(PIC) and optical communication systems. 
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polarization charges presented at the vicinity of local hetero-
junction have been utilized to modify the energy band structure 
of ZnO and thus tune/control the transport, separation, and 
recombination processes of photo-generated carriers. This is 
the piezo-phototronic effect. [ 11 ]  The light emission intensity of 
ZSH LEDs array was enhanced by 120% under −0.05% com-
pressive strains. A pressure map can be created in the foresee-
able future by reading out in parallel the change of the electro-
luminescent intensities from all the pixels. This research not 
only introduces a novel approach to fabricate Si-based light-
emitting components with high performances but also may be 
a great step toward digital imaging of mechanical signals using 
optical means, having potential applications in artifi cial skin, 
touch pad technology, personalized signatures, bioimaging and 
optical MEMS, and even and smart skin. Moreover, these tech-
nologies are totally compatible with the dominate silicon micro-
electronic industry, which means large-scale integrated device 
could be easily achieved for future assembling in silicon-based 
PIC becomes feasible for potential applications. 

 The fabrication process of ZSH LEDs array is schematically 
illustrated in  Figure    1  . Cleaned p-type Si wafers ( ρ  ≈ 0.01 Ω cm) 
were immersed into hydrofl uoric acid (1%) for 2 min before 
spin coated by patterned photoresist through photolithography. 
Different from the method of chemical etching, [ 12 ]  ICP etching 
was then introduced to produce micropillar structures (Figure 
 1 b), followed by magnetron sputtering of n-type ZnO nanofi lm 

(Figure  1 c) and Ag/Au thin fi lm electrodes (Figure  1 d). Finally, 
the bar electrodes (Figure  1 e) or network electrodes (Figure  1 f) 
were fabricated on top of the whole device. Detailed fabrica-
tion process can be found in the Experimental Section. Upon 
straining, the touched part of ZSH LEDs array will emit brighter 
than others as schematically shown in Figure  1 g, which can be 
used as a strain/pressure mapping system with high resolution 
in the future. The optical image of a typical device is presented 
in Figure  1 h, together with another image showing the device 
operating under a biased voltage of 10 V (Figure  1 i).  

 ZnO/Si micropillar heterostructures are carefully charac-
terized by electron microscopy as shown in  Figure    2  . Top and 
tilted view scanning electron microscopy (SEM) images of Si 
micropillars are shown in Figure  2 a, indicating the height of 
5 µm, the bottom diameter of 4.1 µm, and the top diameter of 
1.7 µm for Si micropillar structures. A layer of ZnO nanofi lm is 
uniformly deposited to completely cover the Si micropillars as 
shown in Figure  2 b. High-magnifi cation SEM images of ZnO 
nanofi lm, presented in Figure S2 (Supporting Information), 
demonstrate that the ZnO nanofi lm consists of many crystals. 
Two different types of top electrodes, bar electrodes, and net-
work electrodes are demonstrated by SEM images presented in 
Figure  2 c,d, respectively. The Si–SiO 2 –ZnO interface is char-
acterized by high-resolution transmission electron microscopy 
(TEM) image as shown in Figure  2 e, from which a thin layer 
of amorphous SiO 2  is observed with thickness of 3 nm. The 
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 Figure 1.    Fabrication processes of ZSH LEDs array. a–f) Schematic illustration of the fabrication process of ZnO-nanofl im/Si-micropillar LED array. 
g) Schematic demonstration of piezo-phototronic effect enhanced light emissions of ZSH LEDs array under strain. h) An optical image of the as-
fabricated device. i) An optical image of the device operating at a biased voltage of 10 V. The negative electrode (NE) is marked with a green polygon 
in (h) and (i).
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selected-area electron diffraction (SAED) pattern of Si (inset of 
Figure  2 e, left) confi rms its single crystalline, while the SAED 
pattern of ZnO nanofi lm (inset of Figure  2 e, right) indicates 
the presence of different crystallographic directions. Figure  2 f 
is the HRTEM image derived from the selected area marked in 
Figure  2 e, revealing the existence of high index atomic steps at 
the interface, which leads to an increase in band gap energy at 
the edge. [ 13 ]   

 Light emissions of ZSH LEDs array device at a biased 
voltage of 10 V are recorded and presented in  Figure    3  a,b, cor-
responding to the device fabricated with network electrodes 
and bar electrodes, respectively. Insets of Figure  3 a,b are the 
corresponding optical images under ambient illumination. 
By looking at a high-magnifi cation light-emitting image of 
the device with bar-electrodes as shown in Figure  3 c, emis-
sion intensity difference among individual micropillar LEDs 
is observed as a result of various defects concentration on 
the surface of Si micropillars and nonuniform serial contact 
resistances distributions of top electrode. [ 14 ]  Therefore, light 
emissions with stronger intensity are observed from micro-
pillar LEDs locating closer to the electrodes due to less con-
tact resistance. Better performances and more uniform as 
the bar electrodes with network electrodes, since the current 
crowding effect and serial contact resistances issue are effec-
tively resolved with more advanced structure designs. The line 

profi le of emission intensity derived from eight typical ZSH 
LEDs (marked in Figure  3 c) is investigated and summarized in 
Figure  3 d. The center-to-center distance between two adjacent 
LEDs is obtained as 5.2 µm, corresponding to a pixel resolu-
tion of 4885 dpi. If the ZSH LEDs array could be used as a 
strain/pressure mapping system, the actual resolution would 
be 2.6 µm, as defi ned by the full-width at half-maximum of the 
emission pixels. No crosstalk is observed from neighboring 
pixels, indicating a reliable resolution of LED arrays.  

 The EL emission spectra of a typical device is obtained under 
different injection currents (0.2, 0.4, 0.6, 0.8, 1.0, 1.1, 1.2, and 
1.3 A) at room temperature, as shown in Figure  3 e. It is obvious 
that the EL intensity increases with the injection current, as 
expected from the band-bending model of a p–n junction. [ 15 ]  
Besides, the peak positions in spectra derived under injection 
current from 0.2 to 1 A are similar to one another, while under 
injection current larger than 1 A, the peak near 820 nm starts 
to appear and increase signifi cantly as increasing the injection 
current. To better understand the physical process of light emis-
sions, peak deconvolution with Gaussian functions is conducted 
to the broad spectrum at the injection current of 1.3 A as shown 
in Figure  3 f. Five distinct bands are derived from the decon-
volution and each emission band corresponds to a particular 
recombination process as elaborated in the following. Since 
the thickness of SiO 2  layer is ≈3 nm (Figure  2 e), carriers can 
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 Figure 2.    Structure characterizations of ZSH LEDs array. a) Top view and side view (inset) SEM images of Si micropillars. b) Cross-sectional SEM 
images of ZnO covered Si micropillars. c,d) SEM images of the as-fabricated device with c) bar electrodes and d) network electrodes. e) HRTEM 
image of Si–SiO 2 –ZnO interface. The insets are SAED patterns of Si (left bottom corner) and ZnO (right top corner). f) HRTEM image derived from 
the selected area marked in (e).
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tunnel through the barrier and the electrons from ZnO recom-
bine with the holes from Si. [ 7 ]  The peak (≈500 nm) and the peak 
(≈590 nm) in Figure  3 f are therefore associated with the defects 
emissions in ZnO nanofi lm. [ 7,10,16 ]  Due to the presence of high 
index atomic steps at the edge of Si micropillar (Figure  2 f) and 
nanostructures at the heterojunction interface (Figure S1a,b, 
Supporting Information), the energy band gap of Si near the 

ZnO/Si pn junction is larger than that of bulk Si, [ 13 ]  which is 
related to the peak of 680 nm. [ 9,17 ]  The near-infrared emission 
centered at around 780 nm comes from the Si microstructure 
such as the micropillar arrays and nanopits on the micropillar 
surface (Figure S1c,d, Supporting Information). [ 17,18 ]  Within the 
Si-SiO 2  interface layer, there are a large number of interface 
traps and defect levels from the broken bonds and impurities 
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 Figure 3.    Light-emitting performances of the device. a,b) Optical images of the as-fabricated device with a) network electrodes and b) bar electrodes 
operating under 10 V biased voltage. c) High-magnifi cation optical image of the device with bar electrodes operating under 10 V biased voltage. d) Line 
profi le of the emissions intensity derived from eight typical LEDs marked with a white rectangle in (c). e) EL spectra of the as-fabricated device oper-
ating under different injection currents at room temperature. f) Peak deconvolution of the broad spectrum with Gaussian functions at the injection 
current of 1.3 A.
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of Si crystals. The orange line peaked near 820 nm is attrib-
uted to the radiative recombination of carriers at the interface 
between Si and SiO 2 . [ 19 ]  As a comparison, EL spectra of devices 
fabricated without Si micropillars were also measured and pre-
sented in Figure S3a (Supporting Information), the obvious dif-
ferences in spectra are attributed to fi eld enhancement effect of 
silicon micro- and nanostructures.  [ 6 ]  

 The dependence of  I–V  characteristics on the externally 
applied strains is presented in  Figure    4  a,b to indicate the 
light-emission enhancements of piezo-phototronic effect on 
ZSH LEDs array. [ 20 ]  The corresponding experimental setups 
are presented in Figure S4 (Supporting Information). It is 
clear to conclude that, at the same biased voltage, the current 
increases obviously with the externally applied compressive 
strains, indicating the control of piezo-phototronic effect over 
the light emissions of ZnO/Si LED. A better understanding 
of the enhanced performances by piezo-phototronic effect is 

derived by defi ning the enhancement factor of LED intensity  E  
as  E  = ( I  ε  –  Ι  0 )/ Ι  0 , as shown in Figure  4 c. It is obvious that the 
enhancement factor  E  is approximately linearly dependent on 
the external strains, with the maximum value of 120% at a com-
pressive strain of −0.05%. [ 21 ]  Therefore, piezo-phototronic effect 
successfully improved the effi ciency of Si-based light-emitting 
components signifi cantly to overcome the indirect band struc-
ture and low carrier mobility of silicon.  

 The physical mechanism of piezo-phototronic effect 
enhancements is carefully illustrated by utilizing sche-
matic band diagrams of ZnO–Si heterostructure as shown in 
Figure  4 d–f. Upon compressively straining, the relative dis-
placement of centers of cations and anions occurs within ZnO 
due to its noncentral symmetry. [ 22 ]  The textured ZnO nanofi lm 
is + c -axis orientated, which is pointing away from the Si micro-
pillar surface, and positive piezoelectric polarization charges are 
induced at the vicinity of local pn heterojunction interface. [ 23 ]  

 Figure 4.    Piezo-phototronic effect enhancements and working mechanism. a,b)  I–V  characteristics of the device operating under various applied 
strains. c) Enhancement factor  E  versus strains  ε , together with the corresponding images of light emissions. d,e,f) Energy band diagrams of ZSH 
LEDs array under (d) no strains nor bias voltage; e) no strain and a bias voltage; and f) compressive strains and a bias voltage.
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The corresponding piezoelectric potential is thus opposing the 
direction of the built-in electric fi eld of pn junction, leading to 
a reduced depletion width and internal fi eld, and enhances the 
injection current and emitting light intensity, subsequently. [ 24 ]  
Besides, the positive piezoelectric charges effectively modify the 
energy band at heterojunction by reducing both the conduction 
and valence band of ZnO as shown in Figure  4 f. Thus, more 
electrons are trapped at ZnO–SiO 2  interface energy barrier; 
meanwhile the transport of holes from Si to ZnO is hindered as 
well. Therefore, under compressive strains, the depletion width 
is reduced and more electrons from ZnO and more holes from 
Si are trapped at the pn heterojunction; the effi ciency of recom-
bination between electrons and holes at the heterojunction is 
increased and thus the light emissions are enhanced. [ 20,21,25 ]  
Conversely, if the  c -axis of ZnO nanofi lm would be controlled 
pointing toward the interface, negative piezoelectric polariza-
tion charges are created upon compressively straining in the 
depletion zone. The piezoelectric fi eld is thus in the same 
direction as the pn junction built-in electric fi eld to increase 
the depletion region width, and the energy band of ZnO is 
increased at local interface to repel electrons. As a result, the 
recombination rate of electron holes is reduced and the light 
emissions are depressed. 

 In summary, we designed and fabricated n-ZnO nanofi lm/p-
Si micropillar heterostructure LED array for light emissions 
at room temperature. White light LEDs are achieved and 
characterized by EL spectrum with peaks in both visible and 
near-infrared regions. By introducing piezo-phototronic effect 
through externally applying strains, piezoelectric polarization 
charges presented at the vicinity of local heterojunction inter-
face have been utilized to modify the energy band structure 
of ZnO and thus tune/control the transport, separation and 
recombination processes of photo-generated carriers. The light 
emission intensity of heterostructured LED array was enhanced 
by 120% under −0.05% compressive strains. These results indi-
cate a promising approach to fabricate Si-based light-emitting 
components with high performances enhanced by piezo-pho-
totronic effect and may represent a major step towards on-
chip recording of mechanical signals by optical means, with 
potential applications in touchpad technology, personalized 
signatures, bioimaging, optical MEMS, and smart skin. Fur-
thermore, combined with the dominate silicon microelectronic 
industry, large-scale device integration could be easily achieved 
for future assembling in silicon-based PIC and optical commu-
nication systems.  

  Experimental Section 
  Fabrication Process of Si Micropillars : P-type Si wafer was cleaned with 

acetone/propanol and dried in nitrogen blow at fi rst, and then immersed 
into hydrofl uoric acid (1%) for 2 min to remove residue organics 
and oxide on the surface. A layer of SiO 2  with thickness of 60 nm by 
dry oxidation method and a layer of Al with thickness of 100 nm 
were then grown on the wafer as mask. Next, a layer of Si 3 N 4  with 
thickness of 50 nm was deposited by Plasma Enhanced Chemical Vapor 
Deposition (PECVD, SENTECH SI500D), followed by spin-coating and 
photolithography to form a layer of patterned photoresist on the surface 
of the Si wafer. Finally, the inductively coupled plasma (ICP) reactive 
ion etching (ULVAC NE-550H) was applied to produce the aligned 

micropillars on the Si wafer. During the etching of Al fi lm, Cl 2  and BCl 3  
gases were introduced in the ICP chamber with fl ow rate of 10 and 
20 sccm, respectively. During the etching of Si wafer, O 2 , CF 4 , and HBr 
gases were introduced in the chamber with the fl ow rate of 2, 3, and 97 
sccm, respectively. At last, the wafer was washed with Al-11 aluminum 
etchant (H 3 PO 4 :CH 3 COOH:HNO 3 :H 2 O = 72:3:3:22), deionized water 
and Hydrofl uoric (HF) acid (1%) to remove the remnant Al and SiO 2 . 

  Fabrication Process of LED Array : The as-fabricated Si micropillars 
were covered with a layer of n-type ZnO nanofi lm (600 nm in thickness) 
by magnetron sputtering (Discovery 635, Denton Vacuum) with power 
of 150 W for 1.5 h. Then, a thin layer of Au nanofi lm with thickness 
of 30 nm was sputtered on ZnO surface with power of 100 W for 
10 min. Finally, the bar electrodes (Ag) or network electrodes (Au) were 
fabricated through lithography and deposition. 

  Characterization and Measurement of ZnO/Si LED Array : The  ZnO/
Si LED array  was characterized by FESEM (fi eld-emission scanning 
electron microscopy) (Hitachi SU8020) and HRTEM (high-resolution 
transmission electron microscopy) (FEI Tecnai G20). The ZnO/Si LED 
array is powered by Maynuo DC Source Meter M8812 and a pulse power 
supply (Agilent AFG3011C). And the optical image was taken by Zeiss 
Observer Z1.  I–V  characteristics were measured by KEITHLEY 4200SCS 
and the emission spectra of the device was measured by spectrometer 
Horiba iHR550.  

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