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A. Fabrication methods and measurement system
Al. Device fabrication and experimental setup.

A single ZnO micro-/nanowire LED was fabricated by manipulating a wire on a trenched substrate.
The Mg acceptor doping concentration was about 5x10%/cm?®. The ZnO micro/nanowires were
synthesized by a high-temperature thermal evaporation process’. Before fabricating a n-ZnO wire/p-GaN
film LED, a 20-nm layer of Ni and 50-nm layer of Au were deposited by thermal evaporation on the
p-GaN as the anode electrode; and a 100-nm layer of ITO was sputtered on the sapphire substrate as the
cathode electrode, both followed by rapid thermal annealing in air at 500 °C for 5 min. Then, the GaN
covered sapphire substrate was attached closely to an ITO coated sapphire substrate (a small trench was
formed between the two substrates). A single ZnO micro-/nanowire was picked up from the glass
substrate and transferred to the trenched substrates across the gap by micromanipulation (as shown in Fig.
1b inset and Fig. S2). A transparent PS film with thickness of 500 um and width less than the length of
ZnO wire was used to cover the NW, and an external stress was applied onto the PS film by an alumina
rod connected to a piezo nanopositioning stage that was fixed on a 3D micromanipulation stage. The
entire device was packaged using narrow transparent adhesive tapes to obtain a tight contacting between
ZnO wire and GaN substrate (Fig. 1b inset).

The measurement system is built based on an inverted microscope and 3D micromanipulation stages
(Fig. S1). A normal force was applied on the PS film by an alumina rod connected to a piezo
nanopositioning stage with closed loop resolution 0.2 nm (Fig. S1). To calculate the strain on the wire, we
need to know the stress added on the PS tape. The recorded deformation on the piezo nanopositioning
stage is determined by the deformation of PS film and Kapton film, considering the dimension (Fig. S2)
and Young’s modulus of each element in the device.

In the experiment, we measured the output light intensity by spectrometer or CCD, which
characterizes the optical power in a relative manner. We mainly focus on the relative change of the output
light intensity as well as the quantum efficiency under different strain. We derive the change of quantum
efficiency by analyzing the output light intensity and current under the applied strain. The data for

investigating the influence of strain on light intensity and spectrum are recorded using a fiber optical



spectrometer. The integration of peak spectrum is considered as the relative emission light intensity. The
data for studying the strain effect on the polarization are recorded using a CCD. The relative light output
intensity is extracted by analyzing the brightness of the image.

In order to investigate the polarization of the electroluminescence, a linear polarizer was placed in
front of the CCD and spectrometer. The polarization angle was varied by rotating the polarizer
anticlockwise in reference to the ZnO wire, with 0° corresponding to the polarizer parallel to the length of

the ZnO wire (from ITO to GaN).

Piezo nanopositioning stage

y X
3D stage
NW device
Al,O5 substrate
on microscope stage
Microscope
objective
Polarizer or Fiber port Optical
reflector spectrum analyzer

CcCD

Fig. S1. Schematic diagram of the measurement system for characterizing the performance of a ZnO wire
LED under applied compressive strain.
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Fig. S2. Detailed side view of the device structure. GaN covered sapphire substrate is attached closely to

an ITO coated sapphire substrate on a Kapton film. A single ZnO micro-/nanowire is placed across the
two substrates. A transparent PS film with thickness of 500 um is used to cover the wire and force is
added on the PS film by an alumina rod connecting to a piezo nanopositioning stage (closed loop
resolution 0.2 nm) fixed on a 3D micromanipulation stage. To calculate the strain on the wire, we need to
know the stress added on the PS tape. Considering the dimension and Young’s modulus of each element
in the device, The recorded deformation on the piezo nanopositioning stage is determined by the
deformation of PS film and Kapton film. Since the Young’s modulus values of the Kapton film and PS
film are both about 3 GPa, the thickness of the deformed film could be calculated as t=(500+125)=625
um. If the recorded deformation of the film is &t and if the stress is uniform within the films in the contact
area, the stress applied on PS film is (t/t) X 3 (GPa). The Young’s modulus of ZnO is about 129 GPa. The
strain in the ZnO wire can be calculated by (6t/t)x(3/129) x100%=2.36t/t%.

A2. Measurement of the external efficiency

We also measured the actual external efficiency of the single wire LED to quantify the absolute
improvement in efficiency. Since the output of a single wire LED is low in total power so that we have
taken a special design to measure the emission efficiency. We used the spectrometer to calibrate the power
meter first. A 633 nm wavelength laser was input into the power meter and spectrometer simultaneously.
Figure S3 shows the integrated intensity of the spectra as a function of the power read by the power meter.

It can be seen that there is a linear relationship between them. Then we used the spectrometer to measure



the light intensity of the single NW LED. The emission power is estimated from the linear relationship in
Fig. S3 by assuming the quantum efficiency of the spectrometer is the same for lights in the entire
detection wavelength range.

In the experiment for measuring the external efficiency of a single wire LED, the output light is
coupled by a pure silica fiber with diameter of 100 um and guided into the spectrometer (Fig. S4a). We
then calculated the optical power received by the spectrometer by analyzing the integrated intensity. In
order to get the actual output power of the single wire LED, we also need to know the coupling efficiency
between the silica fiber and the ZnO wire. We simulated the propagation and coupling behavior of the
single wire LED by using a software program (BPM RSOFT) based on the beam-propagation method
(Figs. S4b and S4c). The coupling efficiency of the structure we used in the experiment is about 34%. The
external quantum efficiency was calculated by acquiring the ratio of the output light power and the input
electrical power. Table 1 shows the room temperature external quantum efficiency versus voltage

characteristics for the nanowire/thin film heterostructural LED.
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Fig. S3 Integration intensity recorded by the spectrometer as a function of the power of input light, the
exposure time is 50 ms.
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Fig. S4 Method to measure the external efficiency of a single wire LED. A multimode silica optical fiber
connected to the spectrometer was used to detect the light from the single NW LED. The emission power
of the LED is calculated using the linear relationship in Fig. S3 considering the coupling efficiency of 34%
from the LED to optical fiber. (a) Schematic diagram to measure the output power of the single wire LED.
(b) Simulated results on the light profile slices in ZnO wire and silica fiber over the y-z planes. (c)
Stimulated coupling efficiency of the light from ZnO wire to silica fiber. The blue curve represents the
emission power in ZnO wire while the red curve represents the power coupling from the ZnO wire into
the optical fiber. The diameters of the ZnO wire and silica fiber are 3 um and 100 pum, respectively. The
refractive indexes of ZnO and silica fiber are 2.08 and 1.45, respectively. The angle between them is
about 30°. We simulated the propagation and coupling behavior by using a software program (BPM
RSOFT) based on the beam-propagation method. The coupling efficiency of the structure we used in the
experiment is about 34%.



B. Characterization of the as-fabricated LED before applying strain

Before the electromechanical and optical measurements, we first measured the original
optoelectronic performance of the device without strain. The current-voltage (I-V) characteristic of a
single n-ZnO wire/p-GaN substrate LED device is shown in Fig. S5a. The I-V curve clearly shows a
nonlinear increase of current under the forward bias, which indicates reasonable p-n junction
characteristics and the possibility of light emission. The turn-on voltage of the hybrid heterojunction of
ZnO/GaN (wire/film) is around 3 V. The emission spectrum of the as-fabricated LED was monitored at
different biased voltages/injection-currents at room temperature. Peak-deconvolution of the emission
spectra using Gaussian functions (inset picture in Fig. S5b) shows that the blue/near-UV emission
spectrum consists of a distinct peak centered at 390-395 nm and a long red tail until 460 nm. In order to
analysis the peak position shift under biased voltage and strain, we use two emission bands centered at
405-415 nm and 420-440 nm in the deconvolution to represent the long red tail in blue/near-UV emission
spectrum considering two interface states at GaN side and ZnO side of the heterojunction, respectively.
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Fig. S5. Characteristics of a single wire LED without applying strain. (a) I-V characteristics of the LED.
(b) EL spectrum as a function of the forward biased voltage. Inset image shows the Gaussian
deconvolution analysis of the EL emission (c) Four emission bands peak position as a function of the
biased voltage. (d) Peak height as a function of the biased voltage.

Fig. S6 Digital camera images of a single n-ZnO nanowire/p-GaN LED with weak background light
illumination. The blue light spot at the middle is the light from a 3 um-diameter single ZnO wire LED.



C. Evidence supporting the model presented

With considering the non-ideal flatness of the GaN substrate and the possible loose contact between
Zn0O wire and the substrate, one my worry about the instability at the p-n interface area during mechanical
straining. We have done a set of experiments to prove that this is not the case, and the model presented in
Fig. 3 is the most likely explanation to the observed phenomenon, as listed in follows.

CL1. Stability of the device over a period of time
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Fig. S7 (a) I-V curves of Ni/Au-GaN-Ni/Au contacts and ITO-ZnO-ITO contacts. The nearly Ohmic
contacts and large current at small bias voltage (0.8V) confirms that the rectifying 1-V curves of our
devices come from the p-n diode. (b) I-V curve of a single wire LED under the same strain measured at
different time and I-V curve of the device after keeping it in dry cabinet for three months, showing its
great stability.

C2. Effect of polar directions

ZnO has a polar direction that is along its c-axis, which is the growth direction of the wires. During
the fabrication of the devices, there is a 50% chance for the wires to be oriented with c-axis pointing from
ITO side to the GaN side, while the other 50% are oriented in reverse direction. In the main text, we have
presented the data for the former case (see Figs. 1-3). Here present the latter case in Fig. S8.

The data shown in Fig. S8 indicate that the improved contact between the wire and the GaN substrate

may not be responsible to the change of emission intensity, rather it is likely due to the piezoelectric
effect as described in the text.
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Fig. S8 Electronic and optical characteristics of a ZnO wire LED whose injection current and emission
light intensity decreases with the increase of a-axis compressive strain. (a) 1-V curve of the LED under
different strain. (b) Plot of In[l(¢)/1(0)] at 8 V biased voltage under different strain, the inset shows the
change of light intensity at 8 V biased voltage under different strain. Such result is possible if the c-axis of
the wire is oriented pointing away of the GaN side (see main text).

C3. Linear relationship between the logarithm of the injection current and the applied strain

From the theory presented in Section F, a linear relationship is expected between the logarithm of the
injection current and the applied strain. This is consistent to the data presented in Fig. 1d and Fig. S8. This
is another evidence proving that a possible change in contact area between n- and p-side of the device was
not responsible to the observed increase in efficiency.

D. Band diagram of (n-ZnO wire)-(p-GaN film) heterojunction and analysis of the EL spectra

Band-line-up data for the ZnO/GaN heterostructure are needed for analyzing the emission
characteristics of the LED. ZnO and GaN have a type-ll band offset. The ideal heterojunction band
diagram for n-ZnO/p-GaN is constructed by following the Anderson model. To construct the diagram,
the band gap energies of ZnO and GaN are assumed to be 3.3* and 3.4 eV*®, respectively. The electron
affinities of ZnO and GaN are assumed to be 4.5 eV®’ and 4.1 eV®°. The valence band offset here is
about 0.3 eV, which is in the range of valance band offset values reported for ZnO/GaN heterojunction
from 0.13 eV to 1.6 eV*> > The origin of light emission could be analyzed based on the schematic
band diagram and through comparison of photoluminescence (PL) and EL spectra (Fig. S9). Two UV
peaks in the PL spectra of ZnO wire centered at 376 nm (3.30 eV) and 391 nm (3.17 eV), correspond to
the bandgap recombination and phonon assisted exciton emission, respectively? . Three UV peaks in the
PL spectra of GaN film centered at 362 nm (3.40 eV), 377 nm (3.29 eV) and 390 nm (3.18 eV)
correspond to the bandgap recombinations and Mg acceptor related emission® ° (acceptor activation
energy for Mg in GaN is about 0.14-0.21 eV), respectively.

There has been a controversy about the emission origination in ZnO/GaN heterojunction LE
10
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¥ It is shown in Fig. S9b the EL emission overlaps with 390 nm peak in ZnO PL and has a long red tail
until 460 nm. Peak-deconvolution of the EL spectra using Gaussian functions (inset picture in Fig. S5b)
shows that the spectrum consists of a distinct peak centered at 390-395 nm, a long red tail until 460 nm
and a weak yellow emission at around 570 nm. According to the PL spectra, the band centered in the
range of 390-395 nm could be attributed to the phonon assisted excitonic emission in ZnO wire. Shorter
wavelength emission from GaN film and ZnO wire may be reabsorbed by ZnO wire, therefore, there is no
peak shorter than 390 nm. However, the tail emission (ranged from UV peak to 460 nm) has no
corresponding band in individual PL spectra of ZnO or GaN. Referring to the band diagram, the tail
emission may be attributed to interfacial emission that comes from the radiative interfacial recombination
of the electrons from n-ZnO and holes from p-GaN>***>*. There is a discontinuity at the interface, and
this abrupt discontinuity may influence the EL spectra. The energy of the electrons and holes at this
discontinuity interface is not a fixed value as shown in Fig. S9a, but has a range of variation. Therefore,
the interfacial emission should be a red broad tail emission in UV range™. The interface states are like
incorporating of one compound into the other in some respects. The incorporation of one compound into
the other would lead to a reduced bandgap as compared to that of either ZnO or GaN. Density functional
theory calculation reveals that incorporation GaN cluster in a ZnO host results in a more effective
bandgap reduction than incorporating ZnO in a GaN host"’. In order to analysis the peak position shift
under biased voltage and strain, we use two emission bands centered at 405-415 nm and 420-440 nm in
the deconvolution to represent the long red tail in blue/near-UV emission spectrum considering two
interface states at GaN side and ZnO side of the heterojunction, respectively.
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Fig. S9. (a) Schematic energy band diagram of a p-n junction without strain. (b) Photoluminescence and

spectra of a single ZnO wire and GaN film and electroluminescence spectrum of a single wire LED.

E. Effect of strain on band profile of (n-ZnO wire)-(p-GaN film) heterojunction
In LED, the output photon intensity in an unstrained and a strained LED could be given by*:

1(0 I(0
Doy (0) = 1ex (0) 2 = mhvn, (0)1;(0) 2 (S1)
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Do (£) = Nex (8) "2 = mhvn, (), (e) "2 (S2)

where m represents the percentage of the light being probed by the spectrometer or CCD, ®y is the
recorded output light intensity, n., is the external efficiency, which describes the ratio of externally
produced photon flux to the inject electron flux; n. is the overall extraction efficiency that is related to
the absorption and reflection of the light in the device; n; is therefore simply the ratio of the generated
photon flux to the electron injection flux. Strain will affect the output light intensity of LED through the
effect on external efficiency and the amount of injection current.

A negative piezopotential along c-axis will be induced in the wire under in-plane a-axis compressive
strain (Fig. 3b). The local band structure and internal field near the p-n junction will be
changed/modified (Fig. 3a) including barrier height modification and band bending. In order to simplify
the problem, we investigate the barrier height modification and band bending effects separately.

For barrier height modification, according to the Schokley equation, the p-n junction I-V
characteristics without strain can be described as™:

1(0) = Io(edVa/nkT — 1)~1,edVa/kT ifV, > kT/q (S3)

_ a@nni | Dpnf
lo=aAC =+ 150 (s4)

where q the unit electron charge, Va is the external voltage on the p-n junction, T the temperature, n;
intrinsic carrier density. Dy, Ly, and Na are referred to as diffusion coefficient and diffusion length of
minority carrier holes, total number of acceptor density in a p-type material, respectively. Dp, Lp and Np
are referred to as diffusion coefficient and diffusion length of the minority carrier electrons, total number
of donor density in an n-type material, respectively. Assuming that the piezopotential drop across the
junction is AW, the current flow through the p-n junction under strain can be described as:

Vp +AY

q
1() = Ip(e@VaHA®)/KT _ 1y W if (V, + AW) > kT/q (S5)
The change of current with strain can be determined by®:

1)) _
In (@) = AW /KT (S6)

When an in-plane stress oy is added on the wire, the y-direction and z direction of the NW is free.
The finite-element analysis method (COMSOL) is used to calculate the stress and piezopotential in the
wire?".Generally speaking, according to the conventional theory of piezoelectricity and elasticity, the
mechanical equilibrium and the direct piezoelectric effect can be described by the coupled constitutive
equation:

{cp = Cpq€q ~ €kp Ex

S7
Di = eiq Sq + Kik Ek ( )

where o is the stress tensor, € is the strain, E is the electric field, and D is the electric displacement. ki IS
the dielectric constant, ej, is the piezoelectric constant, and c,q is the mechanical stiffness tensor. By
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considering the Cg, symmetry of a ZnO crystal (with wurtzite structure), Cyq, €xp, and Kix Can be written as:

Ci11 €12 Cy13 0 0 0
Ci2 €11 C13 0 0 0
Ci3 €13 C33 0 0 0
g =|0 0 0 ¢y O 0 (87.1)

0 0 0 0 Cy4 0

0 0 0 0 0 (C11;C12)

0 0 0 0 es 0

e =0 0 0 e5 0 0 (57.2)
€31 €31 €33 0 0 0
K11 0 0

Kik = 0 K11 0 (873)
0 0 K33

For ZnO, we have c;; = 207 GPa, ¢, = 117.7 GPa, ¢13 = 106.1 GPa, c33 = 209.5 GPa, ¢4 = 44.8 GPa, and
Css = 44.6 GPa. The relative dielectric constants are k33 = 7.77 and sz = 8.91, and the piezoelectric
constants are es; = -0.51C/m?, es3 = 1.22C/m?, and e;5 = -0.45C/m? %L,

The electrostatic behavior of charges can be described by Poisson equation:
V-D=p(xy,2) (S8)
where D is the electric displacement, p is the charge density. For a one-dimensional problem, this reduces
to a more useful form of:

d2 Ay, dAE
Kik 72 = Kik g = P (S8.1)

where v; is electrical potential. The conductivity of the ZnO is ignored in the simulation for simplicity,
which is valid if the density of doping/vacancy is low, which means:

V-D=pxyz) =0 (S8.2)

In order to solve the problem, we also need the mechanical equilibrium condition assuming there is no
body force on the wire:

V-e=0 (S9)

The compatibility equation is a geometrical constraint that must be satisfied by strain &:

2
0“emp

€ilm €jpq x93 = (S10)

The fully coupled equations S7-S10 along with appropriate boundary conditions give a complete
description of a static piezoelectric system. Figure 3b shows the stress and piezopotential distribution in a
ZnO wire under compressive strain calculated by finite element method using the software COMSOL.
The maximum potential along the c-axis can also be estimated assuming there is a uniform stress
along a-axis of the wire (o0, other 6=0) and only considering the direct piezoelectric effect:
|A¥|~(e3184 + €318yy Te3384,)Le/K (S11)
where €31, and es3 are the linear piezoelectric coefficients, e, &y and &, strain tensor along a, b and ¢ axis
of the wire, L, the effective length of the wire under strain. Equation S11 shows that piezopotential has a
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linear relationship with the external strain. Generally, combining equations S5, S6 and S11, we can expect

that In (222) of the p-n junction have a linear relationship with the external strain (Fig. 1d).
1(0)

The localized positive piezopotential of ZnO near the interface will induce band bending to form
electron and hole channels (Fig. 3a) near the ZnO/GaN interface which can be predicted from Poisson
equation™. The piezopotential is solved by the Poisson equation by assuming that the piezoelectric charge
distribute near the interface of a p-n junction within a width of W,;e,, as shown in Fig. 3a:

d? Ay,
Kkt = —Ap() = =iy () (S12)

We got the solution when assuming p=0 outside the piezo-charge area as the boundary conditions:

1
Ay(x) = ~Ppiezo (W piezo — g) X for 0 <x<W, (S12.1)
1
Ay(x) = 7 Ppiezo ngezo for x > W, (S12.2)
Wpiezo | “&‘P
—_—

X

Fig. S10. Potential profile along the x-axis (the —c axis of ZnO wire) assuming positive piezo-charges (red
dots) distribute within a width of W,e,, adjacent to the interface.

The potential profile is depicted in Fig. S10. The band profile under strain is the coupling of piezopoential
and strain free band profile of p-n junction (the red line in the lower image of Fig. 3a). Thus, a negative
drop will form near the interface. If the drop is large enough in a small distance, electron and hole
channels will be created near the interface. Electrons and holes are to be trapped in the electron and hole
channels, respectively. The trapped holes increase the holes injection from p-GaN to n-ZnO, which will
increase the recombination efficiency between electrons and holes near the interface. Combining
equations S1, S2 and equation S6, the output light intensity of the LED under strain is related to the
injection current and external efficiency under strain by:

M — @ Nex (€) _ ﬁ
In (fbout (0)) =n (1(0)) + lnnex 0) ~ kT +f(e) (S13)

where f(g) represents the dependence of the external efficiency including extraction efficiency and
internal efficiency on strain. If the recombination efficiency can be increased by strain, it is expected that
the rate at which the light output increases is larger than that the current increases. It is pointed out that

3-5, 10-13

though the band offset values varies in different reports , and is dependent on the fabrication
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process of the heterojunction, the band offset value doesn’t affect the band shift and bending induced by
piezopotential.

F. The effect of strain on light propagation in ZnO wire

The photoelastic effect can be investigated by studying the light polarization under different strain.
Electroluminescence light propagates along the wire and oscillates in the wire due to interfere as a result
of the end surface reflection. The transmittance obeys the Airy equation®:

1

O = P THFen2(8)2) (S14)
8 = 2ms/A (S19)
F = 4R/(1 — R)? (S16)
s = 2nL (S17)

where @ is the intensity of the transmitting light detected by CCD camera, and @, is the total
propagating light intensity including the reflecting and transmitting light, R is reflectivity, n is the
refractive index, L is the length of the wire, s is the optical path, A is the light wavelength.

It is known that the refractive index n of ZnO is changed under strain, which will change the optical
path and the phase of the transmitting light reaching the end of the wire™.

s = 5o + As = 2ngL + 2AnL, = 2nyL + 2 x 7n3polL, (S18)

o = Ee (S19)
where ng is the native refractive index without strain, L is the total length of the wire, L. is the effective
length of the wire under strain, 3 is the photoelastic coefficient, o is the applied stress on the wire, ¢ is the
applied strain on the wire, E is the Young’s modulus of ZnO. LED is a result of spontaneous emissions
polarized at various angles, but the guiding mode propagating along the ZnO wire is dominated by the P
modes whose polarization direction is perpendicular to the wire. Therefore, Airy equation for the P mode

light of ZnO wire under strain could be written as:

i 1
0 1+Fsin 2[(2mngL+mn3BE €L )/A]

£

cI)out ~®

(S20)

where @7 is the transmitting light intensity in the P. modes detected by CCD camera, and @), is the
total propagating light intensity that including the reflecting and transmitting light. Since the large aspect
ratio of the wire, the effect of strain on the optical path of the P, modes is much smaller than that on P~

modes, The ratio of ®” /d* can be described by the equation®:

out out

n2nn0L+nn8[3E eLe

4R .
Doy [Py (6) ~ {1+ o sin’ =]} (s21)
According to the equation, when the change of optical path equals one wavelength A,
8s = n3BE(8¢e)L, = A (S22)
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the phase will have a change of 2z, corresponding to a period of ®” /®?t

out out

modulation by changing

strain (see Fig. 4b). Thus,

B
Se = TEEL b ™ (S23)
where b the slope of the line curve in Fig. 4d. The photoelastic coefficient could be derived by:

B=r (S24)

Fig. 4d shows the strain periods d¢ versus the inverse of the length of the wire under strain (1/L;). The
strain period &g can be derived from the data simulation (Fig. 4b). Four periodes of strain d¢ are 0.031%,
0.040%, 0.057% and 0.062%, and the measured effective length are 368.0, 335.1, 220.6 and 194.4 um,
respectively. The Young’s modulus of ZnO and polystyrene are about 129 GPa and 3 GPa, respectively. It
can be seen that there is a linear relationship between &< and 1/L.. From the slope of the curve, we can
calculate the photoelastic coefficients which is 3.20x10* m*N (395 nm wavelength). The piezooptic

coefficient value is consistent to the reported value for ZnO? .
050
(a)lols_ - A, sp1| (0 *Tsr3 . 0,
' 1.0254 - — Simulation
51.000-
s
5 0.975-
0.9504
1.013- .
——— ————r 0.9254— . ' ' .
0.00 -0.02 -0.04 -0.06 000 -002 -004 -006 -008 -0.10
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Fig. S11. d)é{lt /@, asafunction of strain of devices for devices SP1 and SP3, which are plotted in Fig.

4d.
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