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Strain distribution in bent ZnO microwires
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M. Grundmann
Institut für Experimentelle Physik II, Universität Leipzig, Linnéstr. 5, 04103 Leipzig, Germany

�Received 23 November 2010; accepted 3 January 2011; published online 20 January 2011�

ZnO microwires grown by carbothermal reduction were mechanically bent and the uniaxial stress

state was studied with spatially resolved low-temperature photoluminescence. Inhomogeneous

�tensile and compressive� stress �up to �1 GPa� is visualized by the redshift and blueshift of the

wire luminescence. Experimentally determined tensile and compressive strain along the c-axis �wire

axis� of up to 1.5 %, symmetrically distributed with respect to the central axis �neutral fiber�, is

achieved, resulting in maximum energetic shifts of �30 meV. Within these experiments, we are able

to precisely determine the direct relation between energetic shift of the free A-exciton energy and

strain to �−2.04�0.02� eV. © 2011 American Institute of Physics. �doi:10.1063/1.3544939�

Semiconductor nanostructures and microstructures are

attracting more and more interest on the pathway toward

nanoscale and microscale technologies.
1,2

The rising com-

plexity of modern devices is based on the usage of semicon-

ductor heterostructures that underlie various strain effects

due to lattice mismatch.
3

Thus, strain engineering has be-

come an important field in device design.
4,5

Especially, ad-

vanced transistors benefit from the enhanced mobility in

strained silicon.
6

Also, carbon nanotubes are known to react

very sensitively to deformations and show different electrical

and magnetic properties under strain.
7

Besides these materi-

als, the wide-band gap semiconductor ZnO has outstanding

optical
8

and piezoelectrical properties
9

that can be carefully

modified under tensile or compressive strain.
10–12

ZnO is a

perfect material for the fabrication of strain generators
13

and

piezoelectric sensors.
14,15

However, the exact deformation

parameters relating strain and electronic structure in semi-

conductors are still uncertain for ZnO. Only a few experi-

mental publications exist where deformation potentials for

ZnO �Ref. 16–19� are reported.

In this letter, we demonstrate and evaluate the uniaxial

stress effect on the band edge of ZnO microwires and present

a simple experiment that enables the precise determination

of the deformation potential of type �EA /��c. Therein, we

achieve energetic shifts of the wire luminescence up to

�30 meV for strain �c= �1.5% along the c-axis �wire axis�,
respectively. We note that this is a rather large strain, larger

than the values reported up to now for ZnO �Ref. 16� under

uniaxial �compressive� stress and that in SiGe nanoscrolls

built-in by lattice-mismatched heteroepitaxy.
20,21

The outer

part of the wire offers the unique opportunity to study mate-

rial under large tensile stress, which is impossible to reach

with conventional high-pressure experiments.

All investigated ZnO microwires were grown by carbo-

thermal vapor-phase transport.
22

ZnO �5N purity� and carbon

�4N purity� powders were mixed and pressed to form a tablet

and then put into a tube furnace system. The system was

heated up to 1150 °C �the temperature at which ZnO and C

have similar Gibb’s free energies and C atoms are able to

reduce ZnO to vapor zinc and oxygen�. The growth process

was performed at ambient air conditions for optimal reoxi-

dation into solid ZnO microwires. The so-formed wires have

diameters of 0.4–50 �m and lengths of 0.1–20 mm. Fur-

thermore, they show perfectly shaped hexagonal cross

sections, indicating the c-axis to be parallel to the wire axis.

The diameters of the microwires were measured by means

of scanning electron microscopy within an accuracy of

0.01 �m.

The photoluminescence �PL� measurements were per-

formed in a micro-PL setup. The microwires were excited by

the 325 nm line of a HeCd laser focused to a minimum spot

size of 1 �m by an objective with 4 mm focal distance and

a numerical aperture of 0.42. The emitted light is spectrally

dispersed by a monochromator with 32 cm focal length and

a 2400 groves/mm UV-blazed grating �minimum spectral

bandwidth is 0.06 nm corresponding to 0.6 meV at ZnO band

edge emission� and detected by a nitrogen-cooled, back-

illuminated charge-coupled device. All spectra were recorded

at T=15 K from microwires in a helium flow cryostat.

In order to precisely investigate the effect of tensile and

compressive strain along the wire, low-temperature PL spec-

tra of all ZnO microwires were recorded prior to the bending.

Glass substrates served as base for the wires, which were

then mechanically bent with tweezers. Due to adhesion

forces between the bent microwires and the glass substrates,

the wires remained bent without additional fixation and as-

sociated additional strain �Fig. 1�.
The shape of the microwires under bending was care-

fully checked to classify the kind of strain induced into the

wires. All wires showed a constant diameter ��1%� over

several hundreds of microns �much larger than the laser

spot�. Further, atomic force microscopy �AFM� measure-

a�
Electronic mail: c.dietrich@physik.uni-leipzig.de.

500 µm

4 µm

FIG. 1. Composed optical microscopic image of a bent ZnO microwire with

diameter d=8.5 �m. The minimum radius of curvature RC is 700 �m.

Inset, top view: SEM image of a bent ZnO microwire with d=3.1 �m.
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ments �not shown here� revealed that the top facet of all

microwires was parallel to the surface of the glass substrate

�no tilt or twist�. Therefore, we consequently assume a stress

that is uniaxial along the c-axis.

The maximum amount of tensile and compressive strain

�c that is induced into the wire by bending depends on the

diameter d of the respective wire and the radius of curvature

RC and can be calculated as
11

�c
max =

c − c0

c0

= �
d

2RC

, �1�

with c and c0 being the lattice constants at the outer and

inner surface of the wire in the strained and unstrained case,

respectively. The local radius of curvature RC was calculated

from the bending along the whole length of the wires within

1 �m accuracy. Shear strains are of the order c0 /RC and are

neglected.

A typical low-temperature PL line scan across an unbent

ZnO microwire with a diameter of d=8.51 �m can be

seen in Fig. 2�a�. The microwire luminescence shows promi-

nent transitions of neutral �3.3580 eV, I6 line� and ionized

�3.3691 eV, I0 line� aluminum-bound �Al0 ,X� and �Al+ ,X�,

as well as longitudinal �transversal� free excitons at

3.3718 eV �3.3738 eV� indicated by vertical dotted lines.

The full width at half maximum �FWHM� of 0.3 meV of

the �Al0 ,X� peak indicates high material quality �measured

in a slightly modified PL setup with a 1 m focal length

monochromator providing minimum spectral bandwidth of

0.1 meV�. Moreover, below 3.355 eV, the spectrum is modu-

lated by several peaks with decreasing spectral distance.

These peaks can be assigned to whispering gallery modes

�WGMs� that arise in well-shaped hexagonal structures.
23

The WGMs in our wires have complete photonic character

and form inside a closed roundtrip due to constructive inter-

ference of the light beam enabled by the total internal reflec-

tion at the side facets of the hexagon. All investigated unbent

ZnO microwires exhibited PL spectra similar to that of Fig.

2�a�.
The spectral line scan across the same ZnO microwire

after bending at a local position with RC=958 �m can be

seen in Fig. 2�b�. The step width was set to 500 nm to be

aware of exciton diffusion, since excitons have typical diffu-

sion lengths of about 200 nm and therefore limit the reso-

lution of such a line scan. The facet edges of the wire are

indicated by horizontal dashed lines. At position A, the domi-

nant recombination process is considerably blueshifted due

to compressive strain, whereas the main luminescence is red-

shifted at position B due to tensile strain. By crossing the

wire �from A to B�, the �Al0 ,X� peak position shifts linearly

from 3.3668 to 3.3493 eV ��E=17.5 meV�, passing the ver-

tical dotted line in the center of the wire. This indicates that

the central axis represents the neutral fiber as expected. Ac-

cordingly, we conclude for a symmetric distribution of com-

pressive and tensile strain inside the wires. Note that the

energy of the WGM does not depend on the local position

since it is an integral property of the wire cross section.

Further, in agreement with the �Al0 ,X� transition, the

free exciton emission shifts from 3.3648 to 3.3825 eV ��E

=17.7 meV�. Thus, the localization energy of bound exci-

tons can be assumed to be strain-independent. The FWHM of

the near-band edge emission is obviously increased tremen-

dously at the neutral fiber due to insufficient spatial reso-

lution. We note that at the outer parts of the wires, the fine

structure of the near-band edge recombination spectrum is

well resolved and thus the maximum energetic shift can be

precisely determined

The energetic shift of the free A-exciton emission versus

strain is depicted in Fig. 3. Spatially resolved data from

six microwires with different d and RC are combined. A

linear fit to the experimental data yields �EA /��c

= �−2.04�0.02� eV, taking into account the errors for diam-

FIG. 2. �Color online� Low-temperature �T=15 K� PL line scans of a ZnO

microwire with d=8.5 �m �a� before and �b� after bending, respectively.

The center of the wire �neutral fiber� is set as zero for the position axis. The

most prominent recombination peaks �indicated by vertical dotted lines� as

well as appearing WGMs are labeled for the unbent microwire. The edges of

the microwire are highlighted by solid lines.

Δ
E

A
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e
V
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FIG. 3. �Color online� Shift �E of free A-exciton emission energy EA vs

strain at low temperatures �T=15 K�. The solid line represents a linear

least-squares fit to the experimental data from six microwires with a slope of

�EA /��c= �−2.04�0.02� eV. Error bars are smaller than the symbol size.

Values from Rowe et al. �Ref. 16� recalculated for EA��c� according to Eq.

�2� and elastic constants from Ref. 25 are given for comparison as red

circles.

031105-2 Dietrich et al. Appl. Phys. Lett. 98, 031105 �2011�
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eters, radii, and energetic shifts. There is no experimental

evidence for a nonlinearity in the dependence �EA��c�.

No reports have been published up to now that present

the evaluation of the uniaxial strain effect in ZnO wires. Han

et al.
10

as well as Xue et al.
11

performed cathodolumines-

cence measurements on mechanically bent ZnO nanowires.

Han et al. only observed a redshift and broadening for nano-

wires �d=0.15 �m�. Xue et al. report blueshifted and red-

shifted wire luminescence due to compressive and tensile

strain and deduce �EA /��c=−0.37 eV, a value much smaller

than the one evaluated here from our data. We attribute this

to the lack of sufficient spatial resolution of cathodolumines-

cence �5 kV, 105 pA� in Ref. 11 to determine the local exci-

ton recombination energy in the outer parts of the nanowire

�d=0.125 �m�.

Probing the uniaxial stress effect by an externally ap-

plied homogeneous stress as done by Rowe et al.
16

is limited

to compressive deformation. Tensile stress is not accessible

since pulling forces cannot be accomplished. Tensile �c can

only be achieved in strained epitaxial layers, but the strain

values therein are limited to a few tenths of a percent.
24

In

contrast to that, we achieved tensile and compressive strain,

symmetrically distributed with respect to the central axis of

the wire, exceeding values reported in Ref. 16. The experi-

mental data from Rowe et al. are given for comparison in

Fig. 3 using the elastic constants from Ref. 25 and the for-

mula

�zz =
C11 + C12

�C11 + C12�C33 − 2C13
2

�zz = S33�zz, �2�

with Cij being the elastic constants and Sij being the stiffness

coefficients �S33=6.94�10−13 cm2
/dyn�. They found a non-

linear relation between energetic shift and applied stress for

stress values above 8�109 dyn /cm2�=0.8 GPa�. Our data

suggest that the observed nonlinearity is not due to a nonlin-

earity of the strain regime, but rather due to the nonlinearity

of the stress-strain relation. We note that from pressure ex-

periments, only �E /�� can be extracted, whereas our mea-

surements provide the direct determination of �E /��.

Recently, nanostructures gained more and more attention

in fields of material science and physics. Consequently, one

needs to consider transferring the experiment to the nano-

scale. Desai and Haque
26

found out that the fracture strain of

nanowires is increased when decreasing the wire diameter.

This allows the application of very large stresses to nano-

scale wires. As a consequence, the tensile strained part of a

bent nanowire should be much larger than the compressive

strained part due to repulsion forces between atoms. Never-

theless, theory predicts a phase transition from direct to in-

direct band gap when applying even higher compressive

stresses to ZnO nanowires.
12

Note that spatially resolved lu-

minescence experiments on nanowires have insufficient res-

olution. For this case, spatially integrated spectra need to be

evoluted.

In conclusion, we experimentally evoked and evaluated

the uniaxial stress effect in ZnO microwires grown by car-

bothermal reduction. We were able to mechanically bend the

wires to minimum radii of curvature of 400 �m and respec-

tive maximum c-axis strain of about �1.5%. Line scans per-

pendicular to the wire axis showed maximum energetic shifts

of the dominant excitonic recombination peaks of �30 meV.

The compressive and tensile strain inside the wires turned

out to be symmetrically distributed perpendicular to the wire

axis. For uniaxial stress, we determined the direct relation

between energetic shift of the free A-exciton emission energy

and strain to �EA /��c= �−2.04�0.02� eV. We emphasize

that within our experiments, it is possible to study large ten-

sile stress in materials which is otherwise not accessible.

This possibility opens up the door for new physics.
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