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The cathodoluminescence spectrum of single zinc oxide (ZnO) nanowires is measured by in-situ
optical Transmission Electron Microscope. The coupling between exciton and longitudinal optical

phonon is studied. The band edge emission varies for different excitation spots. This effect is

attributed to the exciton propagation along the c axis of the nanowire. Contrary to free exciton

emission, the phonon replicas are well confined in ZnO nanowire. They travel along the c axis and

emit at the end surface. Bending strain increases the relative intensity of second order phonon

replicas when excitons travel along the c-axis. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4893444]

ZnO is an important II-VI semiconductor material with

a large direct band gap (3.37 eV) and large exciton binding

energy of 60 meV, which is larger than the thermal activation

energy 25 meV. Thus, the excitonic processes can be easily

observed even at room temperature.1 ZnO nanowires can

function as fine waveguides,2–4 nanolasers,5,6 optical wave-

guides,7 photodetectors,8 and light emitting diodes.9 For

those optical applications, the coupling between exciton and

longitudinal optical phonon (LO) is an important issue.10–14

The coupling is related to the crystal structure and defect

concentration, and is affected by strain.15–19 Here, we study

the coupling effect by room temperature in-situ
Transmission Electron Microscope (TEM) cathodolumines-

cence (CL). At different excitation spots, the respective spec-

tra have different shapes. This can be attributed to the

exciton phonon coupling when exciton propagates along the

nanowire c axis. Further experiments show that the free exci-

ton phonon replicas (FX-LO) are well confined in ZnO nano-

wire. They travel along the c axis of the ZnO nanowire and

emit at the end surface. Bending strain was applied to the

ZnO nanowire by tungsten tip. It was found that bending

strain enhances the relative intensity of FX-2LO lines.

Our optical measurement system is based on a home-

made in-situ optical TEM holder as shown in Figure 1(a). An

optical fiber of 2 mm in diameter is mounted on the holder,

from which optical signals from the sample can be collected

and recorded. The holder is also equipped with a piezo-

driven manipulator to control a tungsten tip. The sharp tung-

sten tip can be used to select and manipulate individual

nanowires. A grating monochromator iHR 320 from Horiba

Inc. and a liquid nitrogen cooled Charge Coupled Device

(CCD) were used to record spectra data. The field emission

TEM (JEOL 2010F) operates at 200 keV, and the electron

beam was used to excite the materials. ZnO nanowires were

grown by a simple chemical vapor deposition (CVD)

method. Carbon and zinc oxide powders were mixed to pro-

vide zinc source. Argon was mixed with oxygen as the oxy-

gen source. Silicon dioxide coated with a few nanometers of

gold was used as growth substrate and was placed in the cen-

ter of a quartz tube. The temperature slew rate of the growth

area was set at 20 �C/min, and the temperature was kept at

900 �C for 120 min. After the reaction process, white powder

appeared on the substrate. The as-grown ZnO nanowires

were characterized by field emission scanning electron

microscope (FESEM), X-ray diffraction (XRD), and TEM.

They have a hexagonal structure JCPDS 36-1451 or JCPDS

65-3411. TEM characterization confirmed that the nanowire

grow along the [001] direction or c-axis.

FIG. 1. The experimental setup and a typical CL spectrum. (a) Scheme of

the optical TEM holder. (b) TEM image of a single ZnO nanowire, electron

beam is focused on the nanowire end to collect the CL spectrum in (d). (c)

illustration of the CL spectrum; electrons are irradiated on the ZnO nanowire

and electrons and holes are excited, and they propagate along the nanowire

and finally emit from the nanowire surface, electrons are represented by

black dots and holes are represented by black circles.

a)Authors to whom correspondence should be addressed. Electronic

addresses: xuzhi@iphy.ac.cn; xdbai@iphy.ac.cn; and egwang@pku.edu.cn
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A typical room temperature CL spectrum of ZnO nano-

wires is shown in Figure 1(c). The nanowire end surface is

set towards the optical fiber. The spectrum has two lumines-

cence regions: one is around 380 nm (3.26 eV), which corre-

sponds to band edge emission; the other is around 530 nm

(2.34 eV), which corresponds to intrinsic defects or oxygen

vacancies and is referred to as green luminescence. The in-

tensity ratio between band edge emission and green lumines-

cence indicates the defect concentration. The green

luminescence in Figure 1(f) has comparable intensity with

the bandedge emission. This result can be accounted to the

side wall surface defects. As earlier experiments found that

oxygen defect density is higher on the side walls.20 The near

band edge emission comes from the direct recombination of

electrons and holes. At low temperatures, the excitonic emis-

sion peaks can be clearly distinguished. The spectrum con-

sists of FX, BX, SX,21 and their phonon replicas.15 As

temperature increases, the BX and SX gradually diminish.

At room temperature, the free exciton emission and its pho-

non replicas dominate the band edge emission. The reported

peak energies are: FX(3.300 eV), FX-1LO (3.249 eV), and

FX-2LO (3.180 eV).13 The exciton energies can be deter-

mined by first principles calculation.18

We selected a single ZnO nanowire attached to a gold

wire as shown in Figure 2(a). The diameter of the nanowire

was 165 nm. Electron beam was focused onto three different

spots marked as 1, 2, and 3. The measurement condition was

kept the same for those spots. Corresponding CL spectrum is

shown in Figures 2(b) and 2(d). The scattering of free exci-

tons with LO phonons is determined by the Fr€ohlich interac-

tion and first order process, such as FX-1LO recombination,

are forbidden in perfect structures for parity conservation.13

Practical nanowires have defects which introduce alternative

parity into the Fr€ohlich scattering. Thus, FX-1LO peak has a

larger intensity for high defect density crystals. The band

edge emission from the tip of the nanowire (spot 1) has a

large FX-1LO intensity. The intensity ratio of FX-1LO to

FX is nearly 1:1. Surface defects contributed to the strong

FX-1LO line.

From the tip to the base of the ZnO nanowire, the edge

emission spectra changed a lot, from one peak at the tip to

two peaks at the base. The CL spectra measured are fitted

with gauss peaks and the fitted parameters are listed in Table I.

From the table we can see that, the relative intensity of FX is

gradually reduced from the tip to base. The relative peak

amplitudes (relative amplitudes normalized to the largest

value) for spot 2 are: FX 0.33, FX-1LO 1, and FX-2LO 0.79.

For spot 3, the relative peak amplitudes are: FX 0.23, FX-

1LO 0.22, and FX-2LO 1. The FX-1LO peak from spot 3 has

a very small FWHM of 48 meV and thus the CL spectrum

from spot 3 has distinguished peak features. The increase in

phonon replica intensities can be attributed to the propaga-

tion of excitons. At the spot of electron irradiation, free

FIG. 2. Observation of exciton peaks of a single ZnO nanowire. (a) A single

ZnO nanowire attached to a gold wire, the irradiated segments were denoted

by 1, 2, 3; (b)–(d) shows the band edge emission spectra corresponding to 1,

2, and 3 in (a), respectively.

TABLE I. Fitted Gauss peaks for CL spectra in Figures 2(b)–2(d).

Peaks

Energy

(eV)

FWHM

(eV)

Area

(Counts)

Relative

intensity Assignment

1-2 3.238 0.154 138.403 0.93 FX-1LO

1-1 3.289 0.081 149.005 1 FX

2-3 3.176 0.181 62.786 0.79 FX-2LO

2-2 3.234 0.090 79.867 1 FX-1LO

2-1 3.310 0.059 26.307 0.33 FX

3-3 3.192 0.191 187.500 1 FX-2LO

3-2 3.223 0.048 41.127 0.22 FX-1LO

3-1 3.296 0.054 42.922 0.23 FX

FIG. 3. Control experiments on the exciton peaks. (a) a single ZnO con-

nnected to ZnO sheets. (b) the ZnO was blocked by a tungsten tip. (c) CL

spectrum measured with configurations in for two times denoted as 1 and 2,

from the dashed circle area in (a) and (b).
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excitons are generated. They can travel along the nanowire

axis or radially towards the side surface. The excitons that

travel along the c axis gradually couple with phonons. They

eventually emit at the end surface with a loss of energy.

To confirm the directional coupling of exciton and pho-

non, we carried out experiments in which the tip of the nano-

wire was blocked by a large tungsten tip. The tungsten tip

was set 100 nm apart from the end surface of the nanowire

and the blocking segment had a diameter of 1.1 lm. Thus,

light emitted from the nanowire end surface within a cone of

semi-angle of 79� was blocked. The experimental configura-

tion is shown in Figures 3(a) and 3(b). The corresponding

CL spectra are shown in Figure 3(c). With tungsten tip

blocking, the FX emission around 3.3 eV decreases a little,

while the phonon replicas decrease a lot. This phenomenon

indicates that the FX either emits from the end surface with a

large angle or emits from the side surfaces. However, the FX

phonon replicas are well confined and mainly emit from the

end surface at small angles. Due to the one-dimensional con-

finement, the LO phonon has a very large wave vector along

the c axis of the nanowire.22,23 Thus, FX phonon replicas are

effectively confined to propagate along the c axis, resulting

in the great diminish of phonon replicas with blocking.

The strain effects on the exciton phonon coupling were

further studied. A tungsten tip was used to apply strain to the

nanowire. No strain was applied as shown in Figure 4(a).

Then, the tungsten tip was moved to contact the nanowire

side wall to apply a small strain, Figure 4(b). Larger bending

strain was applied in Figure 4(c). Their corresponding CL

spectra are shown in Figure 4(d). With increasing bending

strain, the relative intensity of FX-2LO emission line gradu-

ally increases. The FX emission is suppressed probably due

to the bending-induced defects or traps. The nanowire has

compressive strain on the inner side of the bending part and

tensile strain on the outer side. Excitons travel through the

bending part to emit at the end surface. The bending strain

enhanced the electron phonon coupling when exciton propa-

gates along the c axis. Both the tensile and compressive

strain might account for the enhancement of exciton phonon

coupling. Further study is needed to clarify the detailed

mechanism. In a previous study,18 theoretical methods were

used to simulate the strain effect on the exciton dynamics

along the axial direction. Theoretical calculation might be

further developed to explain the coupling between propagat-

ing excitons and phonons.

In summary, we have investigated the CL spectra of

single ZnO nanowires at room temperature in an in-situ op-

tical TEM. The free exciton emission and its phonon repli-

cas have been measured. The excitonic peak intensities

change with different excitation spots. This is attributed to

the exciton propagation along the c axis of the nanowire.

The free exciton emission phonon replicas are effectively

confined to propagate along the c-axis of ZnO nanowire

and emit at the nanowire endpoint. Bending strain enhances

exciton-phonon coupling when excitons move along the c-

axis. New challenges are posed to computational chemistry

as how to simulate the dynamics processes involving the

coupling of propagating excitons and phonons. These

results are helpful for design of optoelectronic devices with

ZnO nanowires.

This work was supported by the National 973 Program

(Grant Nos. 2012CB933003 and 2013CB93201),

Collaborative Innovation Center of Quantum Matter, Natural

Science Foundation (Grant No. 51172273), and Strategic

Priority Research Program B of the Chinese Academy of

Sciences (Grant No. XDB07030100) of China.

1W. I. Park, Y. H. Jun, S. W. Jung, and G.-C. Yi, Appl. Phys. Lett. 82(6),

964 (2003).
2M. Law, D. J. Sirbuly, J. C. Johnson, J. Goldberger, R. J. Saykally, and P.

Yang, Science 305(5688), 1269 (2004).
3W. Li, M. Gao, X. Zhang, D. Liu, L.-M. Peng, and S. Xie, Appl. Phys.

Lett. 95(17), 173109 (2009).
4W. L. Li, M. Gao, R. Cheng, X. X. Zhang, S. S. Xie, and L. M. Peng,

Appl. Phys. Lett. 93(2), 023117 (2008).
5D. Vanmaekelbergh and L. K. v. Vugt, Nanoscale 3(7), 2783 (2011).
6M. H. Huang, S. Mao, H. Feick, H. Yan, Y. Wu, H. Kind, E. Weber, R.

Russo, and P. Yang, Science 292(5523), 1897 (2001).
7R. Yan, D. Gargas, and P. Yang, Nat. Photonics 3(10), 569 (2009).
8H. Kind, H. Yan, B. Messer, M. Law, and P. Yang, Adv. Mater. 14(2), 158

(2002).
9M. A. Zimmler, T. Voss, C. Ronning, and F. Capasso, Appl. Phys. Lett.

94(24), 241120 (2009).
10Y. Bin, C. Rui, Z. Weiwei, Z. Jixuan, S. Handong, G. Hao, and Y. Ting,

Nanotechnology 21(44), 445706 (2010).
11M. Gao, R. Cheng, W. Li, Y. Li, X. Zhang, and S. Xie, J. Phys. Chem. C

114(25), 11081 (2010).
12C. H. Ahn, S. K. Mohanta, N. E. Lee, and H. K. Cho, Appl. Phys. Lett.

94(26), 261904 (2009).
13T. Voss, C. Bekeny, L. Wischmeier, H. Gafsi, S. B€orner, W. Schade, A.

C. Mofor, A. Bakin, and A. Waag, Appl. Phys. Lett. 89(18), 182107

(2006).

FIG. 4. Strain effects on the bandedge emission. (a) Original configuration

without strain. (b) Strain applied by a tungsten tip. (c) Larger strain applied

by moving the tungsten tip. (d) CL spectra measured for configurations

of (a)–(c).

071901-3 Yang et al. Appl. Phys. Lett. 105, 071901 (2014)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

106.38.204.50 On: Mon, 18 Aug 2014 23:56:31

http://dx.doi.org/10.1063/1.1544437
http://dx.doi.org/10.1126/science.1100999
http://dx.doi.org/10.1063/1.3257366
http://dx.doi.org/10.1063/1.3257366
http://dx.doi.org/10.1063/1.2957982
http://dx.doi.org/10.1039/c1nr00013f
http://dx.doi.org/10.1126/science.1060367
http://dx.doi.org/10.1038/nphoton.2009.184
http://dx.doi.org/10.1002/1521-4095(20020116)14:2<158::AID-ADMA158>3.0.CO;2-W
http://dx.doi.org/10.1063/1.3157274
http://dx.doi.org/10.1088/0957-4484/21/44/445706
http://dx.doi.org/10.1021/jp102301w
http://dx.doi.org/10.1063/1.3159829
http://dx.doi.org/10.1063/1.2364146


14H. C. Hsu and W. F. Hsieh, Solid State Commun. 131(6), 371 (2004).
15Z.-M. Liao, H.-C. Wu, Q. Fu, X. Fu, X. Zhu, J. Xu, I. V. Shvets, Z. Zhang,

W. Guo, and Y. L.-Wang, Sci. Rep. 2, 452 (2012).
16L. Sun, D. H. Kim, K. H. Oh, and R. Agarwal, Nano Lett. 13(8), 3836

(2013).
17X. Fu, G. Jacopin, M. Shahmohammadi, R. Liu, M. Benameur, J.-D.

Ganière, J. Feng, W. Guo, Z.-M. Liao, and B. Deveaud, ACS Nano 8(4),

3412 (2014).
18X. Fu, C. Su, Q. Fu, X. Zhu, R. Zhu, C. Liu, Z. Liao, J. Xu, W. Guo, J.

Feng, J. Li, and D. Yu, Adv. Mater. 26(16), 2572 (2014).

19X.-W. Fu, Q. Fu, L.-Z. Kou, X.-L. Zhu, R. Zhu, J. Xu, Z.-M. Liao, Q.

Zhao, W.-L. Guo, and D.-P. Yu, Front. Physiol. 8(5), 509 (2013).
20M. Foley, C. T.-That, and M. R. Phillips, Appl. Phys. Lett. 93(24), 243104

(2008).
21L. Wischmeier, T. Voss, I. R€uckmann, J. Gutowski, A. C. Mofor, A.

Bakin, and A. Waag, Phys. Rev. B 74(19), 195333 (2006).
22L. K. v. Vugt, S. R€uhle, P. Ravindran, H. C. Gerritsen, L. Kuipers, and D.

Vanmaekelbergh, Phys. Rev. Lett. 97(14), 147401 (2006).
23S. R€uhle, L. K. van Vugt, H. Y. Li, N. A. Keizer, L. Kuipers, and D.

Vanmaekelbergh, Nano Lett. 8(1), 119 (2008).

071901-4 Yang et al. Appl. Phys. Lett. 105, 071901 (2014)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

106.38.204.50 On: Mon, 18 Aug 2014 23:56:31

http://dx.doi.org/10.1016/j.ssc.2004.05.043
http://dx.doi.org/10.1038/srep00452
http://dx.doi.org/10.1021/nl401860f
http://dx.doi.org/10.1021/nn4062353
http://dx.doi.org/10.1002/adma.201305058
http://dx.doi.org/10.1007/s11467-013-0386-9
http://dx.doi.org/10.1063/1.3046722
http://dx.doi.org/10.1103/PhysRevB.74.195333
http://dx.doi.org/10.1103/PhysRevLett.97.147401
http://dx.doi.org/10.1021/nl0721867

