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Vertically well-aligned ZnO nanorods on Si substrates were prepared by a two-step chemical bath

deposition method. The structure and optical properties of the grown ZnO nanorods were

investigated by Raman and photoluminescence spectroscopy. The results showed that after an

annealing treatment at around 500 °C in air atmosphere, the crystal structure and optical properties

became much better due to the decrease in surface defects. The resonant Raman measurements

excited by 351.1 nm not only revealed that the surface defects play a significant role in the as-grown

sample, which was supported by low temperature time-resolved photoluminescence measurements,

but also suggested that the strong intensity increase in some Raman scatterings was due to both

outgoing resonant Raman scattering effect and deep level defect scattering contribution for ZnO

nanorods annealed from 500 to 700 °C. © 2009 American Institute of Physics.

�DOI: 10.1063/1.3073993�

I. INTRODUCTION

Zinc oxide �ZnO� has generated great interest due to its

direct wide band gap of 3.37 eV at room temperature, its

large exciton binding energy of 60 meV, and its stable physi-

cal and chemical properties. During the past decade, different

one-dimensional �1D� ZnO nanostructures such as

nanotubes,
1

nanowires,
2

nanorods,
3

nanobelts,
4

nanocables,
5

and nanoribbons,
6

have been successfully fabricated by dif-

ferent methods. Among the methods to prepare 1D ZnO

nanorods,
7–13

chemical bath deposition �CBD� appears to

have a huge potential for industrial synthesis due to advan-

tages such as easy operation and low temperature

fabrication.
14,15

Recently, we successfully controlled the size

of well-aligned ZnO nanorod arrays �ZNAs� from 40 to 150

nm with the two-step CBD method,
16

i.e., by first spin coat-

ing the substrate with a seed layer of ZnO nanoparticles and

then using the CBD growth. However, the applicative use of

these ZnO nanostructures requires not only that their crystal-

line morphology, orientation, and surface architecture be

well controlled during the preparation processes but also an

improved quality of their optical and electronic properties.

Unfortunately, ZNAs grown at a relatively low temperature

usually showed poor crystallization and optical properties.

However, postannealing may provide an effective way to im-

prove the crystalline quality and the optical properties.
17,18

Therefore, in view of its future applications, it is important to

investigate the effects of postannealing on the structure and

optical properties of low temperature chemical grown ZNAs.

Resonant Raman scattering �RRS� has been proven to be

an important tool for the study of basic physical properties of

semiconductors, including nanostructure materials. Mul-

tiphonon scattering processes were previously reported for

single crystalline bulk ZnO,
19

and recently for ZnO films,
20

ZnO nanowires,
21,22

and ZnO nanorods.
23,24

Although several

RRS studies have been devoted to analyze the structure prop-

erty of ZNAs, very few efforts have been made to address

RRS in the postannealing effects on the ZNAs grown by low

temperature chemical method, particularly to correlate with

the change in defects. Beside, compared with the ZnO nano-

rods grown at higher temperature by the methods of metal-

organic chemical-vapor deposition,
25

Catalytic vapor-liquid-

solid �CVLS�,
26,27

and so on, the low temperature chemically

grown ZNAs provide an ideal system to investigate the evo-

lution of surface and bulk defects during the postannealing

process.

In this present work, two sets of low temperature chemi-

cal grown ZNAs with diameters of 90 and 60 nm annealed

under the same condition at temperature from 500 to 700 °C

were used for study. The effects of the annealing temperature

on the structure and optical properties have been investigated

by microphotoluminescence �micro-PL�, micro-Raman scat-

tering, and RRS measurements. We particularly utilized the

low temperature RRS to monitor, for the first time, to the

best of our knowledge, the change in surface defects and

deep level defects in the CBD grown ZnO nanorods under

thermal treatment from 500 to 700 °C.

II. EXPERIMENTS

The ZNAs used in this investigation were grown on Si

substrates by the CBD method, which includes a two-step

process, i.e., a substrate treatment prior to the CBD growth.

The pretreatment of the substrates, by coating the substrate

for different times with a 5 mM solution of zinc acetate

dihydrate �Zn�OOCCH3�2 ·2H2O� dissolved in pure ethanol,

was used to control the diameter of ZnO nanorods. In the
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CBD growth, the 0.1M aqueous solutions of zinc nitrate

hexahydrate �Zn�NO3�2 ·6H2O, 99.9% purity� and 0.1M

aqueous solutions of methenamine �C6H12N4, 99.9% purity�

were first prepared and mixed together. The pretreated Si

substrates were immersed into the aqueous solution and kept

at 93 °C for 2 h. Two samples containing ZNAs on Si �001�

substrates with diameters of 90 and 60 nm, respectively,

were used in this study. For both ZNAs, a postgrowth ther-

mal treatment was performed at 500, 600, and 700 °C, re-

spectively, for 1 h in air atmosphere and then quenched to

room temperature by removing from the oven.

Scanning electron microscopy �SEM� pictures were re-

corded by using a JEOL JSM-6301F. PL measurements were

carried out at room temperature. A charge-coupled device

�CCD� detector �Spectrum One� and monochromator HR460

from Jobin Yvon-Spex were used to disperse and detect the

ZnO emission. Laser line with a wavelength of 266 nm from

a diode laser �Coherent Verdi� pumped resonant frequency

doubling unit �MBD 266� was used as excitation source. For

resonant Raman measurements, a laser line with 351.1 nm

was used. The conventional micro-Raman spectra have been

collected in a confocal backscattering configuration under

the 100� objective of an Olympus microscope. The 514.5

nm line of a cw Ar–Kr ion laser, Spectra Physics 2060, with

a power of 5 mW at the sample position, was used as probe.

The cross-polarized scattered radiation was filtered by the

first two stages of a triple grating Dilor XY 800 spectrom-

eter, arranged in the subtractive configuration, to remove the

strong elastic component, dispersed by the third stage, and

recorded by a liquid nitrogen cooled CCD camera �Wright

Instruments�. Time-resolved PL was performed by using an

excitation laser line from a frequency tripled sapphire:Ti la-

ser emitting at 266 nm, a 0.3 m monochromator, and a streak

camera at 1.8 K.

III. RESULTS AND DISCUSSIONS

SEM images of the as-grown ZNAs with 90 and 60 nm

diameters were shown in Fig. 1. The ZNAs were vertically

aligned on the Si �001� substrates. The hexagonally shaped

nanorods uniformly covered the entire Si substrate with high

density as shown in Figs. 1�a�–1�c�. Figure 1�d� illustrated

the cross sectional SEM images of ZNAs with 90 nm diam-

eters, from which we can see that the length of the nanorod is

about 1.5 �m. After annealing at different temperatures in

air, there was no noticeable change in the morphology of the

ZNAs used in our experiments.

Raman scattering was used to investigate the annealing

effects on the ZNAs crystal quality. Wurtzite ZnO belongs to

C6v

4 �P63mc� space group, with 2 f.u,/primitive cell. Group

theory predicts the existence of the following Raman active

phonon modes: �=A1+E1+2E2. Both the A1 and E1 modes

are polar and split into transverse optical �TO� and longitu-

dinal optical �LO� branches. The A1 phonon vibration is po-

larized parallel to the c-axis, and the E1 phonon is polarized

perpendicular to the c-axis. The two E2 modes, E2�H� and

E2�L�, are nonpolar modes.

In our experiments, micro-Raman measurements were

carried out at room temperature in a backscattering geom-

etry. That is to say, the spectrum was recorded with the inci-

dent light exactly perpendicular to the top surface of the

ZNAs, namely, the incident light was parallel to the c-axis of

the ZnO nanorod arrays. In this configuration, only the E2

and A1�LO� modes are allowed, while the A1�TO� and

E1�TO� modes are forbidden according to the Raman selec-

tion rules. Figure 2 illustrates the Raman spectra of ZNAs

annealed under different temperatures. For the two sets of

samples, the spectra exhibited only E2�H� and E2�L� modes

at 437 and 99 cm−1, respectively.
28

The A1�LO� mode ex-

pected at 574 cm−1 �Ref. 28� has a very small cross section

and its contribution from our very thin samples is lost in the

noise. The absence of the TO modes in the measurements

further confirms that the ZNAs are highly c-axis oriented.

From Figs. 2�a� and 2�b�, one can observe that the annealing

temperature had the same influence on the intensity of E2�H�

for the ZNAs with different diameters. The intensity of

E2�H� was strongest for the samples annealed at 500 °C and

dropped on both sides toward the as-grown and the 700 °C

annealed samples. This indicated that the samples treated at

500 °C had the best crystallization among those measured.

However, treatments at higher temperatures are detrimental

for the crystallization.

We would like to point out that we also have measured

different positions across the samples to do the spatial analy-

sis in order to check the consistency of the spectra across the

samples. The results from different positions are similar. This

is consistent with the homogeneity of the samples as shown

in the SEM imagine �see Fig. 1�c�� and, furthermore, a mi-

croscale focusing spot �in our setup, it is about 2.5 �m in

diameter� contains many nanorods.

Figure 3 showed the room temperature PL spectrum of

the as-grown ZNAs compared to those of samples annealed

in air atmosphere at 500, 600 and 700 °C, which consisted

of a dominant UV peak at 385 nm in wavelength and a very

weak deep level broad emission band in the range of 500–

FIG. 1. SEM images of the as-grown samples: �a� 90 nm and �b� 60 nm. �c�

Low magnification image of 90 nm diameter ZnO nanorod arrays. �d� Cross

sectional image of 90 nm diameter ZnO nanorod arrays.
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600 nm. The UV emission band is related to a near band-

edge transition of ZnO, namely, the recombination of the free

excitons �376 nm�. The room temperature PL peak position

can be different, for example, the transition energy from 375

nm �Ref. 29� to 383 nm,
30

and the exact energy position

depends on the contribution between the free exciton and the

transition between free electrons to acceptor bound

holes.
31–34

The deep level emission band has previously been

attributed to several defects in the crystal structure such as

O-vacancy �VO�,
35–37

Zn-vacancy �VZn�,
38–40

O-interstitial

�Oi�,
41

Zn-interstitial �Zni�,
42

and extrinsic impurities such as

substitutional Cu.
43

Recently, this deep level emission band

had been identified and at least two different defect origins

�VO and VZn� with different optical characteristics were

claimed to contribute to this deep level emission band.
44–46

From Figs. 3�a� and 3�b�, it can be seen that the dependence

of the PL intensity versus the annealing temperature showed

similar behaviors for the ZNAs with different diameters.

Therefore, in the following part we will only discuss the

results from 90 nm samples, as shown in Fig. 3�a�. After the

samples were annealed under 500 °C, a remarkable strong

enhancement in UV emission intensity appeared by almost a

factor of 4 compared to the as-grown samples and, on the

contrary, the deep level emission band almost disappeared.

However, after the samples were annealed under 600 and

700 °C, the UV emission intensity decreased and the deep

level emission intensity apparently increased step by step

again in comparison with the PL spectrum of the sample

annealed at 500 °C. One can note the concordance of the PL

results and those from the Raman spectra with regard to the

effects of annealing on the crystallization.

The relative integrated PL intensity ratio between the

UV emission �IUV� and deep level emission �IDLE� can be

used to characterize the crystallization of ZNAs.
47

The larger

intensity ratio indicates that ZNAs are in better crystalliza-

tion, i.e., less deep level defects. The relative integrated PL

intensity ratio �IUV / IDLE� as a function of various annealing

temperatures was summarized in Fig. 4. It can be seen that

IUV / IDLE value showed a maximum at the annealing tem-

perature of 500 °C and then decreased again with further

increasing annealing temperature. This temperature depen-

dence can be explained from the aspects of the CBD growth

mechanism and annealing process, respectively. On the one

hand, the surfaces of ZNAs grown with CBD method were

prone to absorb various kinds of functional groups. Accord-

ing to the chemical reaction in the solution,
16

these func-

tional groups should be related to the elements such as car-

bon, nitrogen, and hydrogen. These functional groups had a

negative influence on the optical properties of ZNAs. How-

FIG. 2. �Color online� Raman spectra of ZnO nanorod arrays annealed

under different temperatures under excitation with wavelength of 514.5 nm

at room temperature: �a�90 nm and �b� 60 nm.

FIG. 3. �Color online� PL spectra of ZnO nanorod arrays annealed under

different temperature. The insets show the enlarge part of the PL spectra

between 450 and 600 nm: �a�90 nm and �b� 60 nm.
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ever after 500 °C annealing for 1 h, all those functional

group elements were all released from the surfaces of ZNAs;

as a result, the UV emission intensity is strongly enhanced.

On the other hand, as mentioned previously, the deep level

emission band has been attributed to the presence of large

amounts of defects, particularly VO and VZn involved com-

plex defects. During the thermal treatment process at high

annealing temperatures of 600 and 700 °C, although the ab-

sorbed functional group elements were also released from the

surfaces of ZNAs, the concentration of defects such as VO

and VZn also increased due to the thermal diffusion process.

Under the same excitation condition, the defect band emis-

sion will compete with the UV emission, resulting in that the

ZnO nanorods containing more deep level defects give lower

UV emission intensity. So the UV emission intensity in those

ZNAs after annealing depends on the two competition pro-

cesses, one is to release the surface attached chemical ele-

ments which will enhance the UV emission intensity, and the

other is the creation of the deep level defects which will

reduce the UV emission intensity. Obviously, deep level de-

fects played a significant role in the emission process of

ZNAs annealed in 600 and 700 °C, which can be seen from

Fig. 3 that the intensity of deep level emission band in-

creased and the intensity of UV emission band decreased in

comparison with the sample annealed at 500 °C. Moreover,

the center position of the deep level emission band showed a

blueshift, as shown in the inset images in Figs. 3�a� and 3�b�,

which may be ascribed to the variation in defect species after

annealing. The optical property is a reflection of the crystal

quality of the samples. The analysis in Fig. 3 showed a good

agreement with the results from Raman spectra, which fur-

ther indicated that the sample after the thermal treatment

under 500 °C had the best optical property and crystalliza-

tion. It was noticed that the structure and optical properties

of ZNAs with different diameters in Figs. 2 and 3 exhibited

the same tendency. Therefore, we only showed the experi-

mental results from the ZNAs with 90 nm diameter in the

following parts.

In order to gain further insight into the defect variation

in the ZNAs after thermal treatments, we have investigated

the RRS of those samples excited by the 351.1 nm laser line.

RRS from solids can be observed if the energy of the incom-

ing or scattered photons matches the real electronic states in

the material. This is referred to as incoming and outgoing

resonances, respectively.
46

Multiphonon scattering processes

were previously reported for single crystalline bulk ZnO,
19

and recently for ZnO films,
20

ZnO nanowires,
21,22

and ZnO

nanorods.
23,24

In all these cases the samples were excited by

the 325 nm line of a He–Cd laser. The energy of this line is

about 440 meV higher than the band gap of ZnO. It means

that the laser line is in resonance with an interband electronic

transition, i.e., forming incoming resonant condition. In our

case, the energy of the 351.1 nm laser line is 160 meV higher

than the band gap of ZnO and 200 meV higher than the

energy of the free exciton. The energy of this laser line is

close to the exciton energy in ZnO, therefore allowing one to

investigate the exciton mediated multiphonon RRS under

conditions changing from incoming to outgoing resonance.

Figure 5 illustrated the temperature dependence of emis-

sion spectra of ZNAs �90 nm� annealed under 700 °C with

351.1 nm excitation. All the spectra consisted of a RRS pro-

gression based on a fundamental 1LO band at 3.459 eV and

its multiple-LO scatterings. From Fig. 5, one can see that

with increasing temperature, the PL band shifted toward

lower energies and broadened due to the decrease in the band

gap energy. At 175 and 257 K, the photon scattered by third-

order phonons matched better the exciton energy and the

3LO peak became the strongest one, while at 297 K, 4LO

phonon line became the strongest one. The results clearly

illustrated that we deal with pure outgoing RRS and the tem-

perature increase led to the redistribution in the intensity of

lines in the RRS in favor of the lines whose energy better

matched the exciton energy. Comparing these three spectra

in Fig. 5, we can see that the spectrum measured at 175 K

shows a strong and a well defined LO phonon scattering.

Therefore, we measured the rest of our samples at this tem-

perature.

Since the Raman scattering was performed with back-

scattering geometry, the main contribution to the RRS signal

came from the A1-LO mode. A1-LO mode reflected the de-

fect density in the ZnO nanorods. According to the spectra

measured under 175 K in Fig. 5, the photon scattered by the

1LO and 2LO phonons were nonresonant with the PL emis-

sion, which was correlated only with the concentration

FIG. 4. IUV / IDLE curve via annealing temperature.

FIG. 5. �Color online� Temperature dependence of emission spectra of ZnO

nanorod arrays �90 nm� annealed under 700 °C.
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change in the defects in the surface and inside of ZnO nano-

rods, while the photon scattered by the 3LO phonons was in

resonance with the PL emission which contained both defect

contribution and outgoing resonant effect. So another impor-

tant reason why we select 351.1 nm excitation and measure-

ment temperature of 175 K is that we would like to distin-

guish the contribution of surface defect, deep level defects,

and the outgoing resonant effect to the optical properties

through comparing the intensity variation of single phonon

line with annealing temperature.
48

Figure 6 illustrated the emission spectra of the as-grown

and thermal treated ZnO rods under excitation by the 351.1

nm laser line at 175 K. As shown in Fig. 6, it can be clearly

seen that the spectrum of the as-grown sample was typical

incoming RRS. While the thermal treatment led to a consid-

erable modification of the emission spectra. With the in-

crease in the annealing temperature, a broad and asymmetric

PL line emerged on which the RRS lines were superimposed.

Simultaneously, a redistribution of the RRS lines intensity

occurred. Compared with the spectrum of the as-grown

sample, the photon scattered by the third-order LO phonons

matched better with the exciton energy and 3LO peak be-

came the strongest one in the spectra of annealed samples,

which indicated a transition of RRS from the incoming to the

outgoing mode appeared after thermal treatment. This tran-

sition can be ascribed to the thermal treatment induced im-

provement of the optical quality of ZNAs.
49

According to the

individual phonon lines in Fig. 6, the intensity of 1LO and

2LO Raman scatterings first strongly decreased in compari-

son between the as-grown sample and the sample annealed at

500 °C, and then slightly increased as further increasing the

annealing temperature. While the intensity of 3LO Raman

scattering constantly increased with increasing annealing

temperature. In order to see it clearly, the temperature depen-

dences of 1LO, 2LO, and 3LO intensity were illustrated in

Fig. 7. The explanation to the variation in these phonon lines

via the annealing temperature will be separately discussed in

the following parts.

In Fig. 6, in addition to the outgoing resonant effect

observed by Ursaki et al.,
49

the relative intensity of 3LO

phonon lines increased, although the PL emission intensity

decreased step by step as the annealing temperature increases

from 500 to 700 °C, which was also illustrated in Fig. 7.

This tendency was opposite as that observed by Ursaki et

al.
49

This result indicated that in our case there were different

contributions involved in 3LO phonon scattering, observed

in Fig. 6. As we know that the outgoing resonance will in-

crease the intensity of Raman scattering, and the increase in

the defect concentration will also increase the intensity of

Raman scattering. That is to say, the photon could be scat-

tered by not only the third-order LO phonons but also de-

fects. The possibility to enhance the 3LO phone lines will be

increased if there are more defects in the samples, which

may play an important role in the process of RRS enhance-

ment. According to our case, all the samples originated from

one sample. After annealing, we did not observe any signifi-

cant change in the morphology of ZNAs. The main differ-

ence among these samples was the defect concentration in

them. According to the results obtained from Figs. 2 and 3,

the concentration of defects in ZnO nanorods increased as

the annealing temperature increases from 500 to 700 °C,

also indicated by the change in 1LO and 2LO phonon inten-

sities in Fig. 6 which will be discussed in more detail below.

The intensity variation in 3LO phonon lines corresponds

well to the tendency of defect concentration, which means

that defects indeed took part in the RRS process and played

a significant role. In order to eliminate this defect contribu-

tion, the Raman intensity ratio between 3LO and 2LO pho-

non lines in the RRS spectrum �I3LO / I2LO� was shown in Fig.

8 versus the annealing temperature; for comparison, the in-

tensity of the PL band was also included in the figure. A clear

correlation between the dependence of PL band intensity and

I3LO / I2LO upon annealing temperature can be observed,

which was similar to the result in Ref. 49. Therefore, we

believed that both PL intensity and defect scattering should

contribute to our results.

It is also believed that the variation in the electron-

phonon coupling may influence the relative intensities of the

members of the RRS progression in the LO phonon

mode.
50,51

However, we have not observed any significant

change in the morphology of nanorods induced by thermal

treatment. Moreover the diameter of the studied ZnO rods is

about 90 nm, which is significantly too large to affect the

FIG. 6. �Color online� Low temperature emission �175 K� spectra of ZnO

nanorod arrays �90 nm� annealed under different temperatures.
FIG. 7. Dependence of 1LO, 2LO, and 3LO phonon line intensity on the

annealing temperature.
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electron-phonon coupling. So the contribution from this

mechanism is insignificant in our experiments.

The significant intensity change for 1LO and 2LO peaks

in RRS condition in Fig. 6 between the as-grown sample and

the sample annealed at 500 °C was another magnificent ob-

servation. The 1LO and 2LO Raman intensity �A1-LO mode�

was significantly higher in the as-grown sample, while in

nonresonant Raman condition, as shown in Fig. 2, the E2�H�

mode shows an opposite behavior. This was due to the dif-

ferent origin of two Raman modes, i.e., A1-LO mode re-

flected the defect density in the ZnO nanorods, while the

E2�H� mode was only related to the optical quality of mate-

rials. The strong Raman intensity of 1LO and 2LO �A1-LO

mode� in the as-grown sample indicated that the ZnO nano-

rods had more defects, resulting also in that the UV emission

intensity was significantly weak due to surface defect recom-

bination and relative strong deep level defect emission in

comparison with the sample annealed at 500 °C, as also

shown in Fig. 3. Further comparison with the samples an-

nealed at 600 and 700 °C, the large Raman intensity of 1LO

and 2LO �A1-LO mode� in the as-grown sample in Fig. 6 and

no significant change in the deep level PL emission intensity

in Fig. 3 indicated that the surface defects played a signifi-

cant role in the as-grown sample, as also discussed earlier.

The existing surface defects can be further confirmed by

time-resolved PL measurement, as shown in Fig. 9.

Figure 9 showed the decay curves from the as-grown

sample and the sample annealed at 500 °C. First, the decay

measured for annealed sample showed a nonexponential de-

cay. By closely examining the decay curves, the decay can be

fitted by two exponential decays, i.e., a fast and a slow decay

component. It is clearly shown that the contribution of the

fast decay component in the decay curve was strongly sup-

pressed after annealing. There was no observable change in

either the crystalline structure of the ZnO nanorods, as de-

duced from x-ray diffraction curves, or the ZnO nanorod

diameter, as concluded from SEM measurements. As demon-

strated earlier for Si epilayers,
52

the surface recombination

can strongly influence the decay time. The near band gap

recombination will exhibit a nonexponential or a single ex-

ponential decay, depending on whether the surface recombi-

nation is the major recombination channel or not. Therefore,

the time-resolved measurements clearly indicated the exist-

ing surface defects in the as-grown ZnO nanorods, and the

surface defect induced recombination can be strongly sup-

pressed by thermal annealing. By correlating the Raman

measurements, PL measurements, and time-resolved PL

measurements, we can conclude that the surface defects have

a significant contribution to the observed strong Raman in-

tensity of 1LO and 2LO �A1-LO mode� in the CBD as-grown

samples.

IV. CONCLUSIONS

In this paper, the effects of annealing temperature on the

structure and optical properties of ZNAs were investigated in

detail. The results clearly indicated that the postgrowth ther-

mal treatment at 500 °C in air resulted in the CBD grown

ZNAs with good crystal structure and good optical proper-

ties. We also utilized the Raman spectroscopy and low tem-

perature PL measurements to identify, for the first time, to

the best of our knowledge, the surface defect contribution

and outgoing resonant effect in RRS. Furthermore, the Ra-

man measurements can be used to monitor the change in

surface defects and deep level defects in the CBD grown

ZnO nanorods under thermal treatment from 500 to 700 °C.

The results of our investigation provided an effective way to

improve the optical properties of low temperature chemical

grown ZNAs, which will play an important role to prompt its

practical application in the future.
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