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Influence of annealing time on random lasing from ZnO nanorods
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A B S T R A C T

Highly stabile single mode and multi-mode random lasing emissions were observed from ZnO nanorods array prepared on glass substrates using chemical deposition
technique. By varying the post-growth-annealing time, nanorod diameters between 54 and 78 nm with population densities between 75 and 95 nanorods/µm2 were
obtained. Depending on the population density and diameter of the nanorods, single, double and triple random lasing emissions were observed with lowest threshold
of 209 mJ/cm2. Furthermore, the lasing threshold showed an obvious dependency on the nanorods density. The lasing emission maintained its wavelength with
increasing pump power, indicating high stability of the lasing mode(s).

Introduction

Ultraviolet (UV) lasing from nanoscale structures and devices, specif-
ically random lasers, have the added advantage of lasing without a con-
ventional cavity made of mirrors. The “cavity” of a random laser is a
result of light scattering in a random media [1]. In coherent random
lasers, multiple modes of lasing appears above the broad spontaneous
emission peak [2–6]. Various method have been proposed to control the
number of modes or wavelength of such lasers, such as by introducing
point defects using polymer particles [7], controlling absorption [8],
and by changing the Mie resonances [9]. However, the control was to-
wards the number of modes at a specific power and not in maintaining
the same modes at different pump powers.

When the pump power is varied, random lasers typically show a
shift in the wavelength and/or a change in the number of lasing modes
[10–12]. Maintaining the same mode(s) in terms of number and wave-
length with increasing power is of high interest for ultra-sensitive sens-
ing that can be achieved by a random laser [13–15]. This has been
just observed in liquid-based random lasers with dyes whereby polymer
was incorporated with Rhodamine 6G as the gain medium [16]. How-
ever, dyes such as Rhodamine degrade with time. Hence, solid-based
random lasers without dyes as the gain medium is favored for a stable
and long lasting lasing emission. Consistent double-modes random las-
ing emission has been observed in vertical ZnO nanowire matt with in-
creasing pump power [17]. However, mode competition and a shift in
the mode(s) wavelength were observed. Thus, determining the amount

of randomness to control the random lasing emission remains challeng-
ing.

Our present work provides a demonstration of a stable random lasing
emission from ZnO nanorods array achieved by controlling the growth
conditions of the samples, in particular the post-growth annealing time.
The ZnO nanorods were prepared by chemical bath deposition (CBD)
on pre-treated glass substrates. The pre-treatment process on glass sub-
strates has been proven to be an effective approach to enhance the uni-
formity of the ZnO nanorods compared to the standard CBD process
[18]. To reduce point-related defects, annealing was introduced in am-
bient air after the deposition. A previous report on random lasing from
ZnO nanorods grown on pre-treated glass structures has showed that an-
nealing is vital to obtain random lasing [19]. In our work, we investi-
gated the effects of nanorod size and distribution on random lasing when
the annealing time is varied. Lasing was observed in all studied samples,
and the wavelength of the lasing mode(s) uncommonly maintained with
increasing pump power. This indicates the stability of the mode(s) even
with the presence of mode competition.

Experimental methods

In our CBD technique, all chemicals were used without further pu-
rification, and the aqueous solution was prepared using deionized wa-
ter. Glass substrates were pre-coated with a 150-nm-thick ZnO thin
film using radio frequency (RF) magnetron sputtering. The CBD solu-
tion was prepared by mixing 0.05 M of zinc nitrate (Zn(NO3)2·6H2O)
with 0.05 M hexamethylenetetramine (HMT). The pre-coated substrates
were vertically placed inside a beaker containing the solution. The so-
lution was then heated in a binder oven for 3 h at a fixed temperature
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of 96 °C. The samples were post-growth annealed at 600 °C under ambi-
ent condition for 30, 60, 90, 120, 150 and 180 min respectively.

To investigate the morphology of the nanorods formed, field emis-
sion scanning electron microscope (FESEM) was utilized. Image J soft-
ware was used to determine the average diameter and the population
density of the nanorods. Random lasing measurements were performed
using a micro- photoluminescence (µ-PL) system with an Nd:YAG pulsed
laser source operating at 266 nm at a 20-kHz repetition rate with a
550 ps pulse width. The excitation focus was set to 8 µm in diame-
ter. Continuous wave PL (cw-PL) measurements were performed using a
325-nm He:Cd laser source.

Results and discussions

Fig. 1(a)–(f) shows FESEM images obtained for the studied sam-
ples annealed for 30, 60, 90, 120, 150 and 180 min, respectively. Well
distributed nanorods with hexagonal heads are observed. The aver-
age nanorod diameter ranges between 53.6 nm and 78.2 nm while the
nanorod population density ranges between 75 nanorods/µm2 and
95 nanorods/µm2. Some of the nanorods slightly incline from the c-axis;
a similar behaviour has been reported in ZnO nanorods prepared by
other simple methods like sol–gel [20]. A summary of the morphologi-
cal properties for the studied samples is provided in Table 1. When the
anneling time is increased, an increase in the mean diameter of the ZnO
nanorods is observed, as shown in Fig. 2(a). A similar behaviour has
been observed when ZnO nanorods were annealed under oxygen envi-
ronment [21].

Fig. 2(b) shows the cw-PL spectra of the samples. All samples
showed strong band edge emission at 378 nm with no emission in the
visible spectral region, indicating minimal point defects in these sam-
ples. Quenching of deep level emissions due to defects have been re-
ported in ZnO nanostructures annealed in air [22,23]. When the an-
nealing time was increased, we observed an enhancment in the PL sig-
nal of the samples. However, the PL emission intensity decreases when
the annealing time is longer than 90 min. Bidier et al. reported that an-
nealing of ZnO nanorods at temperatures higher than 500 °C results in

poor optical quality due to degradation of the crystalline quality [22]. It
is likely that annealing of our samples for a time period longer than 90
min has created the same effect and hence reduced the band edge emis-
sion from these samples. A comparison of the crystallinity was done on
samples annealed at 90, 120 and 150 min using X-ray diffraction (XRD)
measurements (PANalytical X’Pert PRO MRD PW3040). Fig. 2(c) shows
a zoom-in of the peak of the XRD patterns near 34.4° which is indexed
to hexagonal wurtzite ZnO corresponding to crystal plane (0 0 2) [24].
A decrease in the peak intensity by a factor of 0.5 is obviously observed
when the annealing time is increased from 120 min to 150 min. Further-
more, we obtained the average crystallite size, D, using Scherrer equa-
tion [25]:

where k is a constant with a value of 0.9, is the radiation source
wavelength (0.154 nm), β is the full width at half maximum intensity
(FWHM) and is the diffraction angle. The average crystallite size ob-
tained for the samples annealed for 90, 120 and 150 min are 53.13 nm,
52.72 nm, and 47.43 nm, respectively. This decrease in the average
crystallite size of the samples indicates degradation in the crystalline
quality with increasing annealing time beyond 90 min.

Fig. 3 shows the random lasing emission from the ZnO nanorods
under different pump powers. Upon the lasing threshold, the FWHM
of the emission drastically shrinks from 15 nm to less than 0.6 nm.
The threshold values and other lasing characteristics of the samples
are summarized in Table 1. Interestingly, the lasing emission main-
tains its wavelength (no noticeable shift) with increasing pump power
even though additional mode(s) appear(s) at some higher pump pow-
ers, e.g., Fig. 3(b) of the samples annealed for 60 min. Typically, when
the pump power is varied, a shift in the laser wavelength is expected
[26]. Furthermore, with increased pump power, the number of modes
of random laser emission increases, associated with mode competition
[27–32]. However, in some of our samples, e.g., ZnO nanorods an-
nealed for 30 min, the single mode emission maintained with no addi

Fig. 1. (a)–(f) FESEM images of ZnO nanorods annealed for 30, 60, 90, 120, 150 and 180 min respectively. The nanorods have hexagonal tips with diameters ranging between 53.6 nm
and 78.2 nm.
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Table 1
Morphological and lasing properties of the studied samples.

Annealing time (min) 30 60 90 120 150 180

Average nanorod diameter
(nm)

53.6 60.7 67.2 74.3 75.4 78.2

Threshold energy density
(mJ/cm 2)

209 209 259 259 209 209

Population density
(nanorods/µm 2)

87 84 77 75 95 85

Number of lasing modes 1 2 1 1 3 2
Estimated number of
nanorods under excitation

4736 4225 3873 3772 4779 4275

tional lasing modes with increasing pump power. To the best of our
knowledge, no such observations have been reported for random lasing
emission from ZnO nanostructures.

Fig. 4(a) shows the emission intensity of the first lasing mode as
a function of the pump energy for the studied samples. Except for the
sample with 120 min annealing time, increasing the annealing time
does not reduce the lasing threshold. The lasing threshold as a func-
tion of the nanorod diameter is shown in Fig. 4(b). The threshold value
first increases when the nanorod diameter increases from ~61 nm to

~67 nm, and then it decreases when the nanorod diameter increases
above ~74 nm. This behavior contradicts with a previous work on ran-
dom lasing from ZnO prepared by laser-induced hydrothermal synthe-
sis in which the increase of the average particle diameter resulted in
a reduced lasing threshold [33]. However, when the lasing thresh-
old is plotted against the nanorod density, as shown in Fig. 4(c), we
observed a tendency whereby increasing the nanorod density above
84 nanorods/µm2 results in a reduced threshold. This tendency is in line
with random lasing observed in other strongly scattered systems [1,34].
Our results suggest that the nanorod density plays a more important role
for reducing lasing threshold and may be a key element to control ran-
dom lasers based on nanorods.

Conclusion

Random lasing has been observed from annealed ZnO nanorod ar-
ray prepared on pre-treated glass substrates by chemical bath deposi-
tion synthesis. The lowest lasing threshold was observed at 209 mJ/cm2

when the nanorod population density was below 84 nanorods/µm2. For
all samples, the lasing wavelength(s) did not shift with increasing pump
power, indicating mode stability. It would be interesting for future in-
vestigations to find out the minimum number of nanorods required to
achieve lasing and to further reduce the threshold for lower turn-on
power.

Fig. 2. (a) Annealing-time dependence of the mean diameter of the ZnO nanorods. (b) Emission spectra of all samples measured by CW laser source operating at 325 nm. (c) XRD diffrac-
togram centered at 34.4 degrees of samples annealed for 90, 120 and 150 min.

Fig. 3. (a)–(f) Random lasing emissions under different pump power for ZnO nanorods annealed for 30, 60, 90, 120, 150 and 180 min respectively.
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Fig. 4. (a) Emission intensity against pump power; (b) and (c) show the lasing threshold as a function of the nanorod diameter and density, respectively.

Declaration of Competing Interest

The authors declare that they have no known competing financial in-
terests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

The authors acknowledge final year undergrads Wan Mohamad Hafiz
Wan Mazlan and Natasha Liyana Hishammudin, under the supervision
of WM and MNN, for preparing the samples. The authors would like to
thank Professor Dr. Boon S. Ooi from KAUST for giving the opportunity
to perform the random-lasing measurements in his laboratory (Photon-
ics Laboratory).

Author contribution

WM designed the experiment, did the optical measurements and
drafted the manuscript. MKS did the lasing measurements and edited
the manuscript. WM, MMH, MKS and MRH analysed the results. MNN
prepared the sample and did the characterization measurements. All au-
thors prepared the final manuscript.

Funding

Partial funding from Universiti Sains Malaysia short term grant [304/
PFIZIK/6312155] is greatly acknowledged.

References

[1] X.H. Wu, A. Yamilov, H. Noh, H. Cao, E.W. Seelig, R.P.H. Chang Random lasing in
closely packed resonant scatterers. J Opt Soc Am B 2004;21(1):159.

[2] L. Zhang, Y. Xu, S. Gao, B. Saxena, L. Chen, X. Bao Multiwavelength coherent bril-
louin random fiber laser with ultrahigh optical signal-to-noise ratio. IEEE J Sel
Top Quantum Electron May 2018;24(3):1–8.

[3] A. Safdar, Y. Wang, T.F. Krauss Random lasing in uniform perovskite thin films.
Opt Express 2018;26(2):A75.

[4] K. Sarkar, et al Ultrafast carrier dynamics and optical pumping of lasing from
Ar-plasma treated ZnO nanoribbons. Nanotechnology 2018;29(9):95701.
doi:https://doi.org/10.1088/1361-6528/aaa530.

[5] S.H. Choi, et al Anderson light localization in biological nanostructures of native
silk. Nat Commun 2018;9(1):1–14.

[6] H. Fujiwara, R. Niyuki, K. Sasaki White light induced photo-thermal switching in
a graphene-flake-mixed ZnO nanoparticle random laser. J Phys Commun
2018;2(3):35022.

[7] R. Niyuki, H. Fujiwara, Y. Ishikawa, N. Koshizaki, T. Tsuji, K. Sasaki Toward sin-
gle-mode random lasing within a submicrometre-sized spherical ZnO particle film.
J Opt 2016;18(3):35202.

[8] R.G.S. El-Dardiry, A. Lagendijk Tuning random lasers by engineered absorption.
Appl Phys Lett 2011;98(16):161106.

[9] M. Gaio, M. Peruzzo, R. Sapienza Tuning random lasing in photonic glasses. Opt
Lett 2015;40(7):1611.

[10] X. Wu, et al Ultraviolet photonic crystal laser. Appl Phys Lett 2004;85(17):3657.
[11] A. Yadav, L. Zhong, J. Sun, L. Jiang, G.J. Cheng, L. Chi Tunable random lasing be-

havior in plasmonic nanostructures. Nano Converg 2017;4(1):1.
[12] S. Liang, et al Coherent random lasing controlled by Brownian motion of the ac-

tive scatterer. J Phys B At Mol Opt Phys 2018;31(5):845–851.
[13] E. Ignesti, F. Tommasi, L. Fini, F. Martelli, N. Azzali, S. Cavalieri A new class of

optical sensors: a random laser based device. Sci Rep 2016;6(1):35225.
[14] M. Gaio, S. Caixeiro, B. Marelli, F. G. Omenetto, and R. Sapienza, “Gain-Based

Mechanism for pH Sensing Based on Random Lasing,” Phys. Rev. Appl., vol. 7, no.
3, p. 034005, 2017. https://doi.org/10.1103/PhysRevApplied.7.034005

[15] W.Z. Wan Ismail, G. Liu, K. Zhang, E.M. Goldys, J.M. Dawes Dopamine sensing
and measurement using threshold and spectral measurements in random lasers.
Opt Express 2016;24(2):A85.

[16] S.-W. Chang, et al A white random laser. Sci Rep 2018;8(1):2720.
[17] W. Maryam, N. Fazrina, M.R. Hashim, H.C. Hsu Optically driven random lasing in

ZnO nanorods prepared by chemical bath deposition. Photon Nanostruct Fundam
Appl 2017;26:52–55.

[18] L.L. Yang, Q.X. Zhao, M. Willander Size-controlled growth of well-aligned ZnO
nanorod arrays with two-step chemical bath deposition method. J Alloys Compd
2009;469(1–2):623–629.

[19] W. Maryam, N. Fazrina, M.R. Hashim, H.C. Hsu, M.M. Halim Optically driven ran-
dom lasing in ZnO nanorods prepared by chemical bath deposition. Photon
Nanostruct Fundam Appl 2017;26:52–55.

[20] M.H. Mamat, Z. Khusaimi, M.Z. Musa, M.Z. Sahdan, M. Rusop Novel synthesis of
aligned Zinc oxide nanorods on a glass substrate by sonicated sol-gel immersion.
Mater Lett 2010;64(10):1211–1214.

[21] R. Bahramian, H. Eshghi, A. Moshaii Influence of annealing temperature on mor-
phological, optical and UV detection properties of ZnO nanowires grown by chem-
ical bath deposition. Mater. Des. 2016;107:269–276.

[22] S.A. Bidier, M.R. Hashim, A.M. Aldiabat Effect of postannealing treatment on
structural and optical properties of ZnO nanorods prepared using chemical bath
deposition. J Electron Mater 2017;46(7):4455–4462.

[23] L.L. Yang, Q.X. Zhao, M. Willander, J.H. Yang, I. Ivanov Annealing effects on opti-
cal properties of low temperature grown ZnO nanorod arrays. J Appl Phys
2009;105(5):53503.

[24] ShabanniaR. HassanH.A. Characteristics of photoconductive UV photodetector
based on ZnO nanorods grown on polyethylene naphthalate substrate by chemical
bath deposition methodElectron. Mater. Lett.2014 104837843https://doi.org/10.
1007/s13391-014-3245-0

[25] A. Monshi, M.R. Foroughi, M.R. Monshi Modified Scherrer Equation to Estimate
More Accurately Nano-Crystallite Size Using XRD. World J Nano Sci Eng
2012;2(3):154–160.

[26] Y. Ling, H. Cao, A. Burin, M. Ratner, X. Liu, R. Chang Investigation of random
lasers with resonant feedback. Phys Rev A 2001;64(6):63808.

[27] H.-C. Hsu, C.-Y. Wu, W.-F. Hsieh Stimulated emission and lasing of ran-
dom-growth oriented ZnO nanowires. J Appl Phys 2005;97(6):64315.

[28] F. Luan, B. Gu, A.S.L. Gomes, K. Yong, S. Wen, P.N. Prasad Lasing in nanocompos-
ite random media. Nano Today 2015;10(2):168–192.

[29] W.Z.W. Ismail, D. Liu, S. Clement, D.W. Coutts, E.M. Goldys, J.M. Dawes Spectral
and coherence signatures of threshold in random lasers. J Opt
2014;16(10):105008.

[30] L. Miao, et al Synthesis, morphology and random laser action of ZnO nanostruc-
tures. Surf Sci 2007;601(13):2660–2663.

[31] A.K. Das, R.S. Ajimsha, V.K. Sahu, L.M. Kukreja Random Lasing in ZnO Nanoparti-
cles. RRCAT Newsl 2012;1:29–30.

[32] S. Caixeiro, M. Gaio, B. Marelli, F.G. Omenetto, R. Sapienza Silk-based biocompat-
ible random lasing. Adv Opt Mater 2016;4(7):998–1003.

[33] H. Fujiwara, T. Suzuki, R. Niyuki, K. Sasaki ZnO nanorod array random lasers fab-
ricated by a laser-induced hydrothermal synthesis. New J Phys
2016;18(10):103046.

[34] N.M. Lawandy, R.M. Balachandran, A.S.L. Gomes, E. Sauvain Laser action in
strongly scattering media. Nature 1994;368:436–438. doi:https://doi.org/
10.1038/368436a0.

4

https://doi.org/10.1103/PhysRevApplied.7.034005
https://doi.org/10.1007/s13391-014-3245-0
https://doi.org/10.1007/s13391-014-3245-0

	Influence of annealing time on random lasing from ZnO nanorods
	Abstract
	Introduction
	Experimental methods
	Results and discussions
	Conclusion
	Declaration of Competing Interest
	Acknowledgements
	Author contribution
	Funding

	References


