Vol 16 No 4, April 2007
1009-1963/2007/16(04)/1129-06

Chinese Physics

© 2007 Chin. Phys. Soc.
and IOP Publishing Ltd

Optical processes in the formation of stimulated
emission from ZnO nanowires*

Liu Rui-Bin(XJHi&)»),

Pan An-Lian(#%%%%)®), Wang Fei-Fei( EIEIE)Y,

and Zou Bing-Suo(4Ff4H)>P)t
a) Institute of Physics, Chinese Academy of Sciences, Beijing 100080, China

) Micro—-Nano Technologies Research Center, Hunan University, Changsha 410082, China

(Received 14 August 2006; revised manuscript received 2 September 2006)

This paper studies power dependent photoluminescence spectra, the stimulated emission occurring at ultraviolet

(UV) band instead of the green emission band of ZnO nanowires, which are prepared with a chemical reduction method.

The dynamics of the UV emission and green emission is given to demonstrate the reason of stimulated emission occurring

at UV band but not the green emission band under high excitation, which indicates that the slow decay rate of trap state

makes it easy to be fully filled and saturated, while the fast decay rate of near-band-edge exciton state makes the UV

emission dominate the radiative recombination under high excitation. The UV emission, as well as the corresponding

stimulated emission, occurs in competition with the green deep-trap emission. In addition, when pump fluence further

increases, the multiple lasing modes appear. The dependence of these lasing modes on the pump fluence is first discussed.

This diagram should be helpful to understand and design the optical nanodevices of ZnO nanowires.
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1. Introduction

One-dimensional semiconductors have become an
important kind of material for their potential ap-
plications in microelectronic and micro-photonic de-
vices such as optical waveguide' =4 and nanowire
laser.1>% ZnO nanowires are being intensively investi-
gated for their large exciton binding energy (60 meV)
and wide band gap (3.37 eV). Especially the large
exciton binding energy, which is much greater than
the thermal energy (26 meV, 300 K), inhibits ther-
mal depopulation of the lowest, radiative transition,
and then results in more efficient excitonic emission
at room temperature. These are highly advantageous
to realize a nanolaser with a low and temperature-
insensitive optical-gain threshold, a narrow emission
line, and high-temperature stability. Since Yang
et al demonstrated the room-temperature ultraviolet
(UV) laser in a ZnO nanowire array grown on sap-
phire substrates,” the optically pumped UV stimu-
lated emission and lasing have been widely studied in
nanopowder,® nanowires, 1% nanobelts!'!l and thin
films('2=14) at room temperature.

Nanostructures have a higher surface to volume

ratio than the bulk material. For ZnO nanowire, the
deep-trap-type emission (green emission) from sur-
face state and near-band-edge emission (UV emis-

[15,16]

sion) always exists simultaneously. In quantum-

size nanowires, the surface-trap-state recombination
may quench the near-band-edge emission entirely.!*
However, the situation in realizing stimulated emission
is quite different. In reported results, the dependence
of the ratio of the near-band-gap emission to the deep-
level emission on the excitation energy from different
ZnO samples was discussed.'” However, no analysis
on the stimulated emission at UV band in contrast to

the green emission was given.

Furthermore, no dynamic reasons were discussed
for these situations. In this paper, we first demon-
strate the dynamic causes of the stimulated emission
occurring at UV emission instead of the green emis-
sion even although the deep-level green emission plays
a dominant role in the photoluminescence (PL) spec-
trum under Xe lamp excitation. Moreover, the de-
pendence of the multiple lasing modes on the pump
fluence was discussed.
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2. Experimental

The ZnO nanowires were prepared by a chemical
reduction method, which was mentioned in our previ-
ous report.['8! The morphologies of the nanowires were
observed with scanning electron microscopy (SEM, Hi-
tachi S-5200).
checked by energy dispersive spectroscopy (EDS) de-

The chemical composition was also

tector equipped on the SEM system. Powder x-ray
diffraction (XRD) data were obtained by a Japan
Rigaku D/MAX-2400 type diffractometer equipped
with graphite-monochromatized CuK « radiation (A =
1.54178 A). The PL of ZnO nanowires was excited
with an UV light (266 nm) from Xe lamp. The pump
fluence dependent PL and the time-resolved PL were
obtained under femtosecond (fs) laser excitation (266
nm, ~120 fs; 0.7 mJ, 1 kHz). The pump fluence de-
pendent PL was measured with a monochromator and
a liquid nitrogen-cooled charge coupled device (CCD)
camera. The spectral resolution of the system is 0.26
nm. The time-resolved PL was focused into a poly-
chromator and detected by using a photon counting

streak camera (Hamamatsu C2909) with a time res-
olution of 20 ps, and the spectral resolution of poly-

chromator is 0.2 nm.

3. Results and discussion

The morphologies of the nanowires are shown in
Fig.1(a) and Fig.1(b). Figure 1(a) shows the random
growth of ZnO nanowires with a large aspect ratio.
The average length of the nanowire is 20-70 pm and
diameters range between 200 nm and 400 nm. The
local enlargement of this image shown in Fig.1(b) in-
dicates that the nanowires are uniform along the ¢
axis direction, which is beneficial for using as an opti-
cal resonant cavity. The EDS spectrum indicates that
the nanowire is composed of Zn and O as shown in
Fig.1(c). Powder XRD patterns shown in Fig.1(d) in-
dicate that these nanowires are single phase with a
hexagonal wurtzite structure. The strong and sharp
diffraction peaks illuminate that the nanowires are

well crystallized.
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Fig.1. (a) SEM of as-grown nanowire array. (b) Local enlargement SEM of the ZnO nanowires.
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(c) Energy dispersive

spectroscopy (EDS) acquired from one ZnO nanowire. (d) The XRD of ZnO nanowires.
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Figure 2 shows the PL of the ZnO nanowires ex-
cited with 266 nm line of a Xe lamp at room tempera-
ture. The Xe lamp was used as low excitation for com-
paring with the high excitation by the fs laser. There
is only one peak at around 505 nm in the PL spec-
trum, which corresponds to the green luminescence
band from the deep-level defect states,['”) while no
near-band-edge emission appears. This indicates that
there exist many trapping sites in the nanowires. Fig-
ure 3 shows the evolution of PL spectrum under dif-
ferent pump fluences. The dependences of PL inten-
sity and FWHM (full width at half-maximum) of UV
emission band on pump fluence are shown in the inset.
There are two emission bands in the PL spectra. The
peak at 507 nm is consistent with that at low excita-
tion in Fig.2. The UV band at 392 nm is attributed to
the near-band-edge exciton emission of ZnO nanowire.
At low pump fluence, both bands are very broad, and
the intensity of green emission is stronger than that of
UV band, which is similar to the situation at low exci-
tation. With the increase of pump fluence, the green
emission always keeps the broad spontaneous emis-
sion, while the UV band turns sharp and increases
rapidly. When the fluence increases to 87 pJ/cm?, a
sharp peak appears on the high energy shoulder of the
exciton band, and the intensity of the sharp peak at
390 nm experiences a strong superlinear dependence
of the pump fluence, illuminated as open circle in the
inset of Fig.2. However, the integrated intensity of the
broad green emission band at 507 nm keeps the linear
increase with increasing the excitation energy, shown
as closed square in the inset of Fig.2. Furthermore,
accompanying with the appearing sharp peak, we find
that the FWHM of UV band also become drastically
narrow, and with the further increase of pump fluence,
the FWHM becomes much narrower, shown as open
triangle in the inset of Fig.3. The FWHM of the sharp
peak is only 3 nm. These results indicate a clear evi-
dence of the stimulated emission. The threshold pump
fluence is at around 85 pJ/cm?, and the stimulated
emission is attributed to the exciton—exciton scatter-
ing mechanism.[?%2!] The blue-shift of UV emission
peak after the threshold is due to the band filling effect
at high carrier density.?? When the high-resolution
PL spectra at UV band were detected under much
higher excitation, more ultra-narrow emission modes
at around 392 nm were detected, as shown in the Fig.4.
Each emission mode is as narrow as 0.3 nm. Accord-
ing to the mode spacing (AX = 0.77 nm) and the
length of nanowire (L, 20 — 70 pm) from the SEM,

these emission modes satisfy the F-P cavity condition,
AN = \?/2nL, where n is the refractive index of the
nanowires. This demonstrates that the modes are the
lasing modes, which stem from the strong coherent
feedback of F-P cavity formed by the two end faces of

nanowire.
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Fig.2. The PL spectrum under a Xe lamp excitation.

35000 TP Sew———
w excitonic emission,
110 pJ/cm? ‘é 30000 A = Green emission
98 /.LJ/CIn.2 : 250004 A —> -« 2
87 pJ/cm? = 20000/ g
70 pJ/cmz E 15001 A o 16§
) 55 pJ/cms é 100001 A =
2 = o 8 E
= £ s000] 2
g |
> o 8 = u R
o] T T T T T —0
% 50 60 70 80 90 100 110
= Pump fluence/(pJ/cm?)
5
g
5]
=1
—

350 400 450 500 550 600 650 700
Wavelength /nm

Fig.3.
pump fluence increased from 55 puJ/cm? to 110 puJ/cm?

The evolution of room-temperature PL as the

in the ZnO nanowires. Inset: The UV emission intensity
as a function of the pump fluence compared with the green
emission, and the pump fluence dependent FWHM of UV
band.

By comparing the situation under low excitation
with that under high excitation, it could be found
that, although the intensity of the green emission is
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dominant in the PL spectrum under Xe lamp exci-
tation, the intensity of the UV emission drastically
increases, and even lasing appears with the pump flu-
ence increase under high excitation. There exists a
competing relationship between the two emissions un-
der different excitation conditions. The two emissions,
excitonic emission and deep-level emission, have their
own decay channels and different dependences on the
pump fluence. Eventually, the stimulated emission oc-
curs at UV emission band under high excitation.

To understand the different dependence of the ex-
citon emission and the trap-state green emission on
the pump fluence, the dynamics of the excitonic emis-
sion and the green emission were studied. Figure 5(a)
shows the dynamics of the deep-trap state recombina-
tion, the inset gives the high-resolution decay process
of onset phase and the rise time after being excited is
~2 ns, as marked by the arrow. The decay time of
green emission fits well to a tri-exponential function
with the time constants of 37 ns (52%), 296 ns (35%),
and 1800 ns (13%). These decay components corre-
spond to the radiative and nonradiative recombination
process. The multi-exponential decay kinetics gives
a better view of the different relaxation mechanisms,
which were observed previously in several semiconduc-
tor nanoparticle and can be attributed to the different
charge carriers relaxation processes.[?3=25 The decay
of the charge carriers related to the trap states ex-
periences a complicated relax and recombination pro-
cess and usually has a slower decay rate than that
of the free exciton recombination. Figure 5(b) shows
the time-resolved spectra of exciton emission under
the pump fluence of 70 pJ/cm? and 98 pJ/cm? re-
spectively. The decay curves both fit well to the bi-
exponential functions with a fast time constant ¢y and
a slow time constant ts. For the pump fluence at 70 uJ
/cm?) the fast time constant t; is 84 ps with the am-
plitude 49%, and the slow decay time ¢4 is 630 ps with
the amplitude 51%. According to the reported result
of ZnO nanowires and nanoribbons,!*! the slow con-
stant is attributed to the weakly bound exciton spon-
taneous radiative decay, and the fast one relates to the
free exciton decay, which has a significant dependence
on the pump fluence. When the pump increases to 98
uJ /em?, above the threshold, the fast decay compo-
nent t¢ shortens to 28 ps and the amplitude increases
to 89%, while the slow decay component is 590 ps with
the amplitude 11%. The free exciton decay becomes
much faster with the pump fluence above the thresh-
old. It should originate from the exciton-exciton colli-

sion. The increase of the amplitude means that most
free excitons participate in the collision under high
carrier density.

According to the above-mentioned fitted results,
there exists a great difference on the rise time and ra-
diative recombination lifetime between the green emis-
sion and the UV emission. It is well known that the
rise time of the charge carrier decay after excitation
is a combined process of carrier relaxation towards
the subband edges, and subsequent relaxation from
large K state to K = 0, then the exciton recombines
to light.[26] For the decay process of deep-trap state
emission, the rise time is ~2 ns, as shown in the inset
of Fig.5(a), which is much longer than the rise time
(~2 ps) of exciton radiative decay under high carrier
density.?"28] This demonstrates that the deep-level
emission involves many processes and a long cooling
time in comparison with the UV emission. The recom-
bination radiative time of the trap state ranges from
tens of nanosecond to hundreds of nanosecond. How-
ever, for the near-band-edge excitonic emission, the
radiative recombination time are 84 ps (70 uJ /cm?)
and 28 ps (98 pJ/cm?), which are much shorter than
that of trap state recombination. The difference on
decay process of these two emissions determines the
intensity evolution with the pump fluence.
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Fig.4. The detailed evolution of multiple lasing modes
under higher pump fluence in ZnO nanowires.

For the trap-state related emission, the carriers
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are trapped very fast (~1 ps) at the beginning of non-
radiative decay.[??) After being trapped, these trapped
carriers will undergo a long relaxation process to the
lowest trapped states and subsequently recombine via
the radiative pathway with holes. So if the trapping
sites are relatively rich enough, then the green emis-
sion will be comparable with or even stronger than the
UV emission at lower pump fluence. This is consistent
with our observation with Xe lamp excitation and fs
laser excitation below the threshold energy. However,
the cooling and radiative recombination process of the
trap state carriers is very slow, which obstructs the
trapping sites to be vacated, and then induces the
saturation behaviour under high carrier density, thus
the UV emission becomes the main decay pathway
under high excitation for the short cooling time and
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radiative recombination time. Moreover, the decay
rate will become faster and faster with increasing the
pump fluence, while the green emission keeps its slow
relaxation and recombination rate with the increase of
pump fluence. The great differences on carrier cooling
and recombination between the two emissions induce
the superlinear increase of the UV emission intensity
with the increase of pump fluence in contrast to the
linear increase of green emission intensity, as shown in
the inset of Fig.3. In addition, the difference between
these two emissions is related to the different densi-
ties of state. Compared with the high density of the
near-band-edge exciton state, the density of trap state
is rather low for the limited trapping sites in the ZnO
nanowires, which are easily saturated at high excita-

tion.
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Fig.5. (a) The decay time of the deep-trap state recombination. Inset: The high-resolution decay process of onset phase
and the rise time was marked by the arrow. (b) The decay time of near-band-edge exciton recombination from ZnO nanowire

at two pump fluences, 70 uJ /cm? (solid line) and 98 uJ/cm? (dot line), respectively.

Therefore, the longer relaxation and slow radia-
tive recombination rate together with the lower den-
sity of the trap/surface states make it easy to be
saturated when enough carriers are generated under
high excitation. The trap-state recombination will not
be the main radiative channel at high pump fluence,
which makes a rather less influence on the formation of
stimulated emission at excitonic band in such nanos-
tructure, even though the surface-defect-related states
are inevitable in these nanostructures.

After the stimulated emission occurring at UV
band, further rising the pump fluence, the carrier den-
sity increases to a higher extent to form the electron-
hole plasma (EHP). The broad EHP recombination
will lead to form the multiple lasing modes in the

limit ZnO nanowire cavity. In these ZnO nanowires,
the orderly multiple lasing modes were observed un-
der higher excitation. Figure 4 shows the high-
resolution PL spectra at UV band under the excitation
of 225 puJ/cm?, 285 pJ/ecm?, and 375 pJ/cm? respec-
tively. The lasing mode also has a great dependence on
the pump fluence. The regularity of the multiple las-
ing modes exists as follows. Firstly, the strong mode
corresponds to the optical gain maximum, which is
the peak position of the amplified spontaneous emis-
sion (ASE). In this position, the mode firstly over-
comes the optical loss during propagation along the
¢ axis of the ZnO nanowire. It is well known that
the broadening of emission band and the red-shift of

the emission peak are the main characteristics of EHP
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recombination.[39) Therefore, accompanying with the
broadening of UV ASE band and the enhancement of
the emission intensity with the increase of pump flu-
ence, there are more modes which can compensate the
optical losses and form the oscillation between the two
end facets. There are more modes under the pump flu-
ence of 375 1J /cm? than that at 285 pJ/cm?, and 225
pJ/em?; as shown in the Fig.4(c). In the same way,
the red-shift of the ASE wave packet will make the
strongest mode shift to the low energy side. As the
situation of Fig.4(b) in comparison with that of Fig
4(a), it is consistent with the presumption, while the
situation in Fig.4(c) has the diversity. The fluctuation
of intensity in Fig.4(c) between the different lasing
modes is due to the high sensitivity of the F-P modes
to the local surface quality and the cleanliness of the
microcavity along the nanowire.!l The appearance of
many lasing modes demonstrates the good quality of
the end facet of the nanowires. A good understanding
about the rules of multiple lasing modes is also impor-
tant for the design and optimization of material and
devices.

4. Conclusion

In a common concept, the green emission from
ZnO nanostructures in air is unavoidable. Here we re-
ported the competing behaviours between green emis-
sion and UV emission of ZnO nanowires through the
power dependent PL spectra. It can be found that,
although the surface defect states extensively exist in
these ZnO nanowires, the stimulated emission and las-
ing occur at the UV band with the increase of pump
fluence. Through the time-resolved PL spectra of
these two emissions, we found that the deep-level emis-
sion, competing with near-band-edge emission, de-
pletes a few carriers at high excitation. Most excited
carriers recombine through the UV radiation. More-
over, the pump fluence dependent lasing modes were
shown under higher excitation. During the stimulated
emission, a nonlinear effect of EHP formation induces
emission band shifting and broadening under higher
excitation, which leads to the strongest lasing mode
redshift and the number of lasing mode increase with
the increase of pump fluence. The above-mentioned
processes of lasing mode should be helpful to under-
stand and optimize the optical devices of nanowire.
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