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Abstract:

The nonlinear optical effects such as second harmonic generation and two-photon
emission in ZnO nanocrystals have been studied using microscopic time-resolved and
time-integrated emission spectroscopy. The two-photon emission efficiency is
proportional to the emission from defect level. The stimulated transition of the carriers
from the conduction band-edge to the defect states significantly influences the efficiency
of the two photon process. The nonlinear emission characteristic depends significantly
on the origin of the emission and the power dependence is significantly different from the
surface emission compared to that emitted within the bulk of the nano-crystal. The two
photon emission efficiency generated within the bulk semiconductor reduces at higher
pump photon densities due to the saturation of the defect level states populated by
stimulated emission. The two-photon emission from the surface of the ZnO nanocrystals
increases and then followed by a saturation due to the increase in the intensity. Unlike
the two-photon emission from the bulk of the crystal, the surface emission does not show
any drop in the efficiency at higher pump intensities.
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The nonlinear optical properties of ZnO nanocrystals including nanoparticles [1,2],
nanowires [3], nanorods [4,5] and quantum dots [6] have garnered increasing interest
due to their potential application in UV emitters [4,6] and biomarkers [2,7,8] for
optoelectronics and biomedical imaging. ZnO is a non-centrosymmetric (NCS)
semiconductor which facilitates quadratic nonlinearities such as second harmonic
generation [2,5,9], or optical rectification [10] process. However, cubic nonlinear effects
such as two- or multiphoton emission [1,7-10] also occur concurrently with second order
nonlinear processes within the ZnO lattice. ZnO is a direct bandgap semiconductor with a
relatively strong exciton binding energy (~60 meV) compared to most direct bandgap
semiconductors. The linear interband transition and the resulting light emission process in
the presence of excitonic states along with several below band gap states due to shallow
and deep defects makes the light emission process rather complex. [11] ZnO also has a
large exciton oscillator strength and wide-spread LO phonon energy (72 meV at 5 K).
The selection rule for multiphoton absorption process in ZnO can be rather complex and
thereby effects the two-photon emission spectrum.

From a quantum mechanical perspective, the retardation effects due to the lack of
inversion symmetry in ZnO lattice, accentuated by the defects such as oxygen vacancy or
Zn interstitial sites can be very significant [12]. The photoluminescence emission due to
two-photon absorption is usually more efficient when the two-photon excitation energy is
around half the bandgap of the semiconductor due to enhanced third order optical
nonlinearity. [12,13] However, the NCS affects the ¥ of the system especially for near-
bandgap resonant transition regime. The effect of non-centrosymmetricity of the medium
on the third order optical nonlinearities for band-edge resonant transitions is more
significant in polar semiconductors like ZnO due to the modification of the electron-LO
coupling. One possible way is to explore the frequency and power dependence of the
two-photon emission process in the presence of second harmonic generation. Recently
there are a few reports on the competitive effects of SHG and two-photon emission
process in nanoparticles [1,9,14-15]. The excitation density dependence of the nonlinear
process has been analyzed and has usually been observed to increase with the pump-
intensity for the two-photon emission process [9,15] and the second harmonic generated
light and eventually saturate for the latter [9]. The nonlinear system is usually observed to
be dominated by the third-order nonlinear process at higher excitation density and has
been interpreted in terms of the thermal dissipation and electric field distribution. In all
these reports, the measurements were performed at room temperature. The presence of
phonons at room temperature does not influence the macroscopic SHG process, however
the two-photon process is significantly influenced. Almost none of the work on optical
nonlinearity in ZnO nanocrystal system has reported the two-photon absorption induced
radiative recombination rate. The competition of the SHG and two-photon process is also
very unique. The novelty of the work arises from the change in the two-photon process
depending on the origin of the process and the excitation conditions. The characteristics
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of the two-photon induced nonlinearity, such as the absorption saturation behavior or the
recombination lifetime is distinctively different when the emission occurs from within the
bulk or from the surface of the nanocyrstals. In the present paper we investigate the
optical nonlinearities at low temperature especially the two-photo emission process in the
ZnO nanocrystals. The origin of two-photon nonlinearity in the presence of second
harmonic generation is discussed in the present paper. The dependence of radiative
lifetime on the excitation density is also presented that has not yet been investigated. A
tunable laser source has been used to study the induction of the optical nonlinearity both
at the band-edge resonance and also at off-resonant frequencies. The effect of the defect
level states on the two-photon emission process has been studied. The excitation density
dependence studies has been corroborated with time-resolved emission spectroscopy
measurement at 4.2 K.

ZnO nanocrystals, in powder form, were synthesized using an arc plasma method
[1] at atmospheric pressure in an air ambient with an arc current of 90 A ) and were then
annealed in atmosphere at 1000° C for 1 hour. [1]. The ZnO crystals in nano- and micro-
scale was optimized with enhanced two-photon emission properties by growing them in
atmospheric air with high crystalline quality and with relatively low oxygen vacancy in
the lattice. The nanocrystals had surface that were highly positive in nature. The shape of
the ZnO particles ranged arbitrarily from nano- and micro-particles to tetrapods as shown
in Figure la.

The nonlinear optical measurement were performed using a 40x objective lens
with long working distance to couple the light into a cryostat. The SHG measurement
were performed under a collection geometry with the SHG signal being collected in the
forward direction, where as the two-photo emission measurement were performed under
an illumination-collection geometry. A tunable Ti:Sapphire laser source(690nm to 960nm)
with pulse width 80 fs and a repetition rate of 80 MHz was used as the excitation source.
The two-photon PL emission was detected by a Streak Camera (Hamamatsu Streak
Scope C4334) with a resolution of 15 ps. A closed cycle liquid Helium cryostat was used
for maintaining the samples at 4.2 K. For the single photon photoluminescence
measurement, a BBO crystal based frequency doubler was used with the excitation
wavelength at 350 nm. We also used a CW HeCd laser source with the excitation
wavelength at 325nm for steady-state PL measurements.

Figure 1b shows the PL spectrum due to single photon excitation by 350nm laser
pulse at 3mw to induce emission from free excitons at 3.29e¢V nm and an exciton bound
to Zn interstitial atom at 3.22 eV and a broad peak from defect levels centered around 2.9
eV. However, no green emission was observed from these samples due to the presence of
any oxygen vacancy as widely prevalent in wet chemistry based synthesis techniques.
The penetration of the incident light at 350 nm is ~50 nm within the nanocrystal, which
is significantly lower than infrared irradiation at 700 nm or at 800 nm. The excitation by
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the near-infrared laser at 800 and 840 nm results in SHG at 400 and 420 nm. The width

of the SHG signal is dictated by the width of the fundamental pulsed laser. The SHG
signal is simply a harmonic output of the input laser source and manifests the width of the
80 fs excitation pulse that has a transform limited width of ~ 14 nm at 800 nm. The SHG
signal can be clearly observed for a pump wavelength corresponding to 750 nm. However,
a further reduction of the excitation wavelength results in interband transition due to two
photon excitation.

Figure 1c shows the two-photon emission spectra at various excitation power at
4.2 K with the excitation energy at 730nm (1.7 eV) with the energy high enough to
enable band-band transition in ZnO (Eg ~ 3.37 eV) via a two-photon absorption process.
It is observed that an emission at 383 nm is observed accompanied by a broad band
emission from 400-470 nm. As the excitation density is increased, the high energy
emission red-shifts and merges with the blue emission at ~ 430 nm. Phonon assisted
multi-photon transition is likely to be responsible for the emission from states
significantly below the bandedge of the ZnO or the single photon PL emission.

Figure 1d shows a comparison of the single photon and two-photon induced
photoluminescence process excited by low and high power incident laser excitation. The
sharp excitonic emission observed under single photon excitation at 3.81 eV or 325 nm
light is not observed in the multi-photon process induced emission There are two reasons
for the application of high excitation power densities for the study of the multi-photon
process. Firstly the two photon absorption process is a nonlinear process and occurs at
relatively higher threshold compared to single photon process. Due to very low two-
photon cross-section in ZnO nanocrystals, one cannot observe the two-photon induced PL
emission at very low excitation densities which has been used to observe single photon
PL. The density of state in the conduction band which mediate the single photon
absorption is significantly higher compared to the virtual states or the deep-level defect
states which mediate the two-photon absorption process.

Secondly as a high-repetition rate frequency doubled Ti:Sapphire laser is used, it is
impossible to obtain comparable or very high power densities in the UV range for single
photon excitation process. On the other hand the Ti:Sapphire laser fundamental
wavelength used for the two-photon or SHG process has significantly higher excitation
power. Moreover as we have used a microscope objective to differentiate the surface and
bulk or volume excitation in the ZnO nano-crystals it is impossible to reduce the power to
the level of single photon excitation using CW HeCd laser or second harmonic laser
excitation.

The penetration of the excitation light pulses at wavelength ~ 350 nm is
significantly shorter than the excitation at 730 nm. This is not only due to the lower
penetration of the short wavelength light within a dielectric compared to the longer
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wavelength light, but also there is no linear absorption of the photon incident at 730 nm.
Moreover the shorter wavelength light generated within the ZnO crystals due to the
bandedge emission are reabsorbed within the nanocrystal which is more than the single
photon induced PL that occurs mostly at the surface. It leads to a quenching of the short
wavelength emission which is significantly more in case of two-photon process resulting
in a quenching of the high energy emission. The peak center of the two-photon emission
thereby appears to be red shifted. [17]. The thermal effects are dominant at room
temperature. All the experimental results presented in the present work were performed at
77 K or lower. At low temperature the thermal effects appears do not affect the emission
process as the recombination lifetime is observed to be longer. Any thermal induced
phonons will result in dissipative process which will increase the non-radiative
recombination rate and thereby reduce the PL lifetime and is not observed in our case. In
fact the recombination lifetime of the two-photon induced recombination process
increases with intensity due to the many-body effects and the hole-state mediated
recombination process.

Figure 2a shows the comparison of the SHG and TPE efficiency as a function of
the excitation laser wavelength. It is observed that the two-photon process and the second
harmonic generation process compete with each other from 700-760 nm wavelength.
When the wavelength was above 760nm, the SHG process dominated; whereas for
wavelength below 750 nm the two photon emission process dominated. Between 745-
755nm the efficiency of the SHG and the two-photon process is almost identical. The
experimentally measured absorption coefficient for the ZnO nanocrystals is shown in
Figure 3 (b).

The SHG always occurs in ZnO cystals due to the surface and the non-centrosymmetric
nature irrespective of the excitation wavelength. However , as we approach the excitation
wavelength to 750nm and below, the two photon absortion below bandgap occurs due to
presence of defect states . The SHG light is absorbed by ZnO crystal. This band-edge
absorption modified the light matter interaction and the SHG generation efficiency as
well. This is also the possibility of SHG induced bandedge photoluminescence which
can contribute to the total emission process.

The relative increase in the two-photon efficiency can be explained using the
uncertainty principle, where AE*At > h, where AE (= Ecx-Ey) is the difference between
the incident photon energy and the bandgap of the semiconductor and At is the lifetime of
the virtual state. The smaller AE (or in other words, for resonant two-photon excitation)
the longer is the lifetime of the virtual state. Therefore the carriers in the virtual state will
have more probability of interacting with the incident light and absorb the second photon
to be excited into the conduction band resulting in a higher two-photon efficiency. Thus
the two-photon transition rate increases with an increase in the incident light energy
(frequency).
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On the other hand as the excitation wavelength increases, the two-photon
absorption decreases and the nonlinearity in the NCS ZnO crystal is dictated by second
harmonic generation. The SHG emission is dominant for excitation wavelength above
750nm. The SHG conversion efficiency increases with the wavelength due to the increase
in the penetration depth of the photons within the crystal as well as reduced scattering
compared to photons at shorter wavelength.

The second harmonic generation always occurs in the ZnO nanocrystals due to the
surface and the non-centrosymmetric nature of the crystal irrespective of the excitation
wavelength. In results which is not show in the present paper we have observed second
harmonic generation using NIR laser even at wavelengths exceed 1.0 micron using
Nd:YAG lasers. However on the use of excitation wavelengths lower than 750 nm, the
two-photon absorption below the bandgap occurs due to the presence of defect states
such as Zn interstitials. The generated SHG light is absorbed by the ZnO nanocrystal.
Using separate studies, using high resolution microscopy we have observed SHG in the
presence of two-photon emission. As one gets to the lower wavelength such as 720nm or
below, the SHG is not only absorbed by the bandgap of the semiconductor. This band-
edge absorption by the semiconductor in turn modifies the light matter interaction and the
SHG generation efficiency as well. There is also the possibility of SHG induced
bandedge photoluminescence which can contribute to the total emission process.

So the competition of SHG and two-photon emission process occurs due to the flow of
energy from simply non-absorption two-wave mixing (SHG process below the bandgap)
to three-wave mixing process in the two-photon absorption of light associated with one
photon emission close to the semiconductor bandgap. A temperature dependence of the
PL and second harmonic generation process was studied. The PL intensity increases with
a decrease in temperature as the non-radiative processes due to phonon scattering are
minimized. The modification of electron-phonon coupling also increases the emission
efficiency from the bandedge exciton. The SHG intensity is however independent of the
temperature and depends more on the surface scattering properties of the ZnO
nanocrystal which can be effected by the nano-particle aggregation.

Figure 3 depicts the power dependence of the TPE process in ZnO nanoparticles.
The two-photon absorption coefficient usually increases with incident power densities,
but eventually attains a saturation [20] at higher photon densities. However we have
observed that the saturation behavior strongly depends on the origin of the two-photon
emission. Figure 4a shows the power dependence of TPE from within the volume of the
ZnO nanoparticles. The intensity dependence of the total TPE process is compared with
the power dependence of the stimulated emission mixed with electron-hole-plasma
(SMEHP) emission and defect bound excitonic emission in the ZnO semiconductor
nanocrystals. [18, 19].
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Initially, there is an increase of the two photon process along with the stimulated
(SMEHP) and defect emission. However as the electron density increases, the defect
emission due to Zn interstitial is saturated and the total emission decreases significantly
along with the stimulated (SMEHP) process. This decrease in the TPE can be altered by
focusing the light to the surface of the ZnO nanocrystals where the total absorption of the
total number of incident photons within the semiconductor is limited to the surface.
Figure 3b shows that the unlike the emission characteristics from within the nanocrystal,
the effective TPE from ZnO surface increases. This increase in not due to change in the
non-radiative recombination process due to reduced surface traps as in case of single
photon photoluminescence as it can be observed from Fig.3b that the defect density did
not saturate and instead increased at higher power. However, the TPE characteristics
from the stimulated electron-hole plasma (SMEHP) emission process and the is similar to
that of the TPE emission from within the bulk of ZnO nanocrystals. The difference in the
behavior of the defect emission is likely due to the location of the defects within the ZnO
nanoparticles compared to its interaction with the photons. TEM analysis [1] shows high
crystalline quality within the bulk of the samples with low defect density which are
saturated easily compared to relatively higher defect at the surface that takes more
photons to saturate. Thus for the laser power used for the current experiment with nano-
Joule of energy, the Zn interstitial defect are not saturated and any increase of the photon
density actually increases the defect bound excitonic recombination as well as the two-
photon transition probability.

In case of two photon emission in ZnO nanoparticles, the carriers excited into the
virtual state absorbs a second pump photon and are pumped into the conduction band.
When the photon density is low as in case of a weak excitation intensity, the excitons or
the carriers occupy those state corresponding to the double of the incident energy or
subsequent lower energy states . However, there are two components emission spectrum
excited by a 730 nm laser source- the free exciton emission and electron hole plasma
recombination. With an increase in pump intensity, the electron hole plasma dominates
the TP emission spectrum and is consequently redshifted.

Figure 4 shows a schematic of the decay process in our system. As in case of any
two-photon process, the electrons from the valence band absorb an incident photon and is
excited to the virtual state and re-excited to the conduction band instantly on the
absorption of a second photon. The emission can occur due to the recombination of the
excited carriers from the conduction band with the holes in the valence band with an
energy ~ 3.3 eV. At high enough excitation densities, the carriers can emit due to
stimulated (SMEHP) emission in the range 3.2 -3.05 eV [21-23]. The presence of Zn
vacancy sites at 0.2 eV above the valence band can result in additional defect level
emission that can be significantly red-shifted [24]. The carriers can non-radiatively decay
to the defect level states. For lower excitation photon density, excitonic states are not
saturated and free exciton can dissociate and relax to other allowed defect bound
excitonic eigenstates. However under stronger optical pump intensity, the lower energy
states in the CB are likely to be fully occupied due to band-filling effect. It results in
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reduced carriers from the intermediate virtual state to the conduction band, which can
lead to a decrease of hole density in the valence band.

Figure 5a shown the time-resolved photoluminescence lifetime for the single
photon, two photon process along with the temporal profile for the second harmonic
signal. As mentioned earlier, the SHG process is dictated by the femtosecond pulse
profile and the temporal resolution is limited by the speed of the streak camera. The
emission life-time from both the single and two-photon excitation process is measured. It
should be emphasized that the measurements were performed at low temperature (4.2 K)
so that the non-radiative recombination process due to phonon scattering can be
minimized. The band-band recombination process is observed to be a bi-exponential
process (Fig.5a) , with the faster process being the non-radiative process with a shorter
time constant t;, whereas the slower process being the radiative process with a relatively
longer time constant t,. The faster process is comparable for both the single and two-
photon process with ti_pr) ~ 0.14 ns, whereas ti.(rpg) ~ 0.13 ns. The radiative lifetime on
the other hand is significantly more longer for the single photon induced PL process (t»-

1) ~ 3.12 ns) as compared to the two-photon induced emission process (ti-(rpg) ~ 1.56 ns).

Compared to single photon process, the two-photon process is influenced more by
exciton - phonon interactions which modifies the radiation recombination rate.
Localization of excitons in semiconductors usually results in increased radiative lifetime
with binding energy [25]. The red-shift in the two-photon transition induced emission
spectrum along with the relatively shorter radiative lifetime is an indication of
delocalized excitonic or defect bound excitonic contribution to the emission process.

Figure 5b shows the time-resolved two-photon emission at low and high
intensities. It can be observed that decay time increases with the incident power density.
The carrier screening induced by the increased pump-photon density is likely to increase
the recombination lifetime. For off-resonant two-photon excitation well above the band-
edge the trapping of the photo-carriers by deep level defect center at the mid-gap can also
reduce the carrier recombination time. The wave vector difference is doubled in the two
photon excitation process, which results in the participation of phonons in the
recombination process as evidenced by the large red-shift in the emission spectrum. This
results in an increase in the recombination lifetime for the electron-hole plasma as shown
in Figure 5b. The two photon emission decreases due to the reduced probability of
electron-hole plasma even though the Zn interstitial vacancy states are not affected by the
band filling effect in the conduction band.

In conclusion, we present an experimental analysis of the competition of two photon
process in a noncentrosymmetric medium with high SHG efficiency. It is observed that

the below bandgap states significantly influences the efficiency of the two photon process.

It is observed that the SHG process is more efficient at higher pump wavelength, and is
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completely dominated by the two photon emission process below 750 nm. The two-
photon emission is optimal when the incident photon density is localized close to the
surface of the ZnO nanoparticles. At high pump intensities, the re-absorption of the UV
visible light by the Zn interstitial defect sites leads to the decrease of two photon
emission generated within the bulk of the nanocrystals.
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Figure captions:

Figure 1a-i Transmission electron microscope (TEM) images of ZnO nanoparticles
a-i1 Scanning electron microscope (SEM) image of ZnO

Figure 1b: Photoluminescence spectrum from ZnO nanocrystals with input laser
wavelength at 350 nm and the normalized second harmonic generated signal with the
excitation laser at 740nm, 800nm and 840nm

Figure

(1c) Two photon emission spectrum with the laser spot at the surface (near surface ) with
an excitation laser wavelength at 730nm laser pulse at various average incident power.

Figure (1d): Comparison of photoluminescence emission spectrum - the single photon PL
is observed due to excitation by 356nm laser at 3mw and two photon emission excited by
730nm laser at 510mw and 1170 mw. The internal figure is SMEHP peak position
shifted with incident power.

Figure 2:

(a): Normalized Intensity I,,/Ii, for Two photon emission and second harmonic
generation

(b):Absorption coefficient for ZnO nano-particles.

Figure 3:

Intensity dependence of two-photon emission on the incident laser intensity. The solid
triangle represents total emission; solid round represents SMEHPemission and solid
square represents defect emission.

(a) Two photon emission from within the ZnO nano/microcrystallites.
(b) Two photon emission from near surface of ZnO nano/microcrystallites.

Figure 4: Schematic ZnO two photon emission process. The double thin solid lines
represents two photon excitation; the thick single solid line is the Bband emission (BE) ;
a single dashed line is the SMEHPemission (SE) and double dashed line represents defect
emission(DE). Vyz, is Zn vacancy

Figure 5a: Comparison of single photon PL, two-photon emission and SHG intensity

Figure 5b: Two photon emission decay time depend on incident power intensity
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Figure 1: Lin et al.
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Figure 2: Lin et al.
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Figure 3: Lin et al.

[} . B

Intensity (a.u.)
>

200 400 600 800 1000
Incident power (mw)

JJ e

\

-
\
/
/

Intensity (a.u.)

o
\

600 800 1000 1200
Incident power(mw)



Figure 4: Lin et al.
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Figure 5: Lin et al.
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