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The near-ultraviolet photoluminescence of ZnO nanorods induced by multiphoton absorption of un-
amplified Ti:sapphire pulses is investigated. Power dependence measurements have been conducted
with an adaptation of the ultrashort pulse characterization method of interferometric frequency-
resolved optical gating. These measurements enable the separation of second harmonic and photo-
luminescence bands due to their distinct coherence properties. A detailed analysis yields fractional
power dependence exponents in the range of 3 to 4, indicating the presence of multiple nonlinear
processes. The range in measured exponents is attributed to differences in local field enhancement,
which is supported by independent photoluminescence and structural measurements. Simulations
based on Keldysh theory suggest contributions by three- and four-photon absorption as well as
avalanche ionization in agreement with experimental findings.

INTRODUCTION

ZnO nanorods are high aspect ratio nanostructures,
which are interesting for their salient linear and nonlin-
ear optical properties and relative ease of sample prepa-
ration [1]. Grown for example on glass or silicon sub-
strates, ZnO nanorods have been shown to be an effective
medium for both second-harmonic generation (SHG) [2—
9] and third-harmonic generation (THG) [7-11]. Their
photoluminescence (PL) bands [12-17] in the ultravio-
let (UV) and visible (VIS) spectrum, due to near band-
edge excitonic and deeper defect level emission, respec-
tively, are accessible even at room temperature (RT), in
the former case due to a high exciton binding energy of
E, = 60meV [18]. Furthermore, the PL bands are in-
teresting for applications, e.g., RT UV-lasing on a chip
level [19] or photodynamic therapy [20].

Nanorod structures can exhibit relatively large con-
version efficiencies for nonlinear optical processes. These
efficiencies often exceed the obtainable conversion in bulk
films of equal or larger thickness. For example, Ref. [1]
reported efficient SHG for ZnO nanorod samples. While
the coherent SHG process is relatively well understood
there is a concomitant photoluminescence contribution
deeper in the ultraviolet. This contribution is induced
by multiphoton absorption of near infra-red (NIR) pump
pulses, and its origin has been explained by a multitude
of different nonlinear optical processes, ranging from two-
photon [1, 4-6, 21, 22] over three-photon [3, 23] to four-
photon [24] absorption processes (#PA). As a further
complication, power dependence measurements often re-
veal fractional exponents, which indicate the presence of
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at least two simultaneous nonlinear processes of differ-
ent order. Moreover, it is puzzling that exponents corre-
sponding to 2PA processes are sometimes observed, even
though the pump photon energy was found insufficient
to excite carriers across the bandgap F, = 3.37¢V in a
2PA process. As a possible explanation for these find-
ings, various mechanisms such as band gap renormaliza-
tion (BGR) [21], bandgap shrinkage due to heat accu-
mulation [4, 21], or Rabi oscillations [5, 21] have been
proposed.

Here we report a method for reliable extraction of
the power dependence components from interferomet-
ric frequency-resolved optical gating (iFROG) measure-
ments [25—28]. The method is largely immune to power
fluctuations and includes intrinsic consistency checks
that are based on simultaneous measurement of the co-
herent SHG contribution and the multiphoton-induced
PL signal. Moreover, iFROG allows the characteriza-
tion of our pulses in situ by employing the nanorod sam-
ples as the nonlinear medium for THG, allowing us to
precisely estimate the peak field intensity in the sam-
ples. Using ZnO nanorod samples that were manufac-
tured with three different methods, exponents ranging
from 3.2 to 4.0 are found, indicating simultaneous three-
photon and four-photon excitation, or possibly other
nonlinear processes, with varying degrees of each con-
tribution. Tunneling ionization is excluded based on a
Keldysh parameter v ~ 0.04 < 1 for our experimental
conditions, clearly indicating operation in the multipho-
ton absorption regime [29]. Independently determining
the luminous efficiency of the three different samples to-
gether with morphological and structural characteriza-
tion of the nanorod films, we are able to reconstruct the
local field enhancement [30]. We observe a clear corre-
lation between strong field enhancement and large ex-
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ponents, which are supported by numerical simulations
based on Keldysh theory in the multiphoton absorption
regime [31, 32]. Furthermore, the Keldysh simulations
also suggest that avalanche ionization contributes signif-
icantly to the generation of carriers, allowing a stronger
power dependence than could be expected from the ef-
ficiency of multiphoton absorption processes alone. Our
results suggest that large enhancement factors can have
a beneficial influence in obtaining the highest conversion
efficiencies near the damage threshold of the films. More-
over, we find that different growth techniques can pro-
duce nanorod films with significant differences in SHG
conversion efficiencies approaching one order of magni-
tude. We cannot, however, find any evidence for a promi-
nent role of 2PA, or 2PA enhancing mechanisms in the
UV-PL process. Instead, our experimental findings are
fully explainable within the framework of Keldysh theory,
as evinced by simulations.

SAMPLE PREPARATION AND
CHARACTERIZATION

Three differently grown samples of ZnO nanorods were
used in our experiments to ensure that our findings are
not simply a feature associated with a single growth tech-
nique. There exist numerous growth techniques to pro-
duce ZnO nanorods, with varying results in achieved op-
tical properties [33]. Our chosen techniques produce high
quality nanostructures, as evidenced by the strong UV-
PL emission spectra found in all of the selected samples.
Some of the nanorods were grown using a vapor-liquid-
solid (VLS) technique [34, 35] with (i) Au nanoparticles
or (ii) an Au thin film as a catalyst on substrates of fused
quartz. Alternatively, (iii), we used vapor phase trans-
port (VPT) on a ZnO buffer layer with no catalyst to
grow ZnO nanorod films [36, 37] on a fused silica sub-
strate. Finally, a chemical bath deposition [36] sample
was also tested but ultimately discarded as no UV-PL
emission was observed. Significantly weaker (often by 2-
3 orders of magnitude) PL emission from chemical bath
grown ZnO samples compared to samples grown by high
temperature processes is a very common observation [38].
Figure 1 shows scanning electron microscope (SEM) im-
ages of the chosen nanorod samples. Although the sam-
ples were grown using different techniques, the intrin-
sic material properties of all the samples are essentially
identical according to previous studies [35, 37]. To ver-
ify this, X-ray diffraction measurements were conducted
(not shown), corroborating the high quality ZnO wurtzite
structure with similar lattice constants in the samples,
all close to the value obtained for bulk ZnO. Moreover,
the Au catalyst used for samples (i-ii) was not detected
in these measurements or any other of our characteriza-
tion measurements. Whatever undetected Au remains in
the vicinity of the nanorods, it is not expected to signif-
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icantly affect the relevant properties of the ZnO because
the Au resides almost entirely on top of the nanorods,
as shown in previous studies [35]. Furthermore, the un-
avoidable Au impurity concentrations remaining within
the nanorods do not significantly affect or degrade ei-
ther the low temperature, or room temperature, UV-PL
emission originating from excitonic recombination [39].
Rather, the essential difference between the samples lies
within the geometry of the nanorods, and the possible
gold deposits on top of the rods, as these can affect the
local electric field strength within the nanorods [40]. Nev-
ertheless, due to the higher initial Au content in the thin
film catalyst used for sample (ii) in comparison to the
Au nanoparticles used for sample (i), it seems probable
that more residual Au remains on the substrate, or in
the vicinity or on the walls of the nanorods of sample
(ii), leading to slightly different plasmonic properties be-
tween the two Au catalyst samples.

The VLS samples show similar nanorod diameters of
~90nm, and layer thicknesses of ~1pm, but while the
ZnO nanostructures grown via Au nanoparticles appear
to be randomly oriented in sample (i), the sample grown
with an Au thin film (ii) shows a1 pum wide patches of
similar orientation apparent in larger scale images (not
shown). The nanorods in (iii) are larger, ~170nm in di-
ameter with a layer thickness of 40 pnm, and are oriented
consistently along the substrate normal. For the subse-
quent experiments, where the samples are illuminated
with NIR pulses at (or close to) normal incidence, the
in-plane orientation of the nanorods with respect to the
pump polarization can be considered as random because
the spot size of the beam (/5 pum) exceeds the transverse
width of any observed features on the samples. This
also explains why sample rotation with respect to the
pump polarization was not found to significantly affect
the measurements. The samples are visibly different in
appearance. The VLS samples have a number of regions
of variable translucence, most probably due to variance
in the thickness of the nanorod layer. Sample (i) has a
white and sample (ii) a pink hue with a dark ring, while
sample (iii) is white, opaque, and uniform. We note that
the observable pink hue of sample (ii) is indicative of
plasmonic resonance effects visible in this sample due to
the larger amount of gold present, mentioned further be-
low, due to Au nanoparticles on top of the nanorods or
elsewhere. Considerable fluctuation of the nonlinear re-
sponse and the susceptibility to damage was observed in
the visibly different regions of the samples, most promi-
nently in sample (ii). A single region of each sample was
therefore consistently selected for the power dependence
measurements.

We further analyzed the SEM micrographs in Fig. 1
to obtain an estimate for the 2D fill factors, which range
from 3.5% for sample (i) to 9% in sample (iii). Using
these numbers and accounting for the film thickness, we
compute the relative content of ZnO in the focal volume
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FIG. 1. SEM images of the various ZnO nanorod samples
used, taken at £45°. i: vapor-liquid-solid growth technique
using Au nanoparticle catalyst. ii: same growth technique
employing Au thin film catalyst. iii: vapor phase transport
growth on a ZnO buffer layer with no Au catalyst used.

TABLE 1. Quantities derived from SEM, PL, and iFROG
measurements

Sample (i) (ii) (iii) single crystal
Film thickness (pum) 1.5 09 40 1000
Nanorod diameter (nm) 88 96 175 -

2D fill factor (%) 35 42 9.0 100

3D fill factor p (%) 0.1 0.07 7 100
Luminous efficiency n 0.92 0.28 1.03 1
Decay constant 7 (ps) 490 330 530 970
Field enhancement -y 249 216 148 1
Intensity enhancement 4% 6.2 5.1 2.4 1

of the laser employed in the experiments discussed below.
These estimated volume fill factors are listed in Table 1
together with all other relevant parameters of the sam-
ples.

iFROG MEASUREMENTS

In order estimate the number of photons involved in the
excitation of the UV-PL process, we adapted the pulse
characterization technique iFROG for spectrally resolved
power dependence measurements capable of distinguish-
ing coherent and incoherent emission. The iFROG em-
ploys a pair of collinearly propagating, variably delayed
but otherwise identical copies of an input pulse, and mea-
sures the spectrum of a nonlinear mixing process (typi-
cally SHG or THG) as a function of the time delay, pro-
ducing a 2D spectrogram known as an i{FFROG trace. Two
differing examples of iIFROG traces are presented here.
The first example, shown in Fig. 3b, contains both SHG
and UV-PL signals and is used for measuring the power
dependence. A second example employs THG and is used
to characterize our pulses, see Fig. 4a. A more detailed
explanation of iFROG is given e.g. in Refs. [25, 27, 28].
Further details of the underlying physics of the SHG and
PL processes in ZnO nanostructures can be found e.g. in
Refs. [16, 41].

In order to detect possible 2PA enhancing mechanisms
previously suggested [4, 5, 21], we aim to operate with
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FIG. 2. Measured laser spectrum before (blue line) and after
longpass filtering (red line).

photon energies below, but as close as possible to the 2PA
threshold. To this end, an RG780 glass long pass filter
was used to limit photon energies of the incident field to
E < (E;, — E;)/2 or > 750 nm such that no direct 2PA
can take place, to free excitonic states or between the va-
lence and conduction bands (CB). Furthermore, the spec-
tral overlap between the SHG at ~ 400 nm and UV-PL at
~ 380 nm is greatly reduced due to the suppression of the
short wavelength tail of the SHG spectrum. The filtered
fundamental spectrum spans the 750-970 nm range with
the maximum at 810 nm, see Fig. 2. This close proximity
to the 2PA threshold could not have been utilized with
the time-resolved PL measurements described below, as
the SHG and UV-PL contributions would have been in-
separable. We proceed to explain why this is not the case
with iFROG.

iFROG has been previously used by Schmidt et al. [41]
to measure the VIS-PL defect emission alongside SHG for
a ZnO thin film. In particular, it was shown that the tem-
poral sampling of iFROG readily allows identification of
nonlinear processes with different coherence properties.
At increasing time delays, the coherent harmonic gener-
ation, e.g. of SHG, results in an increasing spectral tilt
of the interferometric fringes with respect to the central
fringe at zero delay, which is parallel to the wavelength
axis. This tilt effect can be clearly seen in the wavelength
range > 390nm in Fig. 3. In contrast, incoherent spon-
taneous emission (PL) gives rise to a markedly different
fringe pattern, in which all of the fringes are parallel,
cf. the spectral range below 390 nm in Fig. 3. The ability
to discern and isolate these two processes is particularly
important under our experimental conditions where the
UV-PL and SHG spectra can partially overlap. Previous
accounts have resorted to identifying the spectral com-
ponents, e.g., by assigning multiple Gaussian distribu-
tions to the recorded spectra, and then extracted power
dependences from these curves [1]. This somewhat arbi-
trary assignment can be avoided with our method. An
influence of the spectral wings from the neighboring spec-
tral component is mitigated by applying Gaussian filters
centered at the maximum emission wavelength of each
component. Aside from its spectral resolving capability,
the collinear geometry of iIFROG allows tight focusing,
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which, in turn, enables us to reach high peak intensi-
ties close to the damage threshold of the material, which
proved essential for achieving efficient UV-PL.

As iFROG is essentially a spectrally resolved interfe-
rometric autocorrelation (iAC, [42]), a simple spectral
integration of the trace provides the iAC signal. The
contrast ratio r between the iAC signal at infinite delay
and at zero delay can then be used for measuring the
power dependence of the nonlinear process involved [41].
The number of photons involved m is connected to the
ratio r via

1 1
m = og2r L )

In the case of SHG, a two-photon process, one expects
a contrast ratio of » =1:8. For an underlying THG pro-
cess, in contrast, a 1:32 contrast ratio is expected. Minor
experimental imperfections can, however, easily induce
deviations from these ideal values. In our measurements,
we can readily obtain contrast ratios above 1:7 in the
SHG component of the iFROG trace, yet observe ratios
well above 1:32 in the UV-PL signal, which is clearly in-
dicative of quite a high number of photons involved in the
excitation of the associated UV-PL process, cf. Figs. 3a
and c.

Wavelength (nm)

Time delay (fs)

FIG. 3. b Measured iFROG trace using a log scale for sample
(i) has been divided into SHG and UV-PL parts by a white
dashed line at 391 nm, emission peaks of which are respec-
tively at 410 nm and 381 nm. a & c Interferometric autocor-
relations obtained via spectral integration of the two parts of
the traces reveal (for this particular run) peak-to-background
ratios of 7.3 for SHG and 84 for UV-PL, corresponding to
fractional exponents of 1.93 and 3.70, respectively. The SHG
fringes tilt with increasing delay (green dash-dotted lines)
while UV-PL fringes remain parallel to wavelength axis (green
dotted lines).

In addition to SHG and UV-PL, THG was also mea-
sured using the same experimental conditions except for
the detection wavelength range. As the THG emission
band is spectrally completely isolated from any other
band, we can use it to characterize our pulses in situ
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using iIFROG [11]. An iterative algorithm [43] was used
to retrieve the complex electric field of the pulse, giving
us a full width at half maximum pulse length of 39 fs,
cf. Fig. 4. The power dependence exponents derived for
the THG measurements were consistently in the range
[2.9, 3.0], i.e., very close to the ideal value of 3 for a
third order process, further corroborating the good per-
formance of the measurement system.

Knife edge measurements gave a beam waist parame-
ter of wy = 2.6 pm, setting the peak intensity at focus
to Iy = 0.5 TWem™2 for the filtered pulse, which is an
order of magnitude below the reported damage thresh-
old of 5TW cm~2 for bulk ZnO [44]. Nevertheless, we
observed optical damage in all of the nanorod samples in
our experiments. We attribute this to local field enhance-
ment and to heat accumulation. Moreover, a redshift of
~ 50 meV of the UV-PL emission peak was observed
for sample (iii) when subjected to a pump beam power
~ 20 % below the empirical damage threshold. This red-
shift is attributed to bandgap narrowing due to heat ac-
cumulation in the nanorods. The observed ~ 50 meV
shift corresponds to a =~ 100K increase in sample tem-
perature [45]. To avoid damage and heat accumulation,
we reduced the peak intensity in the focus by placing a
neutral density filter (ND < 0.6) in the beam path when
necessary. The optical density of this filter was chosen
such that no catastrophic damage or emission redshift
was observed anymore.

In our experiments, we observed large fluctuations of
up to an order of magnitude of the nonlinear emission
intensity with respect to transverse position on the na-
norod samples. In addition to variance in the amount of
Zn0 in the focal volume, this finding suggests a variance
in the achieved local field intensities within the nanorods.
This fact also manifests itself in the measured exponents
for the UV-PL process, as we will discuss later on.

PHOTOLUMINESCENCE MEASUREMENTS

We further characterized our ZnO nanorod samples by
time-resolved photoluminescence (TRPL) measurements
using a streak camera and multiphoton excitation. A
Ti:sapphire oscillator was tuned to a center wavelength
of 830nm in order to have the least possible amount of
overlap between the SHG and UV-PL emissions while
still maintaining similar experimental conditions to the
iFROG experiments discussed above. The spectral sep-
aration here could not be made as small as with the
iFROG measurements, because (unlike with iFROG) a
possible overlap of PL and SHG would be difficult to de-
tect with the streak camera measurements. Pulses with
a duration of ~ 80fs and 570 mW average power were
focused onto the sample at approximately 20° angle of
incidence, and the emission spectrum was recorded by a
combination of a spectrograph and a streak camera syn-
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FIG. 4. a Measured third harmonic iFROG trace in log scale for sample (i). b Using the iIFROG trace, the electric field
intensity (blue line) and phase (red dashed line) profiles of the pulse incident on the ZnO nanorods were reconstructed. The
parabolic phase is due to the group velocity dispersion from the long pass filter used.

chronized to the oscillator repetition rate. These mea-
surements were repeated for samples (i-iii) and, addi-
tionally, with a 1 mm thick single crystal ZnO sample
(Fig. 5).

Two spectrograph gratings with different groove densi-
ties were used: a sparse grating (300-580nm) for Fig. 5a,
capable of capturing the entire emission spectrum, and a
dense grating (340-400nm) that captures only UV-PL,
allowing exposure adjustment independent of SHG emis-
sion, for Fig. 5b. The former measurements were spec-
trally integrated for a comparison of the luminous effi-
ciencies of the samples. For the latter setup, the higher
spectral resolution decreased signal levels such that it
was necessary to vary the incident intensity to ensure
adequate signal-to-noise ratio for each sample. Thus, the
luminous efficiencies are not comparable in Fig. 5b. All
samples including the bulk sample show a PL maximum
in the range from 382 to 391 nm, but vary concerning
their luminous efficiency, see Fig. 5a. Time constants of
the PL lie in the range from 330 to 530 ps for the nanorod
samples whereas bulk ZnO had a value of 970 ps. Curi-
ously, a second, faster time constant of 30 ps is found for
sample (ii). Similar fast decay times have previously been
attributed to plasmonic effects due to Au nanoparticles in
close proximity to ZnO nanorods [46]. This observation
corroborates the suggestion above that, in comparison to
sample (i), a larger amount of Au nanoparticles is present
in sample (ii), which the clearly visually observable pink
hue of the sample also indicates. Separating the SHG re-
sponse at 415 nm, we used these spectra to compute the
luminous efficiency 7 relative to the bulk material, see
Table I. The differences between the nanorod samples
and bulk may not appear overly impressive at first sight.
However, one has to consider that, e.g., sample (ii) only
hosts p = 0.07% of the ZnO in the bulk sample within
the focal volume of the laser. This allows us to estimate
the field enhancement factor [30] v from the structural

and PL data according to

Y= 27W? (2)

where m is the number of photons involved in the mul-
tiphoton excitation process, obtained in turn from the
iFROG measurements.

A third set of time-resolved PL measurements was con-
ducted to directly measure the power dependence of the
PL emission, i.e. the order m of the multiphoton exci-
tation process. The incident pulse was attenuated via
neutral density filters with optical densities ranging from
0.1 to 1.0, allowing almost an order of magnitude vari-
ation in incident average power. The applicable power
range was limited from above by the onset of material
damage, and from below by a decreasing signal-to-noise
ratio. The isolated PL emission was integrated over time
and wavelength to obtain a single value for the luminous
efficiency as a function of the incident power. A linear
fitting procedure for the log-log presentation of the mea-
sured data sets yields the values m, presented in Table II,
bottom.

EXPERIMENTAL RESULTS

The top part of Table IT shows the exponents m with 95 %
confidence intervals (assuming normal distributions) for
the three nanorod samples, measured with iFROG. all
of the samples display fractional UV-PL exponents be-
tween 3 and 4. The ideal value of mgyg = 2 is within
error margin for samples (i) and (ii), but an absolute
deviation of ~ 0.1 is found for sample (iii). This obser-
vation is explained by the spectral proximity of UV-PL
and SHG emission maxima for the latter sample. As the
two emission spectra partially overlap there is resulting
interference with the exponent measurement.

The values obtained with time-resolved PL measure-
ments (Table II, bottom) are in good agreement with
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FIG. 5. Time-resolved photoluminescence measurements for samples (i-iii) and a single crystal of ZnO. a Averaged spectra
obtained from several measurements by integrating over time in a 40 ps window (streak camera resolution) at zero delay (solid
lines) show stronger defect emission at > 470nm from the single crystal in comparison to the nanorods. Wavelength scales
were calibrated such that the SHG peak was at correct wavelength. For each of the spectra, SHG contribution was removed
by fitting an exponential to the spectrum (dashed lines) before computing the total luminous efficiencies. b Time evolution of
UV-PL emission. Samples (i-iii) show similar decay behavior, while the single crystal emission decays very slowly, outlasting
even the =~ 12 ns time gap between consecutive pulses, as evidenced by the orders of magnitude stronger single crystal emission
at t < —120 ps. Note that the measured UV-PL intensities in (b) are not mutually comparable, as detection settings, e.g. the

exposure time, were altered between measurements.

the iFROG measurements, with the results from the two
techniques overlapping within the computed error mar-
gins. The most important outcome here is that the rela-
tive ordering of the exponents mpy, for the different sam-
ples is the same for the two different measurement tech-
niques, i.e., highest for sample (ii), lowest for sample (iii)
with sample (i) in the middle, but found closer to sam-
ple (ii). The largest deviation from the value measured
with iIFROG is found for sample (ii), where the streak
camera measurements yield a very high exponent of 4.3.
This large value is accompanied with a very large error
margin of 0.8 units, mainly due to the fairly weak lu-
minous efficiency of sample (ii) compared to the other
samples. As the exciting fields for each measurement dif-
fer significantly (iIFROG: 40fs pulse, broader spectrum
down to 750 nm; time-resolved PL: > 80fs pulse, nar-
rower spectrum down to 810nm), the derived exponents
mp1, are not directly comparable. Avalanche ionization
in particular can play a much more prominent role in ex-
citing carriers for an increased pulse duration—a possi-
ble explanation for the high exponent derived for sample
(ii) with the time-resolved PL measurements. Avalanche
ionization becomes more efficient with an increasing con-
duction band occupation, and it may be the case that
a significant population is only reached with sample (ii).
Further analysis of the exponent results is conducted with
the iIFROG values, as their error margin is significantly
lower.

Using the values mpy, in Table II for the iFROG mea-
surements, the field enhancement factors + in Table I
are computed using Eq. 2. Enhancement factors ranging
from 1.5 to 2.5 are found, corresponding to 5 to 39 times
higher SHG efficiency compared to bulk ZnO. The thin-
ner VLS deposits with their finer needles clearly showed

TABLE II. Measured exponents m; and UV-PL emission
wavelengths Apr, for iFROG and time-resolved PL measure-
ments.

Sample
i ii iii
Quantity
iFROG

mpL 3.73+£0.20 3.88+0.13 3.454+0.14
MSHG 1.944+0.07 1.994+0.06 1.87+0.02

Apr, (nm) 381 381 384

Time-resolved PL
mpL 3.9+0.2 4.3+0.8 3.0£+0.3

stronger field enhancement than the VPT samples, even
when considering the conservatively estimated error bars,
see Fig. 6. We believe this significant impact of nanorod
structure on the nonlinear conversion efficiency can be of
practical importance in application design.

Even though it exhibits the lowest field enhancement
~, the strongest UV-PL emission was detected from sam-
ple (iii), followed by (i) and (ii). The order is reversed
when considering the highest sustainable intensity with
no significant material damage (of type 1 as discussed
below), e.g., sample (iii) has the lowest damage thresh-
old. This trend follows the 3D fill factors in Table I,
such that the thinnest layer is least susceptible to optical
damage. The thickest layer is most likely least efficient
in diffusing heat into the substrate. This accumulation
of heat leads to positive feedback, where the heat first
decreases the band gap, which then leads to increased
absorption, which in turn allows more heat to be de-
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posited from the optical field, until excessive absorption
causes a catastrophically high CB population and mate-
rial damage. Consequently, samples (i) and (ii), which
can sustain higher intensities without damage, also show
the highest mean exponents at mpy, &~ 3.8, while sample
(iii) gives a lower value of mp, ~ 3.4, suggesting pro-
portionally more 3PA with respect to 4PA or avalanche
ionization in sample (iii) than in the others. This find-
ing is explained by the MPA simulations below (Fig. 6),
showing that a higher field intensity leads to a higher ob-
served power dependence exponent. The fact that sample
(iii) is the strongest emitter regardless of its lowest + of
the three samples is explained simply by its highest ZnO
concentration in the focal volume: a weaker local field
can still result in a stronger emission if there is a larger
volume of emitter material.

While the measurements for samples (i) and (ii) were
conducted such that the pulses reach the nanorods before
the glass substrate, sample (iii) was reversed so that the
beam is focused through the substrate onto the nanorods.
This reversal shifted the UV-PL emission wavelength to
shorter wavelengths or, more likely, less of the short wave-
length photons were reabsorbed and scattered by the na-
norods before reaching the detector. Thus the overlap of
UV-PL and SHG was reduced, making exponent extrac-
tion easier. This would also decrease the achieved peak
intensity because of reflection losses from the substrate,
contributing to the observed decrease in mpr,.

As noted above, considerably higher values of power
dependence exponents were measured for the Au cata-
lyst samples (i) and (ii) in comparison to sample (iii),
grown without a metal catalyst, with sample (i) show-
ing the highest individual values. One plausible, albeit
speculative, explanation for this difference is that the lo-
cal field achieved in the Au catalyst samples is assisted
by plasmonic effects in residual Au nanoparticles on top
of the ZnO nanorods or elsewhere. Field enhancements
due to a combination of plasmonic effects [40] and 1D
nanorod morphology [47] could significantly exceed the
field enhancement solely due to the 1D morphology of
the nanorods. Comparing the Au catalyst samples, the
slightly higher power dependence of sample (ii) is likely
connected to its higher Au nanoparticle content. In addi-
tion to a higher field enhancement, more Au nanoparti-
cles can lead to enhanced bandedge emission via coupling
of Au surface plasmons and ZnO excitons located close
to the nanorod surface and hence to nearby Au nanopar-
ticles [46].

Two different types of damage incurred by the nano-
rods were identified: (1) quickly occurring damage within
< 1 s, resulting in a change of the measured exponent,
and (2) gradual degradation of the UV-PL emission in-
tensity over > 1 s with no apparent change in the ex-
ponent. The former damage mechanism occurs only at
high peak intensities while the latter was observed even at
lowest intensities that just suffice to obtain an observable
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UV-PL emission. The fast damage process is thought to
occur due to excessively high CB population, leading to
severe and abrupt material damage. The slow process,
in contrast, is likely due to accumulation of defects over
time. Most often type 1 damage causes an initial expo-
nent of > 3 to drop to &~ 2, which is accompanied by
a significant reduction of the UV-PL emission. For very
weak input fields, there were rare observations of nano-
rod sites where mpr, = 2. These sites were converted to
a mpr, > 3 site upon exposure to higher pump power. It
appears, though, that the weak incident field is insuffi-
cient for notable 3PA to occur. The very weak remnant
short wavelength tail of the pump causes 2PA on these
scarce sites where exceptionally efficient spatial configu-
ration of nanorods allows a detectable amount of 2PA to
occur. For higher pump powers 3PA becomes efficient,
and mpy, > 3 are observed, likely accompanied by the
destruction of the 2PA site. Further investigation is war-
ranted to explore the causes underlying these changes in
the power dependence of UV-PL in ZnO nanorods.

MPA SIMULATION

We model the MPA process by numerically solving
the differential equation for the CB electron population
N(t) [32):

AN(t) l m
= =aN(El(t) + 1;@ fm B [E(1)]
_N® (3)

The purpose here is to estimate the stregth of the UV-
PL emission—assumed to be proportional to the CB
population—as a function of the incident intensity. In
the above equation, the first term on the rhs describes
avalanche ionization (AI) with the coefficient «. The
second term accounts for MPA of integer orders m rang-
ing from k to [ with MPA coefficients 3,,, and weighting
factors pi,,. Finally, the third term includes relaxation
effects appearing at a time constant 7. £ is the ratio of
the maximum internal and the incident intensity. This
structural factor accounts for interference effects in the
medium and adjusts the local field intensity. Mero et al.
used & = 0.66 for their thin film samples, while factors
in the range ¢ € [0, 6] have been reported for ZnO nano-
rods [30]. For the lack of a better estimate for the impact
ionization coefficient o for ZnO nanorods, we took the
value for TiOy from Ref. [32], as the band gap of TiOs is
almost equal to that of ZnO. The MPA coefficients 3,,, for
the m-th order absorption process are given by Keldysh
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theory of photoionization [31, 32]:

wo [ Mypwp\3/2 e? m
m(N) ~—
fm(N) 97r( h ) (8w§mrceo

eQm

o By (V)]

(4)

Here ng ~ 1.96 is the linear refractive index of ZnO [48],
and wy is the carrier frequency, taken as the maximum of
our separately measured spectrum. We have allowed the
band gap energy F, to depend on the CB population N
in order to simulate band gap narrowing due to BGR.
For this purpose, we use values computed by Banyai and
Koch [49], as reported by Versteegh et al. [50]. The car-
rier reduced mass is taken to be m, = 0.28 m, [51], where
me 18 the electron rest mass. The carrier recombination
rate for ZnO is typically described by an exponential de-
cay with two time constants: a slow constant in the or-
der of tens of ps accompanied by a fast initial decay of
~ 1ps [50, 52-54]. As the interaction between the sam-
ple and both of our pulses takes place within a <200 fs
time frame, the fast time constant defines the decay of
CB population generated by the first pulse, subsequently
seen by the second pulse. We therefore refrained from
more sophisticated modeling of the relaxation process in
Eq. (3) and only employ a single 7 = 0.7 ps time con-
stant for the decay [50]. For the simulations, a sech?
pulse intensity profile with the measured full width at
half maximum length of 39 fs was used.

The weighting factors pu,, account for the overlap of
different harmonics of the fundamental spectrum accord-
ing to the density-of-states (DoS) such that the availabil-
ity of CB states affects the probability of a given order
of MPA, e.g., the minuscule overlap between the SHG
spectrum and the DoS leads to a large reduction of 2PA
contributions. The u,, are computed as follows. Har-
monics of the separately measured laser spectrum .S, (v)
(after filtering) are integrated over the approximate DoS
D(hv, N) for the CB of ZnO [55] according to

_ Jo” Sm(v)D(hv, N)dv
fooo S3(v)D(hv, N)dv

P (V) (5)

The denominator causes normalization of the weighting
factor pg to unity. The DoS D(hv, N) is a function of
N as BGR can shift the band gap, thus changing the
overlap of the harmonics and the DoS, and subsequently
the MPA probabilities. For the unperturbed band gap,
we set i (N) — i, (0) and obtain the weighting factors
compiled in Table I1I, ranging from po(0) = 1.3 x 1075
to p5(0) = 5.0. The former weighting factor clearly con-
firms a strong suppression of second-order effects due to
the action of the longpass filter. Moreover, as the pu,,
increase with growing m, higher-order MPA coefficients,
in particular of order 4, contribute to the photoionization
process.
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TABLE III. Weighting factors p., for MPA orders 2 through 6

m
2 3 4 5 6
L 1.3-107° 1.0 2.8 5.0 3.6

Due to BGR, an increasing field intensity will shift the
band gap by AFE(N) due to larger induced CB popu-
lations. Such high carrier concentrations are, however,
not expected to be maintained for periods much beyond
the fast initial decay time T due to diffusion of carriers
and nonradiative recombination at the substrate inter-
face. As PL emission occurs over tens or hundreds of ps,
a transient redshift would not be visible for our slow de-
tector in the iIFROG experiments, and not even for the
streak camera with a time resolution of ~ 40ps. How-
ever, even though the emission spectrum is not affected
by BGR, the effect may possibly increase the likelihood
of 2PA as we will see further on. A shift of the band gap
will also affect the MPA coefficients 3,,, as can be seen
from Eq. (4), and the weighting factors p,,,. When BGR
is considered (E,; — E4(N)) these two variables become
functions of N, and must be computed for each step of
the simulation as N evolves.

For the simulation we consider MPA orders 2 through
6. By including orders as high as 6 we consider the gen-
eration of hot carriers far above the CB edge that will
thermalize before eventual UV-PL emission.

DISCUSSION

Let us first employ our model to address the previously
discussed damage mechanism of type 1. To this end, we
calculate the intensity required to reach the value of N
corresponding to a plasma frequency equal to the carrier
frequency of the pump. This commonly accepted con-
dition is expected to lead to an exponentially increasing
linear absorption of the pump. For our experimental pa-
rameters, this limit is 2.1 TW ecm ™2 in bulk ZnO, corre-
sponding to ~ 1% partial ionization. However, for some
of the ZnO samples we already observe damage at much
lower intensities. We explain these findings by the in-
tensity enhancement +? inside the nanorods, which can
amount to values up to about 6.2 (Table I), thus allowing
the damage threshold to be exceeded.

We then utilized the model to theoretically estimate
the resulting effective exponent of the MPA process
mpr([), see Fig. 6. Focusing our attention to the data
corresponding to the iFROG experiments plotted in red,
a dominance of third-order processes is seen at intensities
in the range I < 10! W em™2. Further increasing the in-
tensity, one then observes an increase of mpr, towards 4,
which is reached at I = 10'> Wcem™2. For comparison,
we also included measured exponents for the three nano-
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FIG. 6. Exponential dependence of UV-PL in ZnO versus
pump peak intensity as predicted by numerical simulations
using pulse parameters corresponding to experimental condi-
tions for iFROG (red line) and time-resolved PL (blue line)
measurements. Exponents from iFROG (red markers) and
time-resolved PL (blue markers) measurements for the three
samples are shown along with error bars, with the vertical
error taken from Table II. The horizontal error was obtained
by allowing a 30 % uncertainty in the fill factors of Table I,
and a 10 % uncertainty in the beam waist parameter wo.

rod samples in Fig. 6. The intensity coordinates for the
experimental data were computed by multiplying the ex-
perimental peak intensity Iy = 0.5 TW cm ™2 by the rela-
tive intensity enhancement 2 for each sample (Table I).
The incident intensities were further attenuated with the
respective ND filters used for each sample. Next, we re-
peated the numerical simulations using parameters cor-
responding to the time-resolved PL measurements, the
results are plotted in blue in Fig. 6. For this case a
higher slope for the exponent is obtained from the model,
mainly due to an increased contribution from avalanche
ionization brought by the longer pulse duration employed
(90fs). Again, the experimental data points are shown,
with similar corrections made as for the iFROG exper-
imental data. As can be seen from Fig. 6, correcting
for the local field enhancement results in a good agree-
ment between the measured and the simulated power de-
pendence exponents for both iFROG and TRPL. Conse-
quently, it appears that there is no need to invoke any
2PA enhancing mechanisms to explain the varying ex-
ponents in the samples. For example, inclusion of BGR
merely increases the 2PA probability slightly for near-
breakdown intensities.

Taking a closer look at the simulated excitation pro-
cess corresponding to the iFROG experiments (Fig. 7),
avalanche ionization is found to play a significant role in
the ionization of the nanorods for high intensities, as is
to be expected for our relatively long pulse duration of
~ 40fs [32, 56, 57]. At the experimentally determined
peak intensity of 0.5 TW cm ™2, our simulations indicate
that AI accounts for approximately 30 % of the gener-
ated CB electrons, while the remaining 70 % are due to
MPA. An equal amount of CB electrons are created by
the two effects at an intensity of =~ 1TWcm™2. The
MPA process always precedes and serves to seed the Al,
which reaches its maximum rate of generated CB elec-
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trons after a time delay of &~ 12fs. In comparison, for a
shorter pulse of 7fs, our model shows that AI does not
exceed MPA before material damage is expected. The
magnitude of Al is determined by the avalanche coeffi-
cient « of the nanorods, which we unfortunately cannot
easily measure or find in the literature. For the case of
a DC electric field, an ionization coefficient can be found
for bulk ZnO [58]. However, we find that the interac-
tion between the rapidly oscillating, strong electric field
of the ultrashort pulses and the nanostructures is better
described by the dielectric breakdown model for fs pulses
in Ref. [32], and chose to use values therein.

The relative contribution of each MPA order for the to-
tal modeled excitation of ZnO is also presented in Fig. 7.
If we restrict ourselves to the experimentally relevant in-
tensity range from I = 10! to 102 Wem™2, it can be
readily seen that 3PA dominates, while 4PA makes an
order of magnitude weaker contribution. The 3PA and
4PA contributions reach parity at I ~ 7 x 102 Wem ™2,
which is well beyond our experimentally accessible range,
yet the fractional exponents in the range from 3 to 4 are
clearly explained, especially when Al is considered. 2PA,
in contrast, does not contribute to a significant popula-
tion of carriers in the CB, even when BGR is considered.

Repeating the simulations with a longer pulse length
corresponding to the time-resolved PL measurements,
the relative contribution of AI in charge carrier gener-
ation is further increased. This allows exponents greater
than 4 to be reached, even for the experimentally obtain-
able incident intensities, lending an explanation for the
high value of 4.3 measured for sample (ii), cf. Table II,
bottom. This finding is a further evidence towards the
significance of Al in the UV-PL process for ZnO nano-
rods.

CONCLUSION

We have investigated the UV-PL emission from ZnO na-
norods induced by MPA of NIR fs pulses using a novel
experimental approach based on a combination of the ul-
trashort pulse characterization method of iFROG, simul-
taneously measuring laser harmonic generation and mul-
tiphoton induced luminescence with spectral and tempo-
ral resolution, with suitable filtering to ensure a mini-
mum spectral overlap of SHG and UV-PL emissions and
suppressed direct 2PA contributions. Moreover, iFROG
allowed us to characterize the pulses in situ using the
same nanorod samples. The acquired pulse intensity pro-
file was used to better estimate the peak incident field
intensity within the samples, a crucial quantity for the
UV-PL experiments. The UV-PL emission of three dif-
ferently grown ZnO nanorod samples showed different
intensity dependences, with exponents varying from 3
to above 4. Independently conducted time-resolved PL
measurements yielded similar exponent values, and the
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FIG. 7. Fraction of carriers generated by each simulated pro-
cess. The sum of the contributions from all MPA orders
(dashed blue line) reaches parity with AI (dashed black line)
at 0.9 TW/cm?, after which AT dominates. The relative con-
tribution of each order of MPA is plotted using solid lines.
3PA is dominant in the intensity region of ~ 10* W/cm?
corresponding to experimental conditions. Introduction of a
band gap reduction due to BGR for high N raises the 2PA
contribution for high intensities I > 0.4 TW /cm? close to the
damage threshold, but only to a level between 5PA and 6PA.
The computed damage threshold intensity Icri¢ is also shown
(dotted magenta line).

results were found to agree within the error margins. The
varying exponents are explained by a differing field en-
hancements v depending on the growth method. This
enhancement seems to be most effective in the VLS sam-
ples, where Au was used as a catalyst, reaching a 2.5 fold
increase. Considerably weaker enhancement of v = 1.5
is found for the VPT sample grown without a metal cat-
alyst. Plasmonic effects in residual Au nanoparticles at
the top of the VLS nanorods or elsewhere are identified as
a possible explanation for this trend. The field enhance-
ment in each sample was estimated by the quantum effi-
ciencies computed from SEM and TRPL measurements.
A seemingly modest difference of one unit between the
factors «y for the electric field enhancement for different
samples becomes significant when nonlinear processes are
considered. SHG efficiency, for example, is increased by
a factor of between 5 and 39, depending on the growth
technique, i.e., the growth technique can change the SHG
efficiency of the nanorods by a factor of 8. We believe
that this difference in conversion efficiency as a result
of different growth techniques can be of practical impor-
tance in application design.

Optical damage to the nanorods was found to affect
the power dependence and intensity of the UV-PL emis-
sion. Moreover, the catastrophic optical damage thresh-
old could be reached for all the investigated samples, with
the Au catalyst VLS samples able to sustain a signif-
icantly higher incident intensity than the thicker VPT
sample. This is explained through greater heat accu-
mulation in the thicker VPT sample, consistent with an
observed bandedge redshift and a lower power depen-
dence than was obtained for the VLS samples. For sub-
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sequent experiments, the incident intensity was restricted
such that no significant heating, indicated by a redshift,
was observed in any of the samples. The catastrophic
optical damage is generally explainable by the onset of
plasma-induced linear absorption in the samples, but we
note that we also found evidence for slower degradation
mechanisms. Finally, we observed high-intensity induced
non-catastrophic changes of the exponent of the photoe-
mission.

In all the samples investigated, the experimental data
and numerical simulations, when taken together, strongly
suggest a competition between 3PA, 4PA and avalanche
ionization effects, which, in combination, give rise to the
fractional exponents observed in the experiments. The
effects are explainable within the framework of Keldysh
theory, and there appears to be no need to invoke 2PA en-
hancing mechanisms such as BGR. While the latter cer-
tainly increases 2PA, these contributions do not appear
strongly enough enhanced to significantly influence the
measured exponents of the UV-PL emission. Moreover,
for the same reasons, we could not find any indications
for Rabi oscillations acting to enhance 2PA. Furthermore,
we observed significant transverse variation in the mea-
sured exponents, which is indicative of local variations
of the field enhancement due to spatial variations in the
nanostructures and Au deposits. In light of these obser-
vations, we conclude against any significant contribution
of 2PA to the UV-PL emission, provided that a signifi-
cant portion of the fundamental field does not correspond
to photon energies exceeding half the band gap energy.
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