1hc00 | ACSJCA | JCA10.0.1465/W Unicode | research.3f (R3.6.i12 HF02:4458 | 2.0 alpha 39) 2016/10/28 09:46:00 | PROD-JCAVA | rq_8842014 |

$/31/2017 15:33:29 | 7 | JCA-DEFAULT

(Phétonics

pubs.acs.org/journal/apchd5

: Transient Negative Optical Nonlinearity of Indium Oxide Nanorod

. Arrays in the Full-Visible Range

s Peijun Guo,”® Robert P. H. Chang** and Richard D. Schaller*

4+ "Center for Nanoscale Materials, Argonne National Laboratory, 9700 South Cass Avenue, Lemont, Illinois 60439, United States

s iDepartment of Materials Science and Engineering, Northwestern University, 2220 Campus Drive, Evanston, Illinois 60208, United

6 States

7 §Department of Chemistry, Northwestern University, 2145 Sheridan Road, Evanston, Illinois 60208, United States

s @ Supporting Information

9 ABSTRACT: Dynamic control of the optical response of
10 materials at visible wavelengths is key to future metamaterials
11 and photonic integrated circuits. Materials such as transparent
12 conducting oxides have attracted significant attention due to
13 their large optical nonlinearity under resonant optical pumping
14  condition. However, optical nonlinearities of TCOs are
15 positive in sign and are mostly in the &-near-zero to metallic
16  range where materials can become lossy. Here we demonstrate
17 large amplitude, negative optical nonlinearity (An from —0.05
18 to —0.09) of indium oxide nanorod arrays in the full-visible
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19 range where the material is transparent. We experimentally quantify and theoretically calculate the optical nonlinearity, which
20 arises from a strong modification of interband optical transitions. The approach toward negative optical nonlinearity can be
21 generalized to other transparent semiconducting oxides and opens door to reconfigurable, subwavelength optical components.

22 KEYWORDS: indium oxide, transparent semiconducting oxide, negative optical nonlinearity, transient, ultrafast, full-visible range

23 he development of miniaturized optical components
24 necessitates strong nonlinear optical response of materials
25 for active modulation and switching of optical signals at the
26 nanoscale. Optical nonlinearity typically requires strong optical
27 intensity and can arise from a variety of mechanisms. For
28 example, the Kerr optical nonlinearity arising from the third-
29 harmonic response of materials is described as n = ny + n,],
30 where ny is the linear refractive index and #, is the nonlinear
31 refractive index. The change of refractive index due to light-
32 matter interactions has enabled control of light in the spatial
33 and frequency domains," and created numerous applications
34 such as optical switching,™® ultrafast pulse generation,* and
35 solitons.” Although nonresonant-type optical nonlinearity is
36 often an inherently weak effect, artificial metamaterials can
37 significantly enhance the effective nonlinear response at
38 subwavelength scales due to resonant light—matter interac-
39 tions.””'> Emerging plasmonic materials such as transparent
40 conducting oxides (TCOs)'>'* have been shown to exhibit
41 large optical nonlinearities arising from free carrier behaviors
42 that can be tuned by resonant optical pumping.*~"* However,
43 the large nonlinear response of TCOs achieved in the e-near-
44 zero™’ to the metallic range (primarily in the near- to mid-
45 infrared) comes with a price of intrinsic material loss, which
46 may ultimately limit the efficiency of desired optical functions.
47 The transparent semiconducting oxide (TSO) counterparts of
48 TCOs, which have been deployed in next-generation
49 optoelectronic devices,”' represent another class of potential
s0 nonlinear optical materials. For example, indium oxide (I10),
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—
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the TSO version of ITO, is transparent from the visible to the s1
infrared with a direct bandgap in the ultraviolet (UV).*** The s
unique electronic configuration of IO lends itself to strong s3
redistributions of valence electrons under readily accessible UV s4
pumping, which in turn may largely impact its optical response. ss
Here we demonstrate large negative optical nonlinearity of IO s6
arranged in periodic nanorod array structures. Interband optical s7
excitation transiently photodope indium oxide nanorod arrays ss
(IO-NRAs), resulting in a reduction of the real component of s
refractive index without introducing any additional loss into the 6o

full-visible range. 61

B RESULTS AND DISCUSSION 62

Periodic, vertically aligned IO-NRAs were grown via the 63
vapor—liquid—solid mechanism (see Supporting Information, 64
Section 1, and Figure S1). A scanning electron micrograph of 6s
the IO-NRA with height, pitch size, and average edge length of 66
2.55 pm, 1 pm, and 180 nm is shown in Figure la. The single- 6711
crystalline IO-NRAs were epitaxially grown on lattice-matched 68
yttria-stabilized-zirconia substrates along the [001] direction 69
(see Figure S2). Figure 1b shows the visible transmission 70
spectrum. Five transmission dips, centered at 691, 541, 468, 71
424, and 393 nm, arise from the destructive interference 72
between light propagating in nanorods and in free space, where 73
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Figure 1. Static optical properties of the IO-NRA. (a) Scanning electron micrograph of the IO-NRA under 30° viewing angle (scale bar: 2 ym). (b)
Visible transmission spectrum of the IO-NRA. (c) n’(@) and n”(w) of epitaxial IO and ITO films obtained from ellipsometric measurements. (d)
Infrared transmission spectrum of the IO-NRA. Both (b) and (d) are taken at normal incidence and referenced to air.
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Figure 2. Transient optical response. (a) Schematic drawing of the electronic processes following the 267 nm pump excitation. (b—e) AT/T
transient spectral maps for delay time windows up to 1 ps, 250 ps, 0.5 ns, and S ns, respectively. Pump fluences from (b) to (e) are 6.45, 4.4, 1.12,

and 1.12 mJ-cm™

74 the dielectric array behaves as a two-dimensional optical
75 grating.”"** Various higher diffraction orders were produced by
76 the nanorod array; here, in both the static and time-resolved
77 experiments, we only collected the (0, 0) order. Similar to the
78 ITO nanorod array case, at the transmission minima of the (0,
79 0) order shown in Figure 1b, diffraction into the higher orders
80 is maximized, which corresponds to an out-of-phase condition
g1 for waves propagating inside the IO nanorod and in air.”**®
82 Note that the reddest dip at 691 nm is ~100 nm redder than
s3 that observed for ITO-NRA with similar dimensions;** this
84 difference originates from a higher refractive index of 10 and
8s with it a larger difference of optical path lengths between waves

propagating in the nanorods and in free space. Figure 1c depicts 86
the real and imaginary components of the refractive index, 87
denoted as #n'(w) and n”(w), for both I0 and ITO obtained ss
from ellipsometric measurements on respective epitaxial thin g9
films sputtered on YSZ substrates; these films share the same 9
single-crystalline quality as the nanorod counterparts (see 91
Supporting Information, Section 2). 10 and ITO have 92
comparably low n”(w) in most of the visible range, except 93
that the absorption onset of IO is at ~400 nm, slightly redder o4
than ITO at ~370 nm. An overall weaker transmission intensity 9s
of IO-NRA compared to the ITO counterpart is likely 96
attributed to a less ideal uniformity of the former. A larger 97
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Figure 3. Fluence dependent transient responses. (a and b) Fluence-dependent AT/T spectra at 1 ps and 4.75 ns delay time, respectively. (c and d)
Fluence-dependent, normalized AT/T kinetics (at 670 nm) up to 1.2 ps and 1.2 ns, respectively. Inset of (d) shows actual values of AT/T in log

scale for the first 0.3 ns. Legend in (a) applies to all panels.

98 n'(®w) of IO arises owing to (1) The high density of conduction
99 electrons (denoted as n) in ITO yields to a plasma frequency
100 (wp) close to 2 €V,"” which, according to the Drude relative
101 permittivity, £(@) = €., — @,/ (@” + iy,w), leads to a reduction
102 of &'(w) particularly in the near-infrared region. Here y,, is the
103 damping factor and &'(@) is the real part of the relative
104 permittivity. (2) A smaller effective bandgap of 10 due to the
105 absence of Burstein—Moss effect’® moves the onset of
106 interband optical transition closer to the visible range, which
107 yields a larger &'(@) especially near the UV. The absence of
108 localized surface plasmon resonance (LSPR) up to 8 um (the
109 YSZ substrate becomes opaque at wavelengths redder than 7
110 #m) in the infrared transmission spectrum shown in Figure 1d
111 suggests that n of the as-grown IO-NRA arising from native
112 oxygen vacancies”’ is less than 5 X 10" cm™ (see Supporting
113 Information, Section 3), which is at least 1 order of magnitude
114 lower compared to ITO.

115 We performed pump—probe experiments on the IO-NRA.
116 The sample was excited by 267 nm, 35 fs pulses and probed by
117 broadband white light pulses (from 360 to 760 nm) under
11s normal incidence. The 267 nm photons with energy (4.65 eV)
119 larger than the effective bandgap of 10 (3.5-3.7 eV)*** can
120 promote electrons from the valence band (VB) to the
121 conduction band (CB), thereby transiently photodoping the
122 material.'®*° Here the effective bandgap of IO equals E; + po
123 where E, is the energy difference between the CB minimum
124 (CBM) and the VB maximum (VBM) and p, is the static
125 electron chemical potential. The difference between the pump
126 photon energy and effective bandgap indicates that photo-
127 excited electrons initially occupy states well above the electron
128 chemical potential (denoted as p); the hot electrons and holes
129 relax to lowest unoccupied states in their respective bands
130 through carrier-phonon coupling, and then recombine. The
131 sequence of optical excitation, hot carrier relaxation, and
132 interband recombination are illustrated in Figure 2a. Figure
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2b—e presents the transient spectral maps of AT/T for delay 133
time windows up to 1 ps, 250 ps, 0.5 ns, and 5 ns, respectively. 134
Transient response during the first 1 ps (Figure 2b) reveals that 135
AT/T spectrally alternates between positive and negative values 136
from 360 to 760 nm; here each zero-crossing-wavelength from 137
a negative AT/T region to a redder and positive AT/T region 138
matches a static transmission dip. This characteristic spectral 139
line-shape is caused by a transient blueshift of transmission; 140
note that this is distinctively different from the dynamic redshift 141
of transmission observed for ITO-NRAs under intraband 142
optical excitation.”* While the spectral redshift in ITO-NRA 143
was due to an increase of n’'(w), here the spectral blueshift in 144
IO-NRA is assigned to a decrease of n’(w), which corresponds 145
to negative optical nonlinearity. 146

Figure 2b shows an increase of AT/T intensity accompanied 147
by a slight blueshift of the zero-crossing-wavelengths during the 14s
first 250 fs. This subps blueshift of AT/T after the impulsive 149
pump excitation is associated with hot carrier relaxation, 150
following which the AT/T intensity stays nearly constant for 1s1
the first 1 ps. Figure 2¢ and d show a decay rate of AT/T in the 152
few-tens to few-hundred ps range, which we attribute to the 153
interband recombination of thermalized, excess electron, and 154
hole populations. The oscillation of AT/T signals in Figure 2¢ 1ss
is indicative of coherent acoustic phonons; the fact that the 1s6
coherent phonons started at early ps delay time supports the 157
interpretation that the subps blueshift of AT/T arises from hot 1ss
carrier relaxation, as the cooling of hot carriers leads to an 1s9
impulsive lattice heating and can initiate the acoustic phonon 160
modes.’">> We can hence approximately treat the photoexcited 161
electrons and holes after 0.25 ps presented from Figure 2b—e as 162
thermalized (Fermi—Dirac like) and in quasi-equilibrium with 163
the lattice. Figure 2e shows that after electrons and holes 164
recombine (by ~1 ns), the AT/T signals undergo a switch of 165
sign, which arises because the transient response without excess 166
carriers is dominated by a thermo-optical effect due to a lattice 167
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Figure 4. Quantification of the negative optical nonlinearity. (a) Fluence-dependent transmission spectra at 1 ps delay time. (b) Fluence-dependent
An'(w) at 1 ps delay time; each curve starting from 1.12 mJ-cm™ is shifted in increments of —0.01 for clarity. Legend in (a) also applies to (b). (c)
Intensity-dependent An’(@) at 1 ps delay time for wavelengths of the static transmission dips; each curve starting from 424 nm is shifted in
increments of —0.03 for clarity. (d) Change of electron occupation vs fiw and p. (e) Calculated An’(@) vs wavelength and y (referenced to CBM).
(f) AT/T transient spectra of 220 nm thick epitaxial IO film under fluence of 6.59 mJ-cm™

168 temperature rise. A decrease of bandgap at high lattice
169 temperature®® leads to a positive An'(w) and with it a
170 transmission redshift;** this is in contrast to the transient
171 blueshift associated with a negative An’(w) owing to excess
172 carriers. Although the thermo-optical effect is expected to play a
173 role immediately following the subps hot carrier relaxation, it is
174 much less significant than the effect of photodoping, which is
175 evident from the 1 order of magnitude larger AT/T amplitude
176 in the ps range compared to that in the ns range. Figure 2e
177 further shows that hot lattice induced AT/T exhibits no
178 distinguishable decay up to S ns, suggesting that heat transfer in
179 these large aspect-ratio structures with relatively low thermal
180 conductivity’* (a few W-m™.K™!) takes place over us time
181 scales.”

182 Figure 3a presents the fluence dependent AT/T spectra at 1
183 ps delay time when photoexcited carriers are thermalized. We
184 find a monotonic increase of AT/T amplitude under an
185 increasing fluence. Remarkable differential suppression (en-
186 hancement) of transmission up to —90% (150%) is obtained at
187 the highest fluence of 7.06 mJ-cm ™. Fluence above 8 mJ-cm ™
188 resulted in irreversible loss of AT/T signals within minutes
189 likely due to sample damage. Measurements on additional 1O-
190 NRAs show that differential modulation of transmission larger
191 than 1000% can be achieved for particular spectral regions
192 using long IO-NRAs (see Supporting Information, Section 4),
193 which support large numbers of transmission dips and
194 concomitantly large slopes in the transmission curve. The
195 fluence dependent AT/T spectra at 4.75 ns, when hot lattice
196 effects dominate, are presented in Figure 3b; these spectra
197 exhibit opposite sign compared to those appearing in Figure 3a.
198 Negative AT/T amplitude is observed for the spectral range
199 below 390 nm, likely caused by depopulation of shallow trap
200 states™ at elevated lattice temperature, which can lead to
201 below-bandgap absorption.

202 Figure 3c presents the fluence-dependent AT/T kinetics at
203 670 nm up to 1.2 ps; the subps rise time (hot carrier relaxation)

does not exhibit a strong fluence dependence. However, the
subsequent nanosecond AT/T decay shown in Figure 3d due
to carrier recombination displays a strong fluence dependence.
In a direct-bandgap semiconductor such as IO, carrier
recombination rate is generally written as R = An + Bn® +
Cn®, where An, Bn? and Cn® represent trap-assisted, radiative
(band-to-band), and Auger recombination rates, respectively.*
The strong dependence of recombination rate on fluence (and
hence on 1n(0), where n(0) is the excess carrier concentration
right after the pump excitation) suggests that higher order
processes (Bn* and Cn® terms) contribute to the carrier
recombination in addition to trap-assisted processes. Note that
trap-assisted process alone would yield a fixed decay constant
(dependent on A but not on n(0)). Time-resolved photo-
luminescence spectra shown in Supporting Information, Figure
S10, demonstrate both band-to-band emission below 400 nm,
and trap-assisted emission from 400 to 650 nm. Consistent
with the interpretation of the fluence dependent AT/T decay
rates, faster photoluminescence kinetics and stronger band-to-
band radiation are obtained under higher excitation fluence.
This is in sharp contrast to heavily doped TCOs such as ITO*
or aluminum doped zinc oxide (AZO),'® where high doping
concentration of foreign atoms (on the order of 10%) yields
ultrafast trap-assisted recombination in the sub- to single-digit
ps regime. The few-hundred-ps recombination rate in IO is
however faster than in other direct-bandgap semiconductors
such as GaAs®” and CdSe,*® hence both radiative and Auger
recombination processes may contribute, given the large value
of n(0) reached in our experiments (as estimated when
discussing Figure 4e in the second last paragraph before the
conclusion).

We note that electron—phonon coupling® in IO can be
assessed by temperature dependence of the initial AT/T
blueshift associated with hot carrier relaxation. In Supporting
Information, Figure S5, we show the AT/T spectral maps
acquired at 150 and 3 K, respectively. At both temperatures the
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subps AT/T blueshift exhibits similar time scales as compared
to the room temperature counterpart (Figure 2b). The
independence of hot carrier relaxation time on temperature
suggests that scattering of electrons by defects (such as ionized
impurities associated with oxygen vacancies) rather than by
acoustic or optical phonons is the dominant mechanism of
electron—phonon coupling in IO nanorods.*’

The static and transient optical responses combined permit
the estimation of the nonlinear refractive index change. Figure
4a shows the total transmission at 1 ps by adding the
differential change of transmission (Figure 3a) and the static
transmission (Figure 1b). The spectral shifts of the trans-
mission dips permit the quantification of fluence and
wavelength dependent An'(w) (see Supporting Information,
Section 6), which is shown in Figure 4b. We found that (1)
An’(w) peaks at the bluest dip wavelength of 393 nm. (2) At
high fluences, the relative amplitude of An'(w) at long
wavelengths increases. (3) Large An’(®) ranging from —0.05
to —0.09 is achieved at the maximal fluence of 7.06 mJ-cm™2.
The optical nonlinearity shown here significantly differs from
recent results'”'”*'" on TCOs from three perspectives: (1)
An’(w) of 10 due to a change of electron doping concentration
is negative (pertaining to a negative optical nonlinearity),
whereas An'(@) in TCOs arising from a change of electron
temperature was positive. (2) An'(w) in TCOs was in the
epsilon-near-zero (ENZ) to metallic regime, where materials
can become lossy due to free carrier effects. An’(@) shown here
is in the transparent regime of 10. (3) The static n'(w) of
TCOs in the ENZ region is usually smaller than unity. Here the
static n’'(@) ranges from 2 to 2.5, comparable to TiO,, which
was used for dielectric metasurfaces due to its high index and
low loss.”” We also note that metal-to-insulator transitions in
correlated electron materials such as VO, can offer negative
An’'(w) in the visible to infrared range,* but in that case a large
n”(w) of the metallic phase limits their use in nonlinear optical
devices where loss is detrimental. Figure 4c shows the
dependence of An'(w) on the peak excitation power at
different wavelengths. We note that intensity in the GW-cm™
regime related to fs pump pulses can be easily reduced to the
MW-cm ™ range by using ps pump pulses, which are still much
shorter than the recovery time of the optical nonlinearity of IO.
This indicates that the optical nonlinearity discussed here can
be accessed by fiber lasers,** whereas achieving sub- to single-
digit ps optical nonlinearity in TCOs requires fs laser/amplifier
systems.

The negative optical nonlinearity of IO is attributed to a
modification of interband optical transitions, which produces a
positive change of n”(w) at energies above the effective
bandgap (in the UV). Photodoping by the interband pump
effectively raises y of the electrons. The effect of photodoping
on holes in the VB is however much less significant, because of
a much higher density of states for holes owing to the flat
valence bands.”” Dictated by the Kramers—Kronig (KK)
relation which links the real and imaginary parts of
frequency-dependent susceptibilities, the change of n”(w) at
above-bandgap energies results in a change of n'(w) extended
into the below-bandgap, full-visible range. The change of
electron occupation is plotted in Figure 4d as a function of iw
(photon energy) and p. The carriers are assumed to be at 300
K, which is valid because lattice temperature rise (which equals
the carrier temperature rise as hot carriers quickly relax to band
edges) is at most a couple hundred Kelvin, which has a
negligible impact on electron occupation in comparison to the

photodoping effect that moves y over hundreds of meV (much
larger than k3T at room temperature where kg is the Boltzmann
constant). The change of electron occupation permits the
calculation of An'(w), which is color-coded in Figure 4e.
Details of the theoretical calculation appear in Supporting
Information, Section 7. Due to the large electron concentration
generated by photodoping, a nonparabolic band was assumed
for the calculation of the change of u and n'(@).*® Consistent
with An’(@) shown in Figure 4b deduced from experiments,
An’(w) displayed in Figure 4e is peaked at shorter wavelengths;
this arises from the KK relation which dictates that An'(w) is
large around and vanishes away from the energy range where
An” () occurs. Comparing Figure 4e and b, we estimate that p
is raised by 0.4—0.6 €V (from 0.17 to 0.6—0.8 eV) under the
highest fluence of 7.06 mJ-cm™> An excess electron
concentration of 5—7 X 10*° cm™ can be estimated under
such change of y (see Supporting Information, Figure S4).
From the Drude permittivity, an increase of w, due to
photodoping is expected to give another contribution to the
reduction of &(w) and may explain the rise of An'(w)
amplitude at long wavelengths under high fluences.

Finally, we comment on the advantage of the periodic
nanorod arrays presented in this work. The multiple trans-
mission dips supported by the dielectric nanorod array exhibit
strong transient optical features, thereby permitting the
quantification of An'(w). A transient spectral map produced
for a 220 nm thick epitaxial IO film (Figure 4f) does not
provide information regarding the change of n'(w), primarily
due to a featureless transmission spectrum (Figure S10a). A
bare YSZ substrate (see Supporting Information, Section 8)
exhibits a negative AT/T with a characteristic decay time of 3
ps, which can contribute to the negative change of transmission
in Figure 4f if the IO film does not fully absorb the pump
photons; this adds complexity to the understanding the
transient optical response of IO. The substrate response does
not impact the interpretation of transient features of the 10-
NRAs, as only the spectral shifts of transmission dips are taken
into account to deduce the optical nonlinearity.

H CONCLUSION

In summary, we demonstrate that large negative optical
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nonlinearity can be realized by interband optical pumping of 343

a direct bandgap semiconductor, here exemplified by IO-NRA.
The prominent spectral features of the dielectric nanorod array
allow the separation of carrier cooling, recombination, and hot
lattice effects. Although carrier dynamics of various wide-
bandgap semiconductors have been studied,””** here we
quantify the change of refractive index as a function of pump
fluence, and theoretically show that the negative optical
nonlinearity derives from a strong modification of above-
bandgap optical transitions. Although the demonstrated
modulation scheme can be achieved with other direct bandgap
semiconductors, the large bandgap of IO leads to negative
optical nonlinearity in the full-visible spectral range without
increasing the loss. This is to be compared to semiconductors
with bandgaps located in the visible range (such as GaAs, InP,
which exhibit loss in the visible) or in the deep UV (such as
BN, AIN, which cannot offer large index modulation in the
visible). The large negative optical nonlinearity in TSOs in
conjunction with their versatile electrical properties may find
applications in dynamically tunable subwavelength dielectric
metasurfaces,” and in nonlinear nano-optics and active
plasmonics when IO is interfaced with metallic components.
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