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The lifetime laser damage performance of a wide range of transparent conductive materials is
assessed, including ultrathin metal films, doped metal oxides, doped compound
semiconductors, and graphene whose carrier densities span 5 orders of magnitude from 10'®
to 10% cm?. Lifetime laser damage thresholds were determined by exposing material surfaces
to repeated nanosecond laser pulses at near infrared wavelenghts (1064 nm). Near threshold
fluences, two distinct damage modes, i.e. bulk and discrete, emerge depending on carrier
density. These bulk and discrete damage modes are attributed to free carrier-induced bulk and
localized, defect-driven absorption processes, respectively. For polycrystalline films with free
carrier densities greater than ~10?° cm™, laser damage thresholds are less than 5 J/cm?. In
contrast, bulk absorption is not apparent at thresholds substantially higher than ~10 J/cm? in
single crystal films with free carrier concentrations lower than ~10' ¢cm. By increasing
thickness, films with lower carrier densities can deliver relevant levels of sheet conductance
(<200 Q/sq) while remaining transparent. These lifetime laser damage threshold
measurements offer a systematic criteria to select materials aimed at handling high optical

powers in optoelectronics devices and emerging plasmonic and metamaterials for lasers.
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1. Introduction

Conductive materials with high free-carrier concentrations are critical components in
optoelectronic devices. When deposited as films or fabricated into nanostructures, they can be
used as optically transparent electrodes, semimetals for dynamic beam modulation devices,!! 2!
or plasmonic sensors.*) However, for these applications, heat generated from electron-phonon
coupling!* imposes performance limitations, especially for applications that require high
optical power handling for which excessive heat can lead to catastrophic damage or, under
repeated exposures, to fatige and degradation. In order to reduce thermally-induced damage,
the heat generation must be minimized. Recently, thermal management strategies for the
improvement of laser damage performance in tin-doped indium oxide (ITO) transparent
conducting films (TCFs) have been demonstrated.””) These so-called thermal ruggedization
strategies for handling high energy short laser pulses focus on maximizing heat dissipation by
using substrates with high thermal conductivity and adding transparent capping layers to act as
heatsinks. Another ruggedization strategy is to minimize the coefficient of light absorption (o)
in ITO films by reducing their free carrier concentrations (N.) and increasing their electron
mobilities (u) since « is directly related to Ne and 1/z. This minimization of a also reduces
parasitic optical losses (&2) in plasmonic materials, which represents the imaginary part of the
permittivity (&) as expressed by 2nk =2n(aA/4n), where n is the real part and £ is the imaginary

part of refractive index, respectively.[)

One thin film materials optimization strategy for laser applications involves adjusting the
optical and electronic properties, while concurrently improving their laser damage
performance. However, as the discussion above implies, these requirements can be mutually
exclusive depending on the required sheet conductance and laser wavelength to be addressed.

Thus, there is a need to identify materials that can withstand the optical fluences of modern
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high repetition rate laser systems with high average and high peak power, while maintaining
high conductance. Conductive films that are transparent to near infrared (NIR) wavelengths
are particularly important because of the ubiquitious use of Nd:YAG lasers with a
fundamental emission wavelength of 1064 nm!’-); TCFs that are functional at this wavelength
can also support plasmonic coupling from intraband transitions.!'”) To that end, this study
surveys the lifetime laser damage threshold of a range of transparent and conductive materials
with N, spanning five orders of magnitude from 10" to 10> cm™, sheet resistances < 200
Q)/sq, and total transmission at 1064 nm ranging from 30 to 85%. These parameters (i.e.
damage threshold, V., sheet resistance, and damage mode) may guide material selection for
specific device applications by use of appropriate figure of merit, but this time also
accounting for laser damage thresholds.!'!" 12! Measurements of laser lifetime damage
thresholds (fluence at onset of damage that becomes apparent under optical microscope), Fiz,
is performed using short-pulse nanosecond exposures on single crystal films including silicon-
doped gallium nitride (GaN), silicon-doped B-gallium oxide (Ga;03), tin-doped -Ga,03, and
nitrogen-doped 6H-silicon carbide (SiC), as well as polycrystalline films including graphene,
ultrathin gold (Au), ITO, fluorine-doped tin oxide (FTO), aluminum-doped zinc oxide (AZO),
and titanium nitride (TiN). Lifetime thresholds of these materials are then related to their
opto-electrical properties to explore the dominant failure mechanisms and operating windows.
This study can thus serve as a material selection guide for transparent electrodes and
plasmonic materials for optoelectronic devices where low losses and peak lifetime

performance are critical.

2. Results and discussion
The multi-pulse Fi, measurements are based on two equivalent laser damage testing methods.
The first derives laser damage probability curves for N number of shots as described

elsewhere!'*], which is especially well-suited to address materials exhibiting a stochastic laser
3
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damage behavior with respect to the laser fluence energy applied. The second, validated
recently, uses the more efficient laser damage size analysis (DSA) method that is especially
well-suited to produce large datasets involving a high number of multiple pulse exposures,
samples with limited areas to test, and for materials exhibiting more deterministic fluence-
dependent laser damage.!'*!%! The laser setup for this material study consists of a NIR (1064
nm) Nd:YAG laser, with pulse length of 7 ns, and a repetition rate of 10 Hz. A detailed
description of the laser damage system can be found in a previous report.['”! The film
thicknesses are measured at mask or ablation step edges using a confocal laser microscope
(Keyence, VK-X100). Except for the TiN sample that was deposited on a conductive p-doped
silicon substrate, the sheet resistance, mobility, and carrier concentration were measured for
all films using a Hall effect measurement system (Ecopia, HMS-3000) with the measured film
thickness as a fixed input. The electrical properties of the TiN sample were measured using
ellipsometry data fit to a Drude dispersion model.!'®! The material properties measured in this
study are summarized in Table 1. In that group, only GaN, SiC, and -Ga,0Os are single
crystalline (films or bulk), the other materials including oxides, graphene, and gold are all

polycrystalline as determined by XRD measurements (data not shown).

Single shot (N=1) damage morphologies were initially determined for single crystal and
polycrystalline materials near their damage thresholds to probe differences in their damage
processes (Figure 1). The resulting dominant damage modes reveal a sharp difference
between high free carrier (Ne > 10?° cm™), polycrystalline materials that fail by apparent bulk
absorption, and single crystal materials with N, < 10' cm™ that fail by apparent localized
defect-driven absorption processes. For polycrystalline materials, the ablative and darkening
damage is very deterministic and tracks the shape of the round Gaussian beam consistent with
a bulk absorption process forming a gross distributed damage morphology. In contrast, the

lower N, single crystal materials damaged as localized eruption events producing pits much
4
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smaller than the beam size and at nearly random locations with respect to the beam fluence
map. Still, as previoulsy reported, the laser absorption that initiates film damage is mostly
confined to photoluminescent defect-rich regions located at or near film interfaces and free
surfaces.!"” 2% Delocalized, bulk damage where free carrier absorption is the dominant
absorption process is apparent in all polycrystalline film tested (N, > 10*° cm™). The damage
mode then switches to a much smaller localized absorption process for single crystal materials
with < N, ~10'° cm™ using the same beam size, even for exposures with higher pulse fluences
than those used on polycrystalline films. This result is consistent with previous results on
ITO, where polycrystalline films with intentionally lowered N. was made to damage via a
localized, defect-driven damage mode, whereas polycrystalline ITO films with higher N,

damaged via bulk damage processes.

The multi-pulse (N < 1000) laser damage thresholds are shown in Figure 2 for all materials
that were tested for lifetime assessment using the DSA laser damage method,!'> which
included all polycrystalline materials with high bulk absorption and N, > 10** ¢cm™ (Table 1).
Amongst these samples, graphene and gold ultrathin films on fused silica (Au/F) showed
relatively low lifetime damage thresholds Fy ~0.25 J/cm?. The substrate played an important
role in affecting the damage threshold from laser induced heating. The gold on sapphire
sample (Au/S) has twice the threshold of the gold on glass (a poor thermal conductor) sample
with the same gold film thickness. This result is consistent with previous experimental results
on ITO, and further confirmed by laser induced heating simulations of ITO showing larger
temperature excursions of an ITO film on a fused silica substrate compared to the temperature
of the same ITO film on a sapphire substrate.!*’ Amongst the ITO, FTO, and AZO metal oxide
samples (all on the same glass substrates), the thickest AZO film had the highest threshold,
which is likely related to this AZO sample having the lowest N in that group. Laser

incubation, whereby the damage threshold, Fi(N), decreases with the number of exposures
5
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N,[" occurred for all samples tested in Figure 1, including the single crystal materials. The
damage thresholds tended to stabilize at ~50+10% of the single pulse threshold for all
materials for NV larger than > ~100, suggesting that these materials could operate below these
fluence thresholds. The incubation behavior is due to material fatigue and/or increased
absorption rapidly leading to catastrophic failure as reported previously for ITO.['! The
dashed lines in Figure 2 are based on an empirical fatigue model, Fy,(N) = Fy,(o0) +

[Fin (1) — Fyp(00)] exp[—k(N — 1)], where £ is an incubation factor, which is related to how
quickly the threshold deteriorates with N.[?!) The least-square fitted parameters (F (1), Fu
(00), and k) are included in the plot of Figure 2 and relate to how optically robust each
material is when subjected to repeated laser shots. Graphene and AZO are at the extreme of
the range of threshold fluences for the polycrystalline materials, with the AZO film being the
most robust while still maintaining overall good conductance due to its large cross sectional
thickness available for charge transport (Table 1).

To address the lifetime damage thresholds of all materials in this study, including the
single crystal materials, the dependence of laser damage probability on fluence was
determined for all materials for comparison. The Fy,(N = 100) threshold values were
determined to provide a good measure of lifetime performance values since the threshold
fluences appear to plateau for N > ~100 (Figure 2), as was previously observed in the lifetime
damage threshold of GaN films.!*") Indeed, the position of the probability curves for SiC,
Ga203, and GaN for N=1, 10, 100, and 1000 overlapped as the number of pulse shot reached
100 for these single crystal materials (data not shown). The laser damage probabilities data
curves are shown in Figure 3, except for TiN for which the lifetime threshold was determined
using the DSA laser damage test method due to the limited test area available on that sample.
Lifetime damage thresholds (for N = 100), correspond to the fluence points where the fitted
probability curves begin to rise (i.e, at the onset of damage), which are reported along with the

curves presented as two separate panels for clarity (Figure 3(a) and 3(b)). The fluence, F,
6
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dependent probability curves, P(F), are based on Poisson statistics given by P(F) =1 —
exp[—N (F)], where the number, N(F), represents a number areal density of active damage

precursors. 12}

The lifetime thresholds are replotted in Figure 4(a) for direct comparison of the materials
measured lifetime threshold values on a log scale. Two class of material systems emerge
when focusing on these laser damage performance results. First, the polycrystalline materials
such as the metal oxides, which tend to require a high free carrier density above ~10*° cm™ to
overcome grain boundary (GB) transport energy barriers, @, related to GB trap states.[**! The
charge transport barriers scales exponentially with - @g/kT oc 1/Np where, Npis the number of
charge carrier donor states. Thus, polycrystalline systems absorption and damage will tend to
be dominated by free carrier concentration limiting their laser damage lifetime thresholds
(Figure 4(a)). Second, for single crystal systems such as low-doped GaN, the N. and thus free
carrier absorption can be lowered by order of magnitudes, while still advantageously
increasing carrier mobility from lowered impurity dopant scattering. In contrast, carrier
mobility in polycrystalline materials requires a higher level of doping to reduce the activation
energy involved in charge transport across grain boundaries.!*¥ Still, sparse extrinsic localized
defects, especially in heteroepitaxially grown materials, will limit single crystal damage
performance but at higher lifetime threshold fluences compared to the polycrystalline
materials as illustrated in Figure 4(a). Therefore, single crystal materials with lower free
carrier concentrations are in principle ideal for high damage performance transparent
electrodes applications. Generally, however, carrier concentrations in single crystals may not
exceed ~10" ¢cm™ due to stress from introduction of dopants in the crystal lattice,**
extending their use in the mid- to far infrared wavelenghts (i.e. near their plasma frequency).

Within the group of polycrystalline materials those with the lowest N, (Figure 4(b)) had the
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highest damage thresholds as expected, except for graphene, which has significant optical
absorbance due to interband transitions in the NIR.!*! It has been shown that polycrystalline
In203 and SnO; films doped with transition metals can have high mobilities, ~100 cm?/Vs,
thereby easily producing low sheet resistances (< 100 Q/sq) with relatively low carrier
concentrations (< 102° cm™).128-32] These high mobility oxide materials may therefore be
suitable candidates for high optical power applications with the added benefits of lower cost
and scalability relative to single crystal films. Of interest, is the results on TiN (N, = 10?* cm™
3), which despite having ~ 10xN. of ITO, had a comparable damage performance in the NIR
and a higher damage performance than the plasmonic reference gold ultrathin film likely due
to TiN “refractory” nature.?”] Sheet resistance, Rs, which is related to Ne, te, and film
thickness by R, oc 1/(ueNet) can be adjusted by controlling the thickness and mobility for a
given N, to maintain conductance (Table 1), although for polycrystalline materials the N,
must typically be > 10'°-10'® cm™ to achieve reasonable levels of conduction.

All the films used in this study had R, < 200 Q/sq (Figure 4(c)) making them relevant to fast
switching or large aperture optoelectronic applications. A strong correlation of damage
threshold with the absorption coefficient is apparent in Figure 4(d), since the extent of heating
in the short pulse regime is determined by the energy density absorbed when heat diffusion is

limited by short pulse exposures.

3. Conclusions

In general, we establish here a direct relation between lower laser damage lifetime thresholds
of transparent opto-electrical materials with high free carrier absorption when subjected to
high peak power exposures. Thus thicker transparent films of single crystal wide bandgap
semiconductors with low carrier densities < 10'® cm™ appear to be ideal for handling high

power levels while still maintaining conductance. In contrast, polycrystalline films that
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require higher levels of doping for charge transport across grain boundaries will have higher
levels of laser energy absorption, fundamentally limiting their use in high power applications.
Suitability for future applications that could consider the class of materials surveyed here may
include large area, high power handling actively addressed devices designed for fast switching
or for steering high average or high peak power lasers, or the development of low loss
metamaterials capable of handling laser energetics. Other technologies involving transparent
conductive films may also account for material cost or scalability based on a suitable figure of
merit for selection, which is now extended to account for the lifetime laser damage fluence

threshold material properties presented in this study.

4. Experimental section

Absorption coefficient calculation: For transparent samples (e.g., Graphene, ITO, FTO, AZO,
B-Gax0s3 film, GaN, SiC bulk, and -Ga;0Os3 bulk), reflectance (R) and transmittance (7)) at
1064 nm with zero angle of incidence were measured using a customized
transmission/reflectance optical measurement setup. Absorptance (4) was then calculated
using the relationship 4 = 1 — R — T with the assumption that scattering was negligible. For
each sample, film thickness (#) was measured and the absorption coefficient (o) was
calculated using 4 = exp (-a¢) by the Beer’s law. A spectroscopic ellipsometer (J. A.
Woollam) was used to estimate the optical properties of opaque samples (e.g., Au/F, Au/S,
and TiN) using the Drude model. This estimation was validated by measuring the film
thicknesses.

Damage size analysis (DSA) method: The damage size analysis (DSA) method is described in
detail.['! Briefly, for deterministic laser damage induced by a Gaussian shaped laser beam,
the boundary of a damage site (Rpoundary) 1s formed where the beam fluence is equal to the

laser damage threshold. Therefore, under laser irradiation at a known peak laser fluence
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(Fpear) and 1/e? laser beam radius (w»), laser damage morphology provides laser damage

threshold (Fu) information by Fin = Fpeak €Xp (-2 (Rboundary/Wo)?).
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“bulk” damage (high carrier density N, > 102° cm3)

Figure 1. Damage morphology of s1ngle pulse laser damage test sites. (a) Graphene (b) Gold
film on sapphire (Au/S), (c) Titanium nitride (TiN), (d) Aluminum-doped zinc oxide (AZO),
(e) Gallium nitride (GaN) film, (f) Silicon-doped B-gallium oxide (Ga,03) film, (g) Nitrogen-
doped silicon carbide (SiC) bulk, and (h) fused silica bulk. The scale bars are 20 um.

Damage threshold (J/cm?)

L T ] L ] ' I
31 T e AZO, Fi(1) = 3.15 Jlem? Fy,(o0) = 1.85 Jiem?, k = (0.04)
2 4 e &---g
i__:"‘ FTO, 1.62, 1.00 (0.25)
PO Bt e S S P
1, N L R B P ITO, 1.25, 0.58 (0.01)
* “Ir--_t ""Fi,!‘v v
A4 . ---#---H—> TiN, 1.05, 0.46 (0.21)
""" iRl Ty’ et 1
034 Au/S, 0.73, 0.40 (0.18)
0.2 B S AulF, 0.27, 0.16 (0.53)
.-_-h:!:'—h""'i:‘l‘“‘l'"I'"_I_"'l'
-
0.1 | ® Graphene ®m AufF A -l
][ ®m TiN v ITO ¢ FTO 4 mGraphene 018 um'(n 05
1 10 100 1000

Number of pulses

Figure 2. Measured multi-pulse (lifetime) laser damage thresholds shown on a log-log scale.
Threshold values were derived using DSA laser damage testing method.
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Figure 3. Damage probability curves of (a) the bulk damage sample group on a semi-log
scale and (b) the discrete damage sample group on a linear scale.
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Figure 4. (a) Lifetime laser damage performance, (b) carrier concentration, (c) resistivity, and
(d) absorption coefficient for a range of transparent conducting materials.

Table 1. Physical, electrical, and optical properties of samples.

Deposition/growth Thickness Sheet Mobility Carrlerl
Type Name Substrate method [Supplier] (nm] resistance [cm2/Vs] concentration
pp [Q/c] [#/cmd]
- Single layer graphene
a) ~ 13b)
Grapheneg Fused silica (SLG) [ACS Materials] 1 175 1920 1.86 x 10
- E-beam evaporation 22
Au/F Fused silica [AC-VPL, LLNL] 25.9 1.74 14.1 9.81 x 10
. E-beam evaporation 22
Au/S Sapphire [AC-VPL, LLNL] 25.1 1.63 17.8 8.57 x 10
Poly ) . Cathodic arc deposition o o 22¢)
crystalline TiN Silicon [AC-VPL, LLNL] 344 2.64 2.49 2.76 x 10
ITo Sodalime Magneton sputtering 185 8.89 31.3 1.25 x 1021
[MTI]
FTO Sodalime Spray pyrolysis 285 12.7 25.1 6.85 x 107
[Pilkington]
. Magneton sputtering 20
AZO Sodalime [MSE Supplies] 795 8.77 16.2 5.51 x 10
GaN Sapphire HVPE [Kyma] 2,470 73.9 229 1.49 x 108
B'?f“os Sapphire LPCVDE8 12,500 36.5 72.1 1.90 x 1018
Single C;mO
crystalline B'bjlz( ° B-Gaz0s Melt growth [Tamura] 680,000 0.685 71.9 1.86 x 1018
. . Physical Vapor
SiC bulk 4H SiC 352,000 0.4699 1501241 2.53 x 1018

Transport [I1-VI]

“Three separate single layer CVD graphenes were transferred. The graphene sample consists
of stacked three single layer graphenes.; ¥Sheet concentration [#/cm?] is shown and majority
carrier is hole.; ©Sheet resistance, mobility, and carrier concentration were estimated from
spectroscopic ellipsometry fitting.; ¥Sheet resistance was measured using a contact-less probe
from Semila LEI (PA, USA).
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The lifetime laser damage performance of a wide range of transparent conductive
materials is assessed, including metals, metal oxides, semiconductors, and graphene whose
carrier densities span 5 orders of magnitude from 10'® to 10?* cm™. Laser damage threshold
measurements with opto-electrical measurements offer systematic criteria to select materials
aimed at handling high optical powers in optoelectronics devices and plasmonic
metamaterials.
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A Survey of Transparent Conducting Films and Opto-Electrical Materials for High
Optical Power Applications
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