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High-Quality Plasmonic Materials TiN and ZnO:Al by

Atomic Layer Deposition

Natalia Izyumskaya, Dhruv Fomra, Kai Ding, Hadis Morkog, Nathaniel Kinsey,

Umit Ozgiir, and Vitaliy Avrutin*

Electromagnetic radiation when coupled to collective oscillations of free elec-
trons, dubbed as plasmonics, makes it possible to manipulate light at dimensions
well below the diffraction limit and substantially enhances light-matter inter-
action. Plasmonics has already enabled many novel technologies with a wide
variety of application in chemical and biosensing, medical treatments, nonlinear
and quantum optics, metamaterials, optical nanotweezers, nanolasers, solar
cells, light-emitting diodes, and telecommunications. Coating the well-estab-
lished semiconductor circuitry with metals, such as Au and Ag, imparts the stack
with much coveted plasmonic properties, but the metals suffer from high dis-
sipative losses, limited optical tunability, and poor mechanical, chemical, and
thermal stabilities, which render them undesirable. Emerging alternative plas-
monic materials, such as TiN and ZnO:Al, overcome these limitations and offer
wide tunability of their electrical and optical properties. Among a wide range of
techniques used for the preparation of TiN and ZnO:Al thin films, atomic layer
deposition (ALD) offers advantages such as conformity, scalability, and low
growth temperature, which makes this technique the most suitable for the
integration of plasmonics with the complementary metal-oxide-semiconductor
(CMOS) electronics. Herein, a brief review of recent advances in ALD-grown TiN
and ZnO:Al thin films as pertained to plasmonic applications is given.

light-matter interaction, as schematically
shown in Figure 1. This makes possible
to overcome the diffraction limit of conven-
tional optics and localize electromagnetic
waves on scales much shorter than the light
wavelengths, paving the way to miniaturi-
zation of optical components.

Up to now, plasmonics has enabled the
emergence of novel technologies with com-
bined capabilities of photonics and micro-
electronics, and already a large variety of
applications have been demonstrated, which
include, but not limited to, chemical and
biosensing,”™ medical treatments,®!"
nonlinear and quantum optics,*™* meta-
materials,">*®)  optical nanotweezers,!”)
solar cells, interconnects and modula-
tors, 2! telecommunications (waveguides,
nanoantennas, plasmonic filters, switches,
routers, photodetectors),*>*! light-emitting
diodes,*" and nanolasers.”” Most common
plasmonic materials are highly conductive
metals (silver, gold, aluminum, etc.), among

[18,19]

1. Introduction

The weak interaction between light and matter that represents
the major hurdle in control and manipulation of photons has
triggered a great interest in plasmonics in the past few deca-
des.'™® Plasmonics relies on coupling photons into collective
oscillations of free electrons on the surface of metals (surface
plasmons), giving rise to surface-plasmon polaritons, electro-
magnetic waves propagating along metal/dielectric interfaces.
The coupling of electromagnetic waves to the motion of free
electrons enables confinement and control of light at scales
much smaller than the diffraction limit through enhancing
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which gold and silver are the most popu-

lar.”*! The noble metals are featured with

a high plasmonic figure of merit (FoM),
defined as the ratio of the real part of the permittivity to its imagi-
nary part, FoM = —¢'/e” *") but suffer from high inherent dissi-
pative losses at optical frequencies.”® In addition, they exhibit very
large, nontunable negative real permittivity in the near-infrared
(NIR) and visible ranges, which is not beneficial for many impor-
tant applications, such as epsilon-near-zero (ENZ) materials,
hyperbolic metamaterials, optical modulators operating in the tele-
communication wavelength range. Moreover, such drawbacks as
low melting points, poor mechanical properties, limited tunability
of their optical properties, tendency to oxidize under ambient con-
ditions (in the case of silver), poor surface adhesion, formation of
deep traps when diffusing into Si, make the incorporation of many
traditional metals into microelectronics technology extremely
challenging. This has spurred an intense search for robust
alternative plasmonic materials compatible with the standard
semiconductor fabrication, primarily, complimentary metal-
oxide—semiconductor (CMOS) technology.”®**! A large variety of
materials, including Si, Ge, I1I-V compounds, III-nitrides, transi-
tion metal nitrides, silicides, and germanides, transparent conduct-
ing oxides, perovskite oxides, and sulfides have been studied as
alternative to gold and silver.*®?%*! Reduced-dimension materials,
including metal nanostructures,”*? graphene,”***-*% and
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Figure 1. Electromagnetic wave couples into surface plasmon-polaritons
that have wavelength A, comparable with the size of atoms,
Aatom = Apl K Aphoton, thus enhancing the light-matter interaction.

phosphorene  (single-monolayer phosphorus),*® also have
received considerable attention.

In this brief Review, we focus on atomic layer deposition
(ALD) of two materials, titanium nitride (TiN) and Al-doped
ZnO (AZO) that recently attracted a great deal of attention as
plasmonic materials for visible and, primarily, NIR spectral
regions. The focus on the ALD method is motivated by its
excellent conformality, precise thickness control, and
CMOS-compatible low deposition temperatures, as discussed
in details in the following sections.

2. TiN Thin Films

Among the variety of the investigated materials, TiN stands out
due to its gold-like optical properties and refractory nature.***"~*%
Additional advantages of this material include tunability of its
optical properties in the visible and NIR range, low-cost, high
thermal and chemical stability, high melting point (2930°C),
high mechanical hardness, and bio- and CMOS compatibil-
ity.?%31#142 Figure 2a,b shows the real and imaginary parts of
the dielectric function of Au and sputtered TiN thin films,
whereas Figure 2c compares recently published data on FoMs
for TiN layers deposited by different techniques on various
substrates.*”***) For more published data on electrical and
plasmonic properties of TiN films, see Table 1.

The high performance of TiN as a plasmonic material has
been recently exploited for variety of applications, including
plasmonic waveguides on sapphire,*®! nanohole metasurfaces
on sapphire,*” nanoantennas on sapphire, MgO and Si sub-
strates,*”*%*" and cancer treatment.*? High-quality TiN is gen-
erally grown via reactive sputtering,?%373%4%23>4 pyp 14355
molecular-beam epitaxy (MBE),***% and ALD*'*"%"~%8] techni-
ques. Unfortunately, preparation of high-quality TiN usually
requires high deposition or postdeposition annealing tempera-
tures that are not compatible with CMOS processes.
Nevertheless, a peak plasmonic FoM of ~4.5 has been demon-
strated for TiN films deposited on a bulk MgO substrate by reac-
tive sputtering at a substrate temperature of 650 °C.*” The MBE
method allows for substantial improvement of material quality
that results in low optical loss. The ¢” value as low as 10 was
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Figure 2. a) Real and b) imaginary parts of the permittivity of Au and TiN
thin films deposited by sputtering onto (100)Si and (100)MgO substrates
at temperatures of 700 and 650 °C, respectively. ¢) FoM for TiN films
deposited on various substrates (MgO, sapphire, Si, SiO,, and MgO/Si
stack) by sputtering,?”** ¢l pulsed laser deposition (PLD),**! and
ALD.*! a—c) Adapted with permission.®”) Copyright 2019, American
Chemical Society.

obtained by Maurya et al.’® for TiN films grown on sapphire
by plasma-assisted MBE at 600 °C. Using very high substrate tem-
perature of 1000 °C during MBE growth allowed Guo et al.”® to
achieve single-crystalline, stoichiometric, highly metallic TiN films
with an electron concentration of 9.2 x 10*2 cm™> and low optical
loss (¢” = 18) due to improved structural quality that resulted in a
peak plasmonic FoM as high as ~5.8 (see Table 1). However, these
temperatures are too high for the CMOS industry, which requires
a relatively low ceiling temperatures about 550 °C. In addition, the
growth of stoichiometric TiN films by sputtering or chemical
vapor deposition (CVD) is rather challenging because titanium
is highly reactive and easily forms titanium oxynitride as a result
of reaction with residual gases.*®

Being a low-temperature technique, ALD appears to be the
most suitable for deposition of nitride and oxide films for plas-
monic applications, as it is a CMOS-compatible scalable method
which provides low-temperature, conformal, and pin-hole free
deposition with subnanometer thickness control. However, rel-
atively high concentration of defects in ALD materials associated
with low process temperature compared with such methods as
MBE, sputtering, or PLD as well as relatively large level of oxy-
gen and carbon contaminations give rise to a high optical loss in
the ALD-deposited TiN. Thus, the attainment of CMOS-
compatible TiN comes at the expense of trade-off between
sufficiently low deposition temperature and optical loss.
Nevertheless, the typical ALD process temperatures (200—
300 °C) are well below the upper limit of the CMOS technology
(550 °C). Therefore, there is a room to improve the structural
quality of ALD TiN by increasing the deposition temperature
toward 450-500 °C and reducing the level of contaminations
via careful optimizations of process parameters and choice of
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Table 1. Deposition technique, deposition temperature Ts, thickness ¢, resistivity p, the real (¢’) and the imaginary (¢”) parts of the dielectric permittivity,
and plasmonic FoM for TiN films deposited on various substrates.

Film/substrate Method? Ts [P t [nm] p [Qcm] e at 1550nm  ¢” at 1550 nm FOM at 1550 nm Ref.

TiN/Si PE-ALD 450 100 - —62 31 2.0 (peak 2.4 at ~1000 nm) [47]

TiN/MgO/Si 450 100 - —60 24 2.5 (peak 2.8 at ~1250 nm)

Ti/MgO 450 100 - —63 24 2.6 (2.9 peak at ~1270 nm)

TiN/sapphire PE-ALD 450 85 3.1x10°° —63 27 2.33 (peak 2.8 at ~1200 nm) [57]

TiN/Si PE-ALD 250 90 - —22 43 0.5 [51]

TiN/SiO, 250 90 . —24 41 0.6

TiN/MgO 250 90 - -30 26 1.2

TiN/SiO,/Si PE-ALD 300 27 341x10°° -7 39 0.18 (peak 0.54 at 900 nm) [59]
300 216 341x10°° -27 35 0.77 (peak ~1 at 900 nm)

TiN/SiO,/Si ALD 350 10 ~17x107° —28 66 0.4 [67]

TiN/SIiO,/Si PE-ALD 300 30 53x107° - - - [62]

TiN/MgO PE-ALD 300 57 29x107° - - - 73]

TiN/sapphire 300 57 5.0 x 10 - - -

TiN/SiO,/Si 300 57 6.7 x 10 - - -

TiN/MgO PE-ALD 300 + annealing at 650 57 20x10°° - - - [73]

TiN/sapphire 57 4.5x10 - - -

TiN/SiO,/Si 57 5.5x 10 - - -

TiN/SiO,/Si PE-ALD 300-350 25-40  6.0x107° - - - [66]

TiN/Si PE-ALD 250 34 8.6x107° - - - [61]

TiN/sapphire MBE 1000 100 3.4x10° —83 18 4.6 (peak ~5.8 at 1150 nm) [38]

TiN/MgO MBE 600 80 - —68 19 3.6 [56]

TiN/sapphire 600 80 - —50 10 5

TiN/SiO,/Si PLD RT - - —80 60 ~1.3 (peak ~1.8 at 920 nm) [43]

TiN/sapphire PLD 780 130 - - - Peak 1.9 at ~870 nm [55]

TiN/MgO 780 130 53x10°° - - Peak 1.7 at ~900 nm

TiN/Si PLD 600-700 1.5x107° - - - [72]

TiN/Si Reactive RF MS 700 80 - —78 43 1.8 (peak 2.2 at ~900 nm) [37]

TiN/MgO 650 80 - —75 20 3.7 (peak 4.5 at 1000 nm)

TiN/sapphire DC MS 850 30 - —61 26 2.3 (peak ~2.7 at 1100 nm) [45]
850 200 - —62 21 2.9 (peak ~3.3 at 1150 nm)

TiN/Si Reactive MS 600 41 - —24 24 1 [46]

TiN/sapphire 600 39 29 x107° -7 23 0.3

TiN/MgO 600 29 6.5x10°° —53 36 15

TiN/sapphire Reactive DC MS 800 30-50 - —16 19 0.84 [30]

TiN/sapphire Reactive DC MS 500 30 - =17 10 1.7 [39]

TiN/MgO Reactive DC MS 800 10 - —66 22 3 [53]

TiN/MgO Reactive DC MS 600 ~35 - =70 26 2.7 [54]

TiN/Si Reactive RF MS RT 50 - —55 49 1.12 (peak ~1.5 at ~900 nm) [71]

IThe following abbreviations are used in the table: plasma-enhanced atomic layer deposition (PE-ALD), pulsed laser deposition (PLD), molecular-beam epitaxy (MBE), radio

frequency (RF), direct current (DC), magnetron sputtering (MS), room temperature (RT).
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Ti precursors and system hardware materials. These efforts are
discussed in detail below.

Plasma-enhanced ALD (PE-ALD) widely used for TiN fabri-
cation allows deposition either at even lower temperatures or
improvement of the material crystallinity without substantial
increase in the process temperature due to plasma-enhanced reac-
tivity of precursors. Optical and electrical properties of the films can
be easily tuned by varying ALD conditions and/or postgrown treat-
ments. In case of TiN, ALD typically offers low, highly controllable
growth rates of 0.1-0.5 nm per cycle. A wide variety of precursors,
including tetrakis(dimethylamino)titanium (TDMAT), tetra-
kis(diethylamino)titanium (TDEAT), and titanium tetrachloride
(TiCly) are used for the ALD growth of TiN, with TDMAT being
the most popular one. It has a moderate decomposition tempera-
ture and a large ALD-window temperature range, enabling wide
tunability of TiN optical properties. The ALD window is the tem-
perature range within which self-limiting growth mechanism is
operative (see Figure 3b). At temperatures below the ALD window,
the precursor could condense on the substrate surface, leading to
ineffective purging and resulting in an increased growth rate and
poor material quality (Figure 3b). On the other hand, surface reac-
tions could remain incomplete because of low temperature, which
would result in a decreased growth rate. On the high-temperature
end of the ALD window, decomposition of the metalorganic pre-
cursor could lead to a CVD-type growth with increased growth rate,
or enhanced desorption of the precursor may decrease the growth
rate. Temperatures both above and below the ALD give rise to devi-
ation from stoichiometry of resultant material, degrading its plas-
monic FoM.

Briggs et al.®!! used PE-ALD of TiN to fabricate CMOS-
compatible plasmonic nanoantennas. TiN layers were grown

(a) ALD cycle
First half Second half
o
°
® e o ®e
oo%oooc)oo 00 00 oo *o?%:%%,°
¢ °° % % R ER IR
I
Precursor Purge Plasma Purge
(b)

condensation decomposition

ALD window

Growth rate

incomplete
reaction

desorption

Substrate temperature

Figure 3. a) Schematic illustration of a typical PE-ALD cycle. During the
first half-cycle, a pulse of precursor molecules chemisorbing on a heated
surface is followed by a purge step to remove excess precursor species.
During the second half-cycle, the chemisorbed precursor is exposed to
plasma which provides the activation energy for the formation of a desired
material. b) Schematic showing the ALD temperature window.
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on Si, SiO,, and MgO substrates at 250 °C using TDMAT as pre-
cursor with a plasma exposure time that varied from 20 to 110s.
It was found that longer plasma exposure times are favorable for
reducing carbon and oxygen contaminations, which are likely
responsible for the increased absorption in the NIR range. X-
ray photoelectron spectroscopy (XPS) revealed that the TiN layers
deposited with a plasma exposure time of 20 s contained 13%
oxygen and 7% carbon, whereas the films grown with 80s
plasma exposure time had only 3% oxygen and 4% carbon.
As a result, the layers grown at longer plasma exposure times
showed improved optical properties (more negative real part
of the permittivity and lower loss). Annealing of the ALD TiN
films on Si in vacuum for 2h was found to further improve
the optical properties of TiN. As annealing temperature
increased from 250 to 650 °C, the real of permittivity became
more negative, the imaginary part decreased, and the screened
plasma frequency at which the real permittivity changes from
positive to negative, indicating the onset of metallic behavior,
increased. Using the optimized plasma exposure times and post-
deposition anneals, Briggs et al.*! have achieved a plasma fre-
quency of ~622 nm. Although a temperature of 650°C is too
high for the CMOS technology, annealing at temperatures below
500 °C are acceptable for CMOS, and even as-grown TiN layers
shows plasma frequency values in the visible range, proving that
the ALD grown TiN is certainly suitable for plasmonic applica-
tions in the visible and NIR ranges.

Fomra et al.’”) have reported high plasmonic quality TiN films
grown by PE-ALD on c-plane sapphire. TiN layers with low
losses, high metallicity, and a plasma frequency below 500 nm
were achieved at substrate temperatures less than 500 °C by opti-
mizing the ALD parameters (chemisorption time, plasma expo-
sure time, and substrate temperature). It was found that a
reduction in chemisorption time from 2 to 0.5 s mitigated pre-
mature decomposition of the TDMAT precursor at substrate
temperatures above 375 °C (TDMAT decomposes rapidly at tem-
peratures around 450°C"%). In concert with the findings by
Briggs et al.,®" a longer plasma exposure time was found to
reduce impurity concentration in the TiN films, especially in
the layers grown at higher temperatures. Figure 4a shows the
carbon and oxygen concentrations in the films grown at
450°C as a function of plasma exposure time tpjagma. One can
see that the impurity concentrations drop abruptly as tyjasma
increases from 15 to 25 s and then virtually saturate as tyjasma
increases further to 35s. This effect was particularly noticeable
at temperatures around 450 °C because the samples deposited at
higher temperatures were more contaminated with oxygen and
carbon compared with the samples deposited at lower tempera-
tures, as revealed by XPS examination. For example, the TiN
films deposited at 375 °C with tpj,sma = 10's exhibited less than
2+ 0.5% carbon and oxygen impurities, whereas 4% carbon and
3% oxygen were detected in the films grown at 450 °C. This find-
ing was explained by premature decomposition of the precursor
on the substrate surface at 450 °C, wherein the Ti species readily
bonded to impurities from the environment. From this point of
view, precursors stable at higher temperatures, such as TDEAT,
could result in films with better optical quality.

The extended plasma exposure time was also found to improve
optical performance of the material by facilitating the complete
conversion of Ti into stoichiometric TiN.’”) As shown in
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Figure 4. a) Concentration of carbon and oxygen in the TiN films grown on sapphire by PE-ALD at 450 °C as a function of plasma exposure time, t,jasma-
b) FoM of the TiN films grown at a substrate temperature of 450 °C with different plasma exposure times. a,b) Reproduced with permission.P” Copyright

2020, AIP Publishing.

Figure 4b, FoM of the TiN layers grown at 450 °C increases as the
plasma exposure time rises from 10 to 25s, however, drops
slightly at a plasma exposure time of 35s. X-ray diffraction
(XRD) studies revealed that this drop can be explained by a
reduced structural quality of the films deposited with long
plasma exposures due to plasma damage. Therefore, an
optimized trade-off between reduced impurity concentration
and increased defect density with plasma exposure time
resulted in the best optical properties of the TiN layers grown
with tpiasma =258 (Figure 4Db).

The permittivity of the optically thin films is affected by the
substrate and the nonideal layer near the substrate/TiN interface.
Therefore, FoM is expected to be dependent of the layer thick-
ness. Fomra et al.®” studied thickness dependence of the optical
performance of the ALD-grown TiN layers. As shown in
Figure 5a, the peak FoM value rises from 2.2 to 2.8 as the film
thickness increases from 30 to 80 nm, then tends to saturate. The
observed dependence is due to the contribution from the lower
quality layer near the substrate/TiN interface. Beyond a few skin
depths (6 ~ 15nm at the frequency corresponding to the peak
FoM), this contribution becomes negligible. Figure 5b shows
the substrate temperature dependence of the peak FoM mea-
sured for optically thick films (=100nm). As shown in
Figure 5b, 450 °C is the optimal deposition temperature, which
also produces the lowest film resistivity of 31 pQcm.”) It is
interesting that a sharp drop in FoM at substrate temperatures
above 450 °C is accompanied by a rapid increase in growth rate,
from 1.3 Acycle™ at 450°C to 4.2 Acycle™ at 500°C. Such
increase in the deposition rate is indicative of CVD-like growth
mode at high temperatures caused by premature decomposition
of TDMAT on the substrate surface and formation of Ti-reach
material, which is obviously not favorable for optical perfor-
mance of TiN. Figure 5d shows the FoM for the 85 nm-thick
TiN layer grown at the optimized conditions (a substrate temper-
ature of 450 °C, a chemisorption time of 0.5 s, and a plasma expo-
sure time of 25s). A thorough optimization of the growth
parameters allowed Fomra et al.”” to achieve TiN layers exhibit-
ing a high plasmonic FoM of 2.8.

It should be emphasized that the growth of high-purity TiN by
the low-temperature PE-ALD is rather challenging. Carbon and

Phys. Status Solidi RRL 2021, 2100227 2100227

oxygen are the most common impurities in the ALD-grown film.
Carbon comes from precursors. Unfortunately, N, or NHj;
plasma used for the nitride growth removes carbon contamina-
tions from the substrate surfaces less efficiently as compared
with oxygen plasma. Oxygen species come from the residual
gas in the growth chamber, chamber walls contaminated during
previous oxide growths, process and purge gases, and precur-
sors.’?¢1%% Ag titanium has a high affinity for oxygen, even
minor oxygen contamination in an ALD chamber results in tita-
nium oxidation during the growth, which is a serious complica-
tion of the ALD technique. In worst cases, background oxygen
can lead to titanium oxynitride growth.[*”!

Otto et al.* deposited TiN layers on SiO, substrates by con-
ventional PE-ALD with TDMAT precursor at a substrate temper-
ature of 300°C. In that work, a mixed hydrogen-+nitrogen
plasma was used, where hydrogen radicals helped to remove
[(CH3), N] ligands from the metal-organic precursor, and nitro-
gen radicals bonded to open titanium sites. Using in situ spec-
troscopic ellipsometry, Otto et al.*® studied the evolution of TiN
properties throughout the film growth. The real part of the per-
mittivity showed the strongest thickness dependence, with sub-
stantial improvement as the film thickness increased to 216 nm.
This enhancement was attributed to increased carrier concentra-
tion and mobility as a result of the cumulative plasma time expo-
sure of the growing film. The imaginary part of the permittivity
showed moderate gradual decrease with increasing film thick-
ness. The FoM calculated from the ellipsometry data revealed
that even the thin films (<10nm) were plasmonic, and the
FoM increasing with the film thickness, reaching ~1 at
~900 nm wavelength. Otto et al.*” emphasized that the proper-
ties of the ALD-grown TiN layers were very sensitive to oxygen
cross-contamination in the ALD chamber resulting from previ-
ously performed depositions of metal oxides, such as AlO,, SiO,,
TiO,, HfO,, CoO,, WoO,, and MoO,. Auger electron spectros-
copy (AES) revealed increased oxygen concentrations in the TiN
films grown in the chamber seasoned with previous oxide dep-
ositions as compared with the layers deposited in the cleaned
chamber. Due to increased oxygen contamination, the TiN layers
grown in the seasoned chamber showed inferior FoMs, sheet

(5 of 16) © 2021 Wiley-VCH GmbH
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Figure 5. a) Peak FoM as a function of thickness for TiN films grown on sapphire by PE-ALD under optimized conditions (a substrate temperature of
450°C, a chemisorption time of 0.5 s, and a plasma exposure time of 25 s). b) Peak FoM as a function of a substrate temperature for optically thick TiN
films. c) Real and imaginary parts of the permittivity and d) FoM (peaking at 2.8) for the film grown under the optimized conditions. a—d) Reproduced with

permission.P”) Copyright 2020, AIP Publishing.

resistance, and increased resistivity (from 341 to 547 pQ cm for
films grown in the clean and seasoned chamber, respectively).

Rayner et al.®! investigated various sources of oxygen species
in a typical PE-ALD reactor and identified six sources: system
leaks, process gases (Ar, N, and H,), elastomer permeation, pro-
cess pump back diffusion, outgassing of water adsorbed on reac-
tor surfaces, and plasma etching of the silica plasma tube.
Process gases have been found to be the primary source of oxy-
gen contamination, 99.999% purity grade process gases contain
up to ppm levels of oxygen impurities, including O,, water, CO,
and CO,. To achieve ultrahigh purity conditions in the ALD reac-
tor, Rayner et al." addressed all of the aforementioned sources
of oxygen contaminations, except of plasma etching of the silica
tube. The PE-ALD deposition of TiN films on SiO,/Si substrates
was carried out using TiCl, and TDMAT precursors at 350 °C
and 250 °C, respectively. In both cases, TiN layers with oxygen
content below 1 at% were obtained. The authors point out that
further improvement in TiN purity can be achieved by replacing
the silica plasma tube with sapphire one. Indeed, it has been
reported® that the sapphire-based inductively coupled plasma
(ICP) source enables lower oxygen contamination of TiN layers
as compared with the quartz source. Other advantages of the sap-
phire source include higher deposition rates, better crystallinity,
and lower film resistivity.*? Krylov et al.*” also reported that the
increase in the reactive gas flow resulted in higher oxygen
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contamination for both ICP source materials and that the oxygen
concentration in the films depended on the reactive gas nature
(N2, NH;3, or H,). The lowest oxygen concentration (=1%) was
observed for TiN grown with the sapphire plasma source at a
low flow of hydrogen plasma, whereas the films deposited with
the use of quartz plasma source at a high hydrogen flow suffered
from the highest oxygen contamination (=45%). The layers
grown with the sapphire plasma source at a low H, flow also
showed the lowest resistivity (=53 pQ cm for 30 nm-thick films)
apparently due to the lowest oxygen contamination level. It is
interesting to note that so grown films had a significant carbon
content (~8%). However, the carbon contamination did not
degrade the film conductivity, as TiC itself is conductive.
Realizing the potential of TiN-based plasmonics through inte-
gration with the CMOS-based electronics necessitates the growth
of high-quality TiN layers on Si substrates under CMOS-compati-
ble conditions, namely the growth temperatures. It has been well
established that structural performance and physical properties of
thin films depend drastically on the substrates used.
Unfortunately, Si is a poor substrate choice for epitaxial growth
of TiN due to the large lattice mismatch between Si and TiN
(21.9%). Up to the time of this writing, only moderate plasmonic
properties have been achieved for TiN films grown on Si
substrates using various deposition methods such as
sputtering *”>*”!1 PLD,"? and ALDPY (see Figure 2). A low
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resistivity of 15 pQ cm has been achieved by PLD at temperatures
as high as 700°C."? As for low-temperature growth, TiN films
grown by ALD on Si at 250 °C exhibited weak metallic character
and much higher losses at the telecommunication wavelength of
1550 nm as compared with TiN films on MgO (see Table 1),
although the TiN/Si films were used to demonstrate fully
CMOS-compatible plasmonic nanoantennas.®" Due to the close
in-plane lattice constants of MgO (4.213 A) and TiN (4.241 A),
MgO substrate promote epitaxial growth and ensure high struc-
tural quality, good optical properties, low loss, and low electrical
conductivity. Studying a large variety of amorphous, polycrystal-
line, and single-crystalline substrates, Krylov et al.”* have found
that TiN grown by ALD on single-crystal bulk MgO substrates at
300°C showed the lowest resistivity (=20 pQ cm). This value is
very close to that for TiN deposited for PLD at much higher
temperature of 700 °C."%

Very recently, Ding et al.*”7* addressed the insufficient optical
quality of TiN films on Si substrates by inserting a thin (10 nm)
MgO interlayer. The MgO layers were grown on Si (001) substrates
by plasma-assisted MBE at 680 °C. TiN layers ~100 nm thick were
then grown on the MgO/Si (001) templates by PE-ALD at a mod-
erate substrate temperature of 450 °C using TDMAT and nitrogen
plasma as the Ti and N precursors, respectively. For comparison
purposes, TiN layers were grown in the same run directly on Si
(001) without an MgO interlayer and on bulk MgO (001) substrates.
As shown in Figure 6a, the MgO interlayer enhanced the plas-
monic FoM at the telecommunication wavelength of 1550 nm from
2.0 for TiN/Si to 2.5 for TiN/MgO/Si, while the peak FoM (at
~1300 nm) increased from 2.4 to 2.8, respectively. These values
were comparable with those associated with the films grown on
bulk MgO (001) substrates. XRD measurements revealed that
TiN grew on the MgO/Si templates epitaxially, with an epitaxial
relationship of TiN (001) || Si (001) and TiN [110] || Si [110].
The interesting finding was that even moderate structural quality
MgO interlayer gave rise to a dramatic improvement in TiN struc-
tural perfection and thus optical quality. Scanning transmission
electron microscopy (STEM) study of sample cross-sections, sup-
ported by the reflection high energy electron diffraction (RHEED)
observations of the growth evolution, indicated that the MgO
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interlayer commenced in the amorphous state due to the large lat-
tice mismatch between Si and MgO and a low substrate tempera-
ture of 300 °C used for MgO layer nucleation. As the MBE growth
proceeded at 680 °C, textured polycrystalline MgO with (001) pre-
ferred orientation emerged. The intermediate MgTiO or MgTiON
sublayer, as evidenced by X-ray energy dispersive spectroscopy
(EDX), was formed by intermixing between the MgO and TiN
layers during the ALD growth procedure. As a result, the MgO
interlayer was composed of a 3 nm amorphous MgO sublayer at
the Si/MgO interface, a 6 nm polycrystalline MgO sublayer, and
a 2 nm-thick MgTiO or MgTiON sublayer at the MgO/TiN inter-
face. However, the MgTiO or MgTiON sublayer did not exhibit the
spinel structure characteristic of Mg-containing complex oxides
likely due to the relatively low ALD growth temperature.
Inheriting from the polycrystalline MgO, the TiN film initialized
in the realm of a competition between different growth orientations
for the first 20 nm. As the growth proceeded, thermodynamically
favorable (001)-oriented TiN grains began to prevail and finally won
the competition against other grain orientations due to the lowest
surface energy of the TiN (001) plane.”® It should be stressed that
the MgO interlayer should not necessarily be grown by MBE, the
thin MgO interlayer may be successfully deposited by low-temper-
ature ALD, providing comparable crystalline quality and maintain-
ing the CMOS process compatibility.”®!

Figure 6b shows the real and imaginary parts of the permittivity
for the ALD-grown TiN layers on the MgO/Si template as well as
on Si and bulk MgO substrates. One can see that the real part of the
permittivity turns out to be virtually independent of the substrate
material. In general, higher crystalline quality should provide
higher metallicity (more negative ¢’) in TiN films. However, such
factors as stoichiometry and oxygen contamination could have
more significant effect on metallicity.[54'59] Therefore, TiN films
with better crystal quality had not always exhibited higher metal-
licity. As noted, the TiN films in this work were grown under
the same PE-ALD conditions, so similar metallicity was attributed
to similar stoichiometry and oxygen impurity concentration among
the samples grown on different substrates. In contrast, the optical
losses for TiN on MgO/Si were significantly lower as compared
with those for TiN on Si due to the improvement in crystallinity
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Figure 6. a) FoM and b) real and imaginary parts of the permittivity for TiN thin films grown on Si (001), Si (001)/MgO, and bulk MgO (001) substrates as
a function of wavelength. The shadowed regions in (a) represent experimental error. a,b) Adapted under the terms of the CC-BY Creative Commons
Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0).1*”? Copyright 2021, The Authors, published by Wiley-VCH.
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via the insertion of the MgO interlayer, and were comparable with
those in the films grown on bulk MgO (Figure 6b). TiN grown on
bulk MgO showed the highest FoMs (Figure 6a), which is consis-
tent with the fact that bulk MgO possesses much better lattice
matching to TiN than Si and higher crystal quality compared with
the MgO interlayer. The FoM values for the films grown on the
MgO/Si templates are only slightly lower than that for TiN on bulk
MgO, but considerably improved as compared with those of TiN on
Si. The TiN films grown on the MgO/Si templates exhibit the best
performance among films grown on Si by PE-ALDPY and reactive
sputtering®*”! at CMOS-compatible temperatures, and even at
higher than 600 °C,*”) whereas also achieving their peak and fairly
consistent performance in the telecommunications range.

To evaluate the device potential of the PE-ALD-deposited TiN,
Fomra et al.”” designed, fabricated, and characterized mechani-
cally robust metasurfaces exhibiting plasmonic colors across the
visible and the NIR spectrum. Such metasurfaces are attractive
for security holograms invisible to eye. Using e-beam lithography
and dry etching, Fomra et al.”” fabricated circular subwavelength
apertures (nanoholes) in 41 nm-thick TiN layers grown by PE-
ALD on sapphire substrates under optimized conditions. The
nanoholes with radii varying from 75 to 150 nm were arranged
in a hexagonal pattern, as shown in Figure 7a. These patterned
films exhibit polarization-independent and angle insensitive
(£10°) extraordinary transmission (EOT)”® in the visible and
the short-wave IR spectral regions (550-1040 nm), which is acces-
sible by conventional Si CCD detectors. Figure 7b shows the sim-
ulated (using Comsol Multiphysics software) and experimentally
measured transmission spectra of a representative structure with
a separation between the nanoholes of 200 nm and a hole radius
0f 150 nm. The EOT peak at ~1050 nm is caused by the formation
of plasmonic Bloch modes on the surface of the TiN/air interface
due to the interference of propagating surface plasmons, as
observed in patterned thin metallic films.”5 3% 1n brief, the effect
is based on coupling the incoming electromagnetic waves to the
propagating surface plasmon modes on the internal surfaces of
the circular nanoholes, due to the momentum imparted by the
periodic structure. These surface plasmons, launched from the
edge of each nanohole, interfere to form plasmonic Bloch modes
which result in a band structure.”®’ As shown in Figure 7b, the
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spectral position of the peak, along with the efficiency of transmit-
tance, match well with the simulations. This is indicative of suf-
ficiently high structural quality of TiN epitaxially grown on c-plane
sapphire that enables a smooth sidewall profile, unlike gold and
silver which exhibit rough edges due to grain formation. Figure 7c
compares the simulated (COMSOL Multiphysics) responses of
similar structures based on gold and silver films with a 4 nm
Cr adhesion layer, which are required to provide continuous
films. Despite the simulated response from the TiN metasurface
appearing somewhat worse compared with the ideal metal meta-
surfaces, the side-wall roughness inherent to the polycrystalline
nature of metal films would lead to higher scattering/radiation
losses, further limiting their performance.®! Figure 7d shows
the color palette for EOT achievable by varying the periodicity
and radii of the nanohole array. The EOT transmission peak is
continuously tunable between 750 and 1040 nm. To reiterate,
as the spectral response of all the designed metasurfaces can
be easily imaged using inexpensive silicon-based photodetector
arrays, these structures exhibiting plasmonic colors can be uti-
lized to design covert security features, using arrays of patterns
that have similar appearances in the visible spectrum but a dif-
ferent spectral signature in the short-wave IR region.

3. ZnO:Al Thin Films

Another class of alternative plasmonic materials is transparent
conducting oxides (TCOs) such as aluminum zinc oxide
(AZO), gallium zinc oxide (GZO), and indium tin oxide (ITO).
Being CMOS-compatible materials with low optical losses,
tunable optical properties, metal-like conductivity, and well-
established fabrication processes, TCOs have found
applications in plasmonics, metamaterials, and nonlinear
optics.?62830428283] Due to the real part of the permittivity
approaching zero at telecommunication wavelengths (1260-
1625 nm) as well as small losses in this range, TCOs are consid-
ered as promising ENZ materials.”® Among the TCOs, AZO and
GZO are particularly attractive, as ZnO is a well-studied material
composed of nontoxic and naturally abundant elements. This
material tolerates high levels of doping that gives rise to high con-
ductivity.®¥ At the telecommunication wavelength of 1550 nm,
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Figure 7. a) Schematic of the hexagonal array metasurface. S stands for separation. b) Simulated (dashed) and measured (solid) transmission spectra of
a metasurface with separation of 200 nm and radius of 150 nm. The kinks on the measured spectrum at wavelengths below 650 nm are due to diffraction
effects, whereas the smooth peak around 1050 nm is due to EOT. c) Simulated transmission spectra for Au-, Ag-, and TiN-based metasurfaces with radius
of 125 nm and separation of 150 nm. Simulations for Au and Ag metasurfaces are carried out assuming the presence of a 4 nm-thick Cr adhesion layer.
d) EOT peak positions as a function of the radius and period. EOT peaks cover the wavelength range from 750 to 1040 nm. a—d) Adapted with permis-

sion.l””) Copyright 2021, Optical Society of America.
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losses in AZO are more than three times lower than losses in sil-
ver, whereas GZO exhibit slightly inferior characteristics.”! The
Al- and Ga-doped ZnO layers can be deposited by a variety of tech-
niques, including sputtering,*>*>#¢" MBE,®7#9 pLD #2021
CVD,**?* and ALD.”*'% Typically, AZO films are grown by
ALD at substrate temperatures not higher than 250 °C with the
use of diethylzinc (DEZ), trimethylaluminium (TMA), and water
as Zn, Al, and oxygen precursors, respectively.”>?’%1%4 The
decomposition of water molecules results in the absorption of
OH™ radicals on the surface, which act as active sites for Zn™
and Al" ions.

As AZ0 is not a stoichiometric compound, its physical prop-
erties are drastically dependent on deposition conditions. Indeed,
along with Al content of AZO, the ENZ wavelength can be tuned
by adjusting deposition temperature, film thickness, postdeposi-
tion thermal treatment,”>~*”%’ and even by adding ZnO buffer
layers and protecting layers (e.g., HfO, or Al,O;) preventing Zn
evaporation upon high-temperature treatment.!'*] Up to date,
several groups reported on the tuning of ENZ wavelength in
the ranges 1320-2300,°* 1450-1545,"Y 1500-1700, 1550~
1700,P% 1600-2200,°' and 1800-2400 nm.*” As an example,
Figure 8 shows ENZ wavelength dependences on substrate tem-
perature, dopant concentration, and thickness for AZO layers
grown by ALD on silica and silicon substrates by Gurung
et al.”® The ENZ wavelength blueshifts as the substrate temper-
ature increases from 225 to 250 °C (Figure 8a,d), which can be
explained by the increase in doping efficiency (the ratio of elec-
trically active Al species to total Al content in the matrix) as well
as an increase in the grain size, and the improvement in crystal
structure of AZO with increasing deposition temperature. The
better crystallinity of the films should result in a reduction of
scattering centers for electrons, and thus an increase in carrier
mobility. At substrate temperatures above 250 °C, the ENZ wave-
length (as well as loss) increases apparently because of inferior
crystal quality of AZO the caused by the desorption of precursors
at the high temperatures during the deposition process.
Figure 8b,e shows that as the Al content increases (dopant ratio
ZnO:Al decreases), the ENZ wavelength (as well as loss) first
decreases and then increases again. Gurung et al.”*® explained
this finding by doping saturation as well as the formation of
Zn vacancies at high Al concentrations. As the Al content of
AZO increases, the carrier concentration increases until it
reaches a maximum value. Incorporation of more Al species
leads to their clustering, which gives rise to a decrease in both
carrier concentration and mobility. The film thickness also has
an effect on the ENZ wavelength, as shown in Figure 8c,f. The
longer ENZ wavelengths for the thinner films have been attrib-
uted to lower free carrier concentrations in these layers, as 4-5
monolayers of ZnO deposition is required to achieve fully acti-
vated Al dopants.!"®* With increasing thickness, the ENZ wave-
length blueshifts and reaches the value corresponding to the
selected dopant ratio. Another factor possibly contributing to
the observed blueshift is the increase in the grain size with
increasing film thickness.”®

Riley et al.l'® observed a blueshift in the crossover wavelength
when a 112 nm ZnO buffer layer between AZO and a silicon sub-
strate was inserted. As the buffer thickness increases from 0 to
112 nm, the wavelength shifted from 1550 to 1450 nm and losses
decreased from 0.53 to 0.46 at 1550 nm. This improvement was
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explained by better crystallinity of AZO grown on a ZnO buffer
layer. The grains in the ZnO films become larger with increasing
thickness, therefore, the AZO layers deposited on thicker buffer
layers have larger grain sizes and fewer grain boundaries, acting
as traps and barriers for free carriers. As a result, the large-grain
AZO films showed better conductivity and improved optical
properties. Although this result is sound and logical, the use
of relatively thick ZnO buffer is not feasible for many modulator
applications, where AZO is required to be in direct contact or in
close vicinity to Si waveguide.

To obtain ENZ properties covering the entire telecommunica-
tion wavelength range (1260-1625 nm) or provide access to bio-
logical transparency windows (600-1350 nm), AZO layers with
low losses and very high carrier concentration are required.
Unfortunately, the ALD-grown AZO often exhibit poor optical
quality and insufficient carrier concentrations due to low doping
efficiencies at high doping levels (>10%°cm?).P®19193] For
example, about 60% of Al atoms in AZO layers deposited by reac-
tive magnetron sputtering®! and over 90% of Al atoms in CVD-
grown AZO were found to be electrically active, while only
about 13% Al worked as dopants in the ALD-grown AZO
films."%*! The poor doping efficiency (the ratio of electron con-
centration to total Al content in the matrix) is a serious limitation
of ALD, which results in lower quality of ALD-grown AZO and
GZO films compared with those grown by the other methods.
This limitation is related to the digital nature of the ALD process.
MBE, PLD, CVD, and sputtering techniques involve concurrent
delivery of Zn and Al species with precisely controlled flux ratios
within a very wide range which gives rise to uniform Al or Ga
distribution through the matrix and high doping efficiency. To
the contrary, ALD deposition of homogeneous Al-doped ZnO
layer is challenging, because simultaneous delivery of Al and
Zn species to the substrate results in predominantly Al,O;
growth due to the higher adsorption energy of the most widely
used Al precursor, (TMA) (or triethylgallium (TEG) in the case of
GZ0) compared to the Zn precursor (DEZ) on OH™ terminated
surfaces.!'®>1% For this reason, the conventional ALD route for
deposition of AZO films consists of two alternating steps: 1) zinc
and oxygen precursor alternating pulses for ZnO growth fol-
lowed by 2) a doping cycle of aluminum and oxygen precursor
alternating pulses, which obviously results in the formation of
AlO,/ZnO layered structure.®>2¢103]

To address the doping inefficiency problem, DEZ-TMA-H,0
pulse sequence instead of the TMA-H,O0 alternating pulses for
the doping cycle was proposed.®***1%% Fomra et al.®* used this
modified approach to the ALD growth of AZO thin films on sili-
con and sapphire at substrate temperatures ranging from 200 to
400 °C. As shown in Figure 9, each supercycle consisted of M
alternating pulses of DEZ and H,O, followed by a doping cycle
of H,0, DEZ, and TMA. The overall number of supercycles N
was varied to control the film thickness and number M was var-
ied to control the doping concentration. While only Al—O bonds
are formed during the conventional doping pulse sequence, the
modified pulse sequence promotes competition between Zn—0O
and Al—O bonds during a doping cycle. The introduction of DEZ
into the reaction chamber preceding TMA leads to the formation
of Zn—OH bonds, but as the adsorption energy of TMA-OH is
larger than that of DEZ-OH, TMA is capable of randomly replac-
ing adsorbed DEZ.'%1%! This decreases the amount of Al
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Figure 8. a—c) Wavelength dependences of the real (¢’) and imaginary (¢”) part of permittivity of AZO nanolayers on silica substrates on different ALD
parameters: deposition temperature, dopant ratio (ZnO:Al), and the number of macrocycles (thickness). Note that the decrease in dopant ratio indicates
more layers of Al dopant in the AZO thin films (i.e., increase in Al content). d—f) Dependences of the ENZ wavelength, g—i) the screened plasma and
collision frequencies, and j-I) the imaginary part of the permittivity at ENZ wavelength on different ALD parameters. For the temperature dependence,
AZO layers were deposited at a 25:1 dopant ratio; for the dopant ratio dependence, AZO layers were deposited at 250 °C; for the thickness dependence,
AZO layers were deposited with a dopant ratio of 25:1 at a temperature of 250 °C. The red and black circles represent data points with AZO on silicon and
silica, respectively. a—l) Reproduced with permission.”®! Copyright 2020, Wiley-VCH.

x N
DEZ
TMA
0.6s 0.0075s
-
n
10s Ss 5s

Figure 9. Schematic of the pulse sequence in the modified ALD process. M alternating pulses of H,O and DEZ are followed by a doping cycle of H,0,
DEZ, and TMA pulses. The frequency of the doping cycle determines the carrier concentration and N number of supercycles determines the thickness.
Reproduced with permission.’! Copyright 2020, Optical Society of America.
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species incorporated into the film, as the active sites are now
shared between Al and Zn atoms. To avoid the surface saturation
during the TMA pulse, the pulse duration was reduced down to
7.5 ms, which was the minimum reliable switching time of the
ALD valve used in a Fiji 2 ALD system (Veeco, Inc.). To further
reduce the amount of Al supplied per a pulse, a 100 pm diameter
orifice was installed on the head of the TMA precursor bottle. The
basic idea was to move away from the surface saturation condi-
tions for the Al precursor pulse, which led to a reduced Al incor-
poration in each dosing cycle in favor of more frequent pulses. In
addition, the increase in substrate temperature to 400 °C allowed
decreasing the density of OH™ groups on the surface, which act
as active sites for Zn™ and Al" ions. At increased temperatures,
the OH™ groups recombine to release H,0 and form O* radicals,
the number of active sites decreases, thereby reducing the
amount of Al atoms incorporated into the film. Under these con-
ditions, the TMA adsorption was reduced, and the ALD was
believed to be operating in a subsaturation regime. The decrease
in the active site density resulted also in decreasing growth rate
with increasing substrate temperature, from ~ 0.19 nm/cycle at
200 °C to ~0.09 nm/cycle at 400 °C. The reduced growth rate not
only led to fewer Al ions being incorporated into the matrix dur-
ing each dosing cycle, but also made it possible to achieve more
spatially frequent occurrence of the dopant layers. For example,
the dopant layer occurred after every 1 nm of ZnO growth at
200 °C, whereas it occurred after every 0.5 nm of the ZnO growth
at 350 °C albeit with a reduced number of Al species incorporated
in each layer.

Figure 10 shows temperature dependences of the electrical
properties of AZO films deposited on sapphire substrates via
the modified ALD procedure.” As the substrate temperature
increased from 200 to 350°C, the resistivity dropped from
8 x 10™* to 4 x 107" Q cm (Figure 10a). The decrease in resistiv-
ity was predominantly the result of an increase in carrier mobility
(Figure 10b), as the carrier concentration remained approxi-
mately constant (Figure 10c). This finding suggests a reduction
in clustering of Al species, which decreases the density of scat-
tering centers, thus paving the way to an increase in carrier
mobility. The increase in resistivity at substrate temperatures
above 350 °C is attributed to an increase in the decomposition

www.pss-rapid.com

of DEZ and TMA, known to occur at temperatures above
325°C, which leads to excessive impurity (carbon) incorpo-
ration.'®”) XPS analysis augmenting the Hall effect measure-
ments revealed the doping efficiency of 54%,°* which was a
great improvement as compared to the doping efficiency of
13% reported for the conventional ALD process.!'” Tt should
be noted that even better control over Al incorporation into
the ZnO lattice can be achieved, if one will use a smaller orifice
and/or a faster ALD valve controlling TMA delivery. This would
make it possible to reduce the amount of Al incorporated into the
growing ZnO matrix per pulse and use more frequent TMA
pulses. We anticipate that these hardware and process modifica-
tions will further improve the uniformity of Al distribution in the
AZ0 lattice as well as its activation efficiency. However, it has to
be experimentally confirmed yet.

The highest carrier concentration of almost 8 x 10?*cm ™ has
been achieved for an Al dosing percentage (ratio of H,O/DEZ/
TMA pulses to H,O/DEZ pulses) of 20%, which in turn resulted
in an ENZ wavelength of less than 1400 nm for both sapphire
and silicon substrates, as shown in Figure 11 representing
ENZ wavelength as a function of Al dosing for 45 nm-thick films.
Increasing the dosing percentage further caused a decrease in
free carrier concentration, presumably due to the formation of
alumina inclusions. Although Hall mobility decreased gradually
from 32 to 20 cm? Vs when the dosing percentage increased
from 2% to 20%, the optical losses remained sufficiently low
(0.55 on sapphire and 0.45 on silicon). Moreover, thus grown
100 nm-films films exhibit ENZ wavelengths as short as 1320
and 1370 nm for sapphire and Si substrates, respectively, and
a resistivity of 2.8 x 107*Q cm.”* Note that this value is com-
parable with the resistivity of 2.4 x 10™* Q cm reported for thick
(700-900 nm) sputtered films.'®® The losses of these films
(" = 0.35)4 are approaching and in certain cases even outper-
forming that of PLD (¢”=0.26)®" and sputtered films
(" ~0.7)** while offering better thickness control, which is
advantageous for nanophotonic devices that typically require the
use of sub-50 nm thin films. To summarize, the AZO produced
through the modified ALD process provides tunability of crossover
wavelength from 1320 to 1625 nm, thus covering most of telecom-
munication range, and even extending into the edge of the
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Figure 10. a—c) Substrate temperature dependences of the resistivity (a), Hall mobility (b), and carrier concentration (c) of 45 nm-thick AZO films
deposited on sapphire substrates at 20% Al dosing percentage (ratio of H,O/DEZ/TMA pulses to H,O/DEZ pulses). a—c) Adapted with permission.’*"

Copyright 2020, Optical Society of America.
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Figure 11. a,b) ENZ wavelength versus Al dosing for 45 nm-thick AZO films on sapphire (a) and Si (b) substrates grown by ALD under the optimized
conditions (substrate temperature 350 °C, 7.5 ms TMA pulse duration (with orifice), and H,O/DEZ/TMA dosing sequence).

biological transparency window while maintaining low optical
losses: crossover wavelengths as low as 1320nm on sapphire
and 1370nm on silicon with losses of 0.45 and 0.35, respec-
tively.® The short crossover wavelength coupled with low losses,
reinforced by the advantages of the ALD method, makes the ALD-
grown films extremely attractive for a range of dynamic nanopho-
tonic metadevices. Table 2 shows the comparison of published
data on electronic and plasmonic properties of AZO films depos-
ited by ALD and other techniques on different substrates.

4, Conclusion and Outlook

By coupling electromagnetic radiation to collective oscillations of
free electrons, plasmonics provides a way to manipulate light at

scales smaller than the diffraction limit and drastically enhance
light-matter interaction, which has enabled the emergence of
novel technologies with combined capabilities of photonics
and microelectronics. Combining plasmonics with traditional
Si electronics requires the development of deposition techniques
compatible with the CMOS process. The deposition technique of
choice should provide high plasmonic quality of materials (eval-
uated through plasmonic FoM = —¢'//¢”) while keeping the
deposition temperature sufficiently low (<550 °C) to retain the
integrity of Si-based CMOS circuitry. ALD which offers excellent
conformity and scalability in addition to low growth temperature
seems to be a natural choice for CMOS compatible plasmonics.
One should note that the development of deposition methods for
high-K dielectrics (principally, HfO,) for CMOS electronics was a
major driving force for advances in the ALD techniques.

Table 2. Deposition technique, deposition temperature Ts, thickness ¢, resistivity p, free electron concentration n, epsilon-near-zero wavelength Agnz,

losses ¢” at Agnz, and mobility 4 for AZO films on various substrates.

Film/substrate Method® Ts [°CP? t [nm] p [Qcm] n [em™3 Aenz [nm] e” at dgnz u[em*V'sT] Ref.
AZO/sapphire ALD 350 100 2.8x10°* 8.6 x 10%° 1320 0.45 26 [94]
AZO/Si 350 100 - - 1370 0.35 -

AZO/silica ALD 250 53.8 46x107* 6.5 x 10%° 1497 ~0.68 21 [95]
AZO/glass ALD - 577 7.9%x10°* >10%° 1570 0.5 - 199]
AZO/silica ALD 250 65 - - 1500 0.77 - [96]
AZO/Si ALD 250 + PDA at 825 56 3.8x107* 1.5 x 102 1545 0.53 9.8 o1
AZO/ZnO/Si 56 - - 1450 0.38

AZO/glass ALD 150 90 57x10°* 2.2 x 107 - - 46 [98]
AZO/SiO,/Si ALD 200 41-45 32x107* 1.4 x 10%° - - 143 03]
AZO/fused silica PLD RT 350 - 9.8 x 10%° 1300 0.26 - 83]
AZO/glass Reactive MS 300 793 2.4x107* 6.8 x 10%° - - 38 [108]
AZOJSi RF MS RT -+ PDA at 250 300 - - 1375 0.69 - [42]
AZO/SiN/glass RF MS 300 + PDA at 650 - 135x107* 6.9 x10%° - - 67 185]
AZO/soda lime glass CVvD 420 790 3.0x107* 8.8 x 10%° - - 233 [92]
AZO Photo-MOCVD 140 1400 6.22 x10°* 5 x 10%° - - ~22 193]

AThe following abbreviations are used in the table: atomic layer deposition (ALD), pulsed laser deposition (PLD), radio frequency (RF), magnetron sputtering (MS), chemical

vapor deposition (CVD), photo-assisted metal-organic chemical vapor deposition (photo-MOCVD), post-deposition annealing (PDA), room temperature (RT).
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However, until recently, TiN fabricated by plasma-enhanced ALD
has suffered from low FoM values and high loss compared with
the material prepared by other methods such as sputtering, PLD,
and MBE. The major obstacles were contaminations (mainly oxy-
gen and carbon) and low structural quality. The considerable
reduction in the level of chemical contaminations has been
recently achieved via the usage of sapphire plasma sources
and extended plasma exposure times, whereas the structural
quality of TiN has been improved by decreasing the chemisorp-
tion time of Ti-precursor TDMAT and increasing the deposition
temperature within the CMOS compatible range (to 450° C).

Toward the CMOS compatible process, the employment of
MgO buffer layer on Si has been shown to result in the material
quality on par with that of TiN grown on bulk MgO, the best-
known substrate material for achieving high-quality TiN.
Recently reported plasmonic FoM of ALD-grown TiN
(FoM =2.8) is approaching that for the material prepared by
the higher temperature deposition techniques, e.g., sputtering
and PLD. This progress led to the demonstration of ALD-grown
TiN-based metasurfaces exhibiting plasmonic colors. One can
expect that even better TiN films can be grown by ALD if the
material purity would be improved further and deposition tem-
perature would be increased to 475-500 °C. The former can be
accomplished using reactors dedicated to the nitride growth and
oxygen-free plasma source (e.g., BN plasma tube), while the
increase in the deposition temperature requires a Ti precursor
with higher decomposition temperature than that of popular
TDMAT, e.g., TDEAT.

Considerable progress has also been made recently in ALD
deposition of TCO materials, primarily Al-doped ZnO (AZO),
which are attracting a great deal of attention as an ENZ material
for the telecommunication wavelength. The major “show
stopper” in the AZO case is the low efficiency of Al activation
caused by the digital nature of the ALD process which facilitates
Al clustering and formation of aluminum oxide instead of substi-
tuting Zn on lattice sites. Modification of the pulse sequence (the
use of DEZ-TMA-H,0 pulse sequence instead of the TMA-H,0
alternating pulses for the doping cycle) together with reducing
TMA pulse duration allowed better doping control through
reduced adsorption of Al species in each dosing cycle, more uni-
form Al distribution in the growth direction, and reduced clus-
tering alumina inclusions formed from excessive Al species. This
gave rise to the improved activation efficiency which was
estimated to increase from some 15% to 54%. Consequently,
the carrier concentration in the material grown at the optimized
temperature of 375 °C was 8 x 10*° cm ™, which made it possible
to tune the ENZ frequency from 1320 to 1665 nm, thus covering
most of the telecommunication range. The loss in these films
(¢” = 0.35) has been noted to approach, and in certain cases even
outperform, the loss level achieved for PLD (¢” =0.26) and
sputtered (¢” =~ 0.7) AZO.

Reduction of the purge time for TMA, DEZ, and H,O for pro-
cesses with substrate temperature of around 350 °C, which is
slightly above the decomposition temperatures of Al and Zn pre-
cursors, can improve the structural quality of the material, thus
addressing not only doping efficiency but also the loss. Moreover,
the modified ALD process opens an avenue toward improving
the plasmonic performance of other doped oxide and nitride
semiconductors, such as gallium nitride, cadmium oxide,
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gallium oxide, etc., which are attracting a great interest due to
their large nonlinearities at telecommunication wavelengths near
the ENZ region.
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